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Abstract

The stellar occultation technique is a very powerful tool to observe distant
and/or small objects in the Solar System. In particular, ground-based occulta-
tions can detect tenuous atmospheres, down to a pressure of ~ 10 nbar. Triton’s
atmosphere can be detected by this technique.

A stellar occultation by Triton was observed on 5 October 2017. 90 positive
detections were obtained, 42 of them featuring a central flash detection. Using the
Abel inversion and ray-tracing methods, I was able to obtain the density, pressure,
and temperature profiles in the altitude range ~ 8 km to ~ 190 km, where a
pressure of 1.18 + 0.03 ubar was found at a reference radius of 1400 km (47 km
altitude).

A novel analysis of the Voyager 2 data was then performed, to directly com-
pare its results to those obtained in 2017. It shows that they are consistent with
each other, implying that Triton’s atmospheric pressure obtained in 2017 is at its
Voyager 2 epoch levels. A survey of stellar occultations obtained between 1989
and 2017 suggests an increase in the atmospheric pressure. This is, however, de-
batable, due to very few high signal-to-noise ratio light curves and data accessible
for reanalysis. Volatile Transport Models examined suggest that any increase dur-
ing this time frame should be modest, as they do not support a strong increase in
the surface pressure.

A central flash analysis allowed the study of the lower atmosphere’s shape.
It shows that there is no evidence of atmospheric distortion. An upper limit of
0.0011 for the apparent oblateness of the atmosphere near the 8 km altitude is
found.

Keywords: Occultations, Trans-Neptunian Objects, Asteroids, Light Curves.






Résumé

Le travail effectué au cours de mon programme de doctorat de quatre ans est
principalement axé sur 1I’occultation stellaire de Triton, qui s’est produit le 5 octo-
bre 2017. Cet événement a eu lieu a peu preés au moment ol j’ai commencé mon
programme de Doctorat, et c’est donc par cet événement que j’ai commencé mes
recherches, en travaillant sur la photométrie de certaines des 90 observations pos-
itives obtenues. Cette étude n’a cependant pas été le seul travail effectué pendant
ces quatre années. J’ai également participé a des occultations d’autres objets, j’ai
réduit les données de différentes occultations stellaires, j’ai partagé mes résultats
dans plusieurs conférences et séminaires, et j’ai suivi des cours sur divers sujets
scientifiques.

Une occultation stellaire se produit lorsqu’un objet planétaire passe devant
une étoile, du point de vue d’un observateur, bloquant totalement ou partiellement
sa lumiere. L’ ombre projetée par cet objet, ou trajectoire d’occultation, peut étre
observée depuis plusieurs endroits, appelés stations, et I’atténuation de 1’étoile en-
registrée pour une analyse ultérieure. On obtient alors une “corde d’occultation”
qui dépend de la durée de I’événement et de la position de la station. Avec
plusieurs cordes, nous pouvons construire la géométrie du corps, ainsi qu’une
pléthore d’autres propriétés physiques. La technique de I’occultation stellaire est
un outil trés puissant pour observer des objets lointains et/ou de petite taille dans
le systeme solaire. Les occultations stellaires sont une technique principalement,
mais pas exclusivement, basée au sol. L’avantage d’utiliser des observations au
sol est un cofit plus faible et une plus grande mobilité, puisque de plus petits
télescopes peuvent €tre utilisés, ainsi que 1’obtention d’un plus grand nombre de
cordes pour un méme événement, puisque de nombreuses personnes, astronomes
professionnels et non professionnels, peuvent effectuer les observations.

La technique d’occultation stellaire permet, en particulier, de détecter une at-
mosphere, jusqu’a une pression atmosphérique de 10 nbar, dans un objet planétai-
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re. Cela se fait par I’observation de la disparition et de la réapparition progres-
sive de 1’étoile (respectivement immersion et émersion) ou par 1’étude des flashs
centraux. Les occultations stellaires peuvent sonder les atmospheres planétaires
pour retrouver les profils de température, de pression et de densité en utilisant
la méthode d’inversion (French et al., 1978). Cette méthode suppose que la
structure de I’atmosphere est en équilibre hydrostatique. Des informations peu-
vent également étre obtenues en utilisant des modeles qui sont ensuite ajustés
aux données (Elliot and Young, 1992). En fonction des données d’occultation
disponibles, cette technique peut également Etre sensible aux variations locales de
densité, a I’extinction causée par les molécules et les aérosols, a la période de ro-
tation de I’atmosphere, aux vents zonaux, entre autres propriétés atmosphériques.

Lors d’une occultation stellaire par un objet possédant une atmosphere, le
flux de I’étoile occultée s’atténue par réfraction différentielle causée par 1’effet
de lentille de I’atmosphere, ou par absorption de matiere dans 1’atmosphere. Si la
matiere absorbante, telle que les brumes ou les nuages, est absente aux niveaux
ou la technique d’occultation sonde 1’atmosphere, 1’atténuation de 1’étoile, son
flux, est principalement due a la réfraction qui dévie la lumiere de 1’étoile. Pour
ce travail, je me suis concentrée uniquement sur les occultations par réfraction.
Si I’atmosphere de 1’objet occultant est suffisamment dense, les rayons lumineux
qui sondent les couches profondes de I’atmosphere (en passant par la centralité
ou a proximité) peuvent étre courbés au point de traverser la ligne centrale qui
relie 1’étoile, I’objet et ’observateur. Si 1’atmosphere est transparente, le flux
augmente a mesure que I’événement se rapproche du centre de I’ombre. Lorsque
I’observateur, I’ objet et I’étoile sont parfaitement alignés, on atteint la valeur max-
imale du flux observé. Dans ce cas, les images stellaires forment un anneau qui
entoure 1’objet. Si I’atmosphere n’est pas sphérique, les centres de courbure du
limbe ne sont pas au centre de 1’objet, ils suivent une courbe, la développée du
limbe. Les flashs centraux sont extrémement sensibles a la forme de 1’atmosphere.
La forme de I’atmosphere est elle-méme maintenue par les vents qui peuvent étre
présents.

Les flashs centraux permettent également la détection, puis 1’étude, des bru-
mes. Etant donné que le flash central sonde les couches les plus profondes de
I’atmosphere, ou les nuages sont le plus susceptibles d’étre présents, si tant est
qu’ils existent, il s’agit de la partie de la courbe de lumiere la plus sensible a ces
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brumes. L’étude des flashs centraux dans différentes longueurs d’onde est une
méthode de détection. Si deux courbes de lumicre prises dans la méme station,
ou le long de la méme corde, enregistrées dans des longueurs d’onde diftférentes,
présentent des flashs centraux avec des pics de valeurs différentes, cela révele un
fort effet chromatique, qui peut contraindre les propriétés optiques des aérosols de
la brume (Sicardy et al., 2006). Une autre méthode de détection de la brume est
I’amplification du flux stellaire due a la courbure du limbe.

Deux méthodes ont été principalement utilisées pour étudier les courbes de
lumiere dans mon travail. La méthode d’inversion d’ Abel est utilisée pour retrou-
ver la structure atmosphérique a partir des courbes de lumiere. En particulier,
nous pouvons obtenir les profils atmosphériques de densité, de pression et de
température. Il est important de noter que le principal résultat de I’inversion
d’ Abel est le profil de densité. Le profil de température présente une indétermina-
tion mathématique qui est due au fait qu’il est déduit d’une équation différentielle
du premier ordre et qu’il nécessite une condition initiale, T, = T'(ry). Cela signifie
qu’il existe une infinité de profils de température qui peuvent expliquer la méme
courbe de lumiere d’occultation. Le choix de cette condition initiale nécessite une
information indépendante, telle que la température dérivée d’un vaisseau spatial
au rayon ry, afin de restreindre les valeurs possibles de T'(ry). L’autre méthode
utilisée, le tracé de rayon, est employée dans plusieurs cas. Elle est réalisée sur
les courbes de lumiere dont le rapport signal/bruit est insuffisant, ou les points de
données de la courbe de lumiere sont trop espacés dans le temps. Elle est utilisée
lorsque la station est tres proche de la centralité, et comporte un flash central, car
la méthode d’inversion d’Abel ne prend en compte qu’une seule image stellaire.
Avec un flash central, les deux images stellaires ont des flux comparables. La
méthode de tracé de rayons est principalement sensible au niveau de pénombre,
et prend en compte les deux images stellaires, ce qui rend cette méthode idéale
pour reproduire et analyser les flashs centraux. Elle est également choisie dans le
cas ou il y a des brumes qui absorbent une partie du flux, ce qui biaise les profils
retrouvés de densité, de pression et de température. Les deux méthodes supposent
que I’atmosphere est sphériquement symétrique et qu’elle est transparente.

L’atmosphere de Triton peut étre détectée par cette technique, en sondant
jusqu’a une altitude de ~ 190 km. Triton est le plus grand satellite de Nep-
tune, découvert le 10 octobre 1846. C’est la septieme plus grande lune, avec un
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rayon de ~1353 km, et le plus grand satellite irrégulier du systeme solaire (Burns,
1986). Triton est un satellite treés curieux, et il a été proposé d’étre un objet trans-
neptunien capturé, avec certains des arguments soutenant cette théorie étant qu’il
présente une excentricité orbitale essentiellement nulle (0,000016), et une orbite
rétrograde. Triton est un monde océanique potentiel (Hansen et al., 2021), tres ac-
tif, et avec une surface jeune. Lors du survol du systeme neptunien par Voyager 2
de la NASA, des panaches et des geysers jaillissant de la surface de Triton ont
été détectés. C’est le seul satellite, apres Titan, a posséder une atmosphere signi-
ficative. Triton est un corps tres intéressant. Quelques missions spatiales ont été
proposées pour étudier le systeme neptunien, avec des recherches approfondies
sur Triton. Cependant, aucune mission n’a encore été approuvée, ni méme lancée,
en direction de ce systeme fascinant, apres le survol de Voyager 2 en 1989.

Triton sort actuellement d’un rare “solstice austral extréme”, ou des latitudes
sub-solaires allant jusqu’a 50° S ont ét€ directement et constamment illuminées
par le Soleil, une configuration qui se produit tous les ~ 650 ans en raison d’une
combinaison du mouvement héliocentrique de Neptune et de la précession orbitale
de Triton.

Apres avoir collecté plus de 4700 images CCD de Triton entre 1992 et 2016,
un travail astrométrique détaillé a été dérivé, un peu comme dans Assafin et al.
(2010) et dans Camargo et al. (2014), et une occultation par Triton a été trouvée.
L’événement, avec une étoile de magnitude V = 12,7, G = 12,2 (UCAC4 410-
143659 ; Gaia DR2 2610107911326516992), se produirait le 5 octobre 2017,
traversant 1'Europe, 1’ Afrique du Nord, et atteignant I’est des Etats-Unis. Entre le
15 et le 23 septembre 2017, un programme de 8 nuits a ét€ mené a I’Observatoire
du Pico dos Dias (Brésil) pour améliorer la précision de la prédiction. En utilisant
le package PRAIA (Assafin et al., 2011), des réductions ont été faites en utilisant
le catalogue Gaia DR1. Cela a donné une incertitude d’environ 130 km sur la
trajectoire transversale, et d’environ 10 secondes pour le moment de plus courte
approche. Le programme couvrait une période complete de Triton, ce qui signi-
fie que le décalage moyen reflete des erreurs dans la position héliocentrique de
Neptune et non une erreur neptunocentrique dans les éphémérides de Triton.

Le 30 septembre 2017, I’équipe de Gaia a publié un sous-ensemble préliminai-
re de Gaia DR2, avant sa publication officielle en avril 2018 (Gaia Collaboration
et al., 2016, 2018), dans le but d’améliorer la prédiction de cet événement. Ce
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sous-ensemble comprenait 431 étoiles de magnitudes R = 12-17 qui entouraient
la trajectoire de Triton dans le plan du ciel pendant les 8 nuits effectuées. Le
catalogue Gaia DR2 comprend les mouvements propres des étoiles, ce qui per-
met d’obtenir une précision de I’ordre de la milliarcseconde (mas) pour les po-
sitions stellaires a I’époque. En appliquant ce nouveau catalogue au cycle de
8 nuits, on a constaté que la trajectoire de I’ombre présentait un déplacement
significatif d’environ 370 km vers le sud dans le plan du ciel, et d’environ 500-
700 km lorsqu’elle est projetée sur la Terre, et que les incertitudes étaient réduites
par des facteurs de ~ 1,5 et ~ 2, 2, respectivement. La prédiction actualisée a été
communiquée a la communauté scientifique avant I’événement.

Plus de cent stations ont tenté d’observer I’événement. Ensemble, les observa-
teurs d’Europe, d’ Afrique du Nord et de I’ est des Etats-Unis ont obtenu un total de
90 courbes de lumiere d’occultation. L’analyse des courbes de lumiere a montré
que I’occultation s’est produite environ 9 s plus tot, et que le centre de 1’ombre se
trouvait a 12 km (soit 0.6 mas) au nord de la prédiction finale. Cette différence
se situe a un niveau de ~1,307, non significatif a notre niveau de précision. Elle
montre que 1’astrométrie DR2 de Gaia a été déterminante dans la prédiction finale.
DR2 a joué un rdle clé dans I’obtention d’une prédiction précise, en permettant
la détection du flash central dans de nombreuses stations. Pour extraire des in-
formations de la pléthore de données obtenues, nous avons adopté une approche
“bootstrap”, en itérant entre I’inversion d’ Abel et la méthode de tragage de rayons.
Ceci a permis de retrouver la densité moléculaire, la pression et la température de
I’atmosphere de Triton en fonction de la distance au centre de Triton. Les courbes
de La Palma (télescope Liverpool de 2 m, Espagne) et Helmos (télescope Aristar-
chos de 2,28 m, Grece) ont été inversées pour obtenir la forme des profils, en
utilisant des images de calibration. La courbe de lumiere de Calern (télescope
C2PU de 1,04 m, France) a été inversée par la suite, pour confirmer la forme

trouvée avec les deux autres courbes de lumieére.

En partant de la surface, le profil de température obtenu présente un fort

gradient de température positif de 5 K km™!.

Ce gradient diminue rapidement
et la température atteint un maximum d’environ 50 K a r = 1363 km (10 km
d’altitude), avec un gradient moyen de 1,2 K km~! dans cette partie. Les données
indiquent la présence d’une mésosphere avec un gradient négatif (également vu

dans Elliot et al., 2003) qui atteint —0,2 K km™" a r = 1375 km (23 km d’altitude),
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avant de se connecter avec le gradient positif de la branche supérieure.

La méthode de tragage de rayons est principalement sensible au niveau de
mi-lumiere pour 1’étoile. Ce niveau correspond a un rayon d’environ 1415 km
(altitude ~60 km) et a une pression de ~0,55 ubar. Elle est utilisée une fois
que la procédure d’inversion d’Abel a fourni les profils de densité, et qu'un pro-
fil de température modele a ét€ obtenu. Cette méthode génere des courbes de
lumiere synthétiques qui sont ajustées aux courbes de lumiere d’occultation ob-
servées, afin de décrire la structure globale de 1’atmosphere de Triton. Nous trou-
vons la valeur la mieux ajustée de pi400 = 1,18 £ 0,03, avec sa barre d’erreur
de 1o. La valeur la mieux ajustée de la correction transversale a I’éphéméride
Ap = —359,3 £ 1 km est utilisée pour retrouver la distance de plus courte ap-
proche géocentrique entre Triton et 1’étoile, projetée dans le plan du ciel, et son
temps correspondant.

Une nouvelle analyse des données de Voyager 2 a été réalisée, afin de com-
parer les données originales de Voyager 2 a nos résultats. J’ai généré, pour com-
paraison, le retard de phase a 3,6 cm qui serait observé avec nos meilleurs profils
de densité, comme s’il avait été obtenu a bord de Voyager 2. Nous estimons une
fourchette prudente de pi400rss = 1,0 £ 0,2 pbar pour la pression a 1400 km en
1989. En comparant ce résultat a notre résultat au sol de 2017, py400 = 1, 180, 03,
ainsi qu’en comparant les pressions de surface, nous ne voyons aucune variation
significative de pression entre les résultats de Voyager 2 de 1989 et les résultats
déduits de 1’occultation au sol de 2017. Il est important de noter que I’expérience
radio de Voyager 2 a encore réussi a fournir de nouvelles informations, apres
toutes ces années, et alors que I’information de ces données ait €té considérée
comme étant épuisée. En particulier, elle a permis une comparaison directe de
la densité, et de la pression, entre les données obtenues en 1989 et nos résultats
de 2017. Ce nouveau résultat était crucial pour ce travail, car il a montré que la
pression atmosphérique de Triton, en 2017, est revenue au niveau de 1’époque de
Voyager 2.

Apres avoir obtenu les pressions des événements analysés, je me suis mis a
la recherche d’autres études qui avaient leur propre déduction de la pression, soit
a la surface, soit a r = 1400 km, un rayon de référence commun pour déduire
la pression atmosphérique de Triton. Comme la valeur originale de Voyager 2
n’est déduite que pour la surface, nous avons extrapolé tous les autres résultats
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(en plus de notre propre analyse de Voyager 2) en supposant un rapport constant.
Il semble que I’augmentation de pression rapportée dans la littérature au cours
des années 1990, par rapport a I’époque de Voyager 2, soit confirmée par notre
analyse. Cependant, compte tenu de la rareté des points de données disponibles,
et de I’absence d’une analyse totalement cohérente de tous les événements, cette
question restera en fait non résolue. Malgré cela, la valeur de la pression que nous
avons obtenue en 2017 est beaucoup plus précise et est entierement compatible
avec celle dérivée de I’expérience de Voyager 2. Le point de 2017 se situe dans
la barre d’erreur de 1o de celui de Voyager 2. Cela signifie qu’il n’y a pas de
différence notable entre les deux points de données. Donc, soit il n’y a pas eu
d’augmentation de la pression entre 1989 et 2017, soit si elle a bien eu lieu, la
pression est revenue a son niveau de Voyager 2 en 2017.

Bertrand et al. (2022) ont utilisé les valeurs que nous avons obtenues dans ce
travail pour effectuer des simulations avec leur modele de transport volatil Triton
du Laboratoire de Météorologie Dynamique. Leurs résultats suggerent qu’une
calotte polaire septentrionale qui s’étend jusqu’a au moins 45° N - 60° N est
nécessaire en 2017 pour garantir que la pression de surface soit a ~14 pbar, soit un
retour au niveau de Voyager 2. Si’on suppose qu’il n’y a pas de calotte septen-
trionale, la pression de surface modélisée est supérieure a 16 ubar en 2017, mais
cela ne correspond pas a nos observations. Il est a noter qu'une forte augmenta-
tion de la pression de surface avant 2000 ne peut étre obtenue s’il y a de la glace
N, présente entre 30° S - 0°. Il est également important de mentionner que la
pression de surface est toujours supérieure a 5 ubar, méme pendant la saison op-
posée, lorsqu’une calotte septentrionale permanente s’étendant jusqu’a 45° N est
simulée. Cela implique que la présence permanente des deux calottes, sud et nord,
empéche 1’atmosphere de Triton de s’effondrer pendant 1’hiver austral.

Parmi les 90 courbes de lumiere observées, 42 présentent une augmentation
notable du flux stellaire pres du point milieu de 1’occultation, caractéristique d’un
flash central, et 23 ont un rapport signal/bruit suffisamment bon pour nous perme-
ttre de les utiliser dans la modélisation du flash central. C’est une occasion unique
d’étudier la basse atmosphere de Triton, car de nombreux points de données ont
été obtenus. Les résultats de notre méthode de tracé de rayons montrent que le
flash central est causé par une couche d’une épaisseur d’environ 2 km, et est située
a environ 8 km au-dessus de la surface de Triton, ou a un rayon de ~ 1361 km.
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Dans cette gamme d’altitude, et parce que 1’image stellaire secondaire le long
du limbe de Triton devient de plus en plus significative, la méthode d’inversion
d’Abel n’est pas valide. Cette invalidité devient apparente a des niveaux d’altitude
d’environ 20 km, ce qui correspond aux couches les plus profondes sondées par
la courbe de lumiere de La Palma. Par conséquent, le flash central permet une
analyse de quelques ~ 12 km plus bas (environ 0,6 hauteur d’échelle), atteignant
le niveau d’altitude de ~ 8 km, par rapport a I’inversion d’ Abel.

Avec le modele de température, nous pouvons maintenant supposer une couche
causant le flash sphérique. La qualité de I’ajustement, Xiof = 0, 80, est en accord
avec celle obtenue sans les flashs centraux, Xﬁof = 0, 85, montrant qu’en effetil n’y
a pas de détection d’une déviation par rapport a la sphéricité. Un examen visuel
plus approfondi des résidus des éclairs les plus forts avec les meilleurs rapports
signal/bruit révele quelques déviations a I’ajustement mineures et localisées, peut-
étre dues a des ondes atmosphériques, mais aucune déviation globale au modele
sphérique. En effectuant un ajustement simultané aux seuls flashs centraux, en
excluant les parties d’entrée et de sortie des courbes de lumiere, on obtient un
autre argument en faveur de la sphéricité de 1I’atmosphere de Triton. Le centre de
I’ombre de Triton, dans cet ajustement, coincide a 0,1 km pres avec le centre de
I’ombre déterminé par 1’ajustement global qui excluait les éclairs centraux. Ce
petit décalage est insignifiant, surtout si I’on tient compte du fait que le centre de
I’atmosphere dans 1’ajustement global a une erreur typique de 1o~ de 1 km per-
pendiculaire au mouvement de Triton. Cela signifie que le centre que nous avons
déduit de la couche du flash central, sensible au niveau d’altitude 8 km, correspond
tres bien au centre récupéré pour le centre de I’ombre globale, sensible seulement
au niveau d’altitude 60 km. II est possible que ces deux niveaux atmosphériques
soient proches de la sphéricité, mais déplacés de la méme maniere par rapport au
centre de Triton, cependant, cette configuration semble peu probable.

La possibilité d’un écart par rapport a la sphéricité dans la basse atmosphere de
Triton a également été étudiée. Elle a été limitée au modele simple d’une couche
de flash central globalement aplatie. Des formes plus complexes pourront €tre
testées lorsque les modeles climatiques globaux 3D de Triton seront disponibles.
Une limite supérieure de 0,0011 pour I’aplatissement apparent de 1’atmosphere
pres de I’altitude de 8 km est trouvée. Ici, on suppose que la forme de la couche
d’éclair centrale est enticrement soutenue par les vents zonaux. En particulier,

Xiv



nous supposons 1’absence d’un gradient horizontal de température, de sorte que le
niveau isobare correspond également au niveau isopycnique (densité constante).
Lors de discussions avec Tanguy Bertrand et Francois Forget, qui analysent le
régime des vents sur Triton par le biais de simulations, nous avons conclu sur
certaines informations obtenues en 1989, par Voyager 2, sur la circulation at-
mosphérique. Alors que les trainées de vent de surface suggéraient des vents
rétrogrades en surface entre les latitudes 15° S et 45° S (Hansen et al., 1990), la
déviation des panaches laissait supposer que dans 1’atmosphere au-dessus d’eux,
a 8 km, et pres de 49° S et 57° S, le vent était en fait prograde (Hansen et al.,
1990; Yelle et al., 1995). D’un point de vue purement théorique, Ingersoll (1990)
a suggéré que cela pourrait provenir d’un contraste de température entre le pole
froid couvert de givre et I’équateur chaud sans givre.

Les vents rétrogrades globaux n’ont pas été observés par Voyager 2. Pour
obtenir une rotation prograde dans les latitudes mi-sud comme 1’indiquent les ob-
servations des panaches de Triton par Voyager 2, la condensation inter-hémisphé-
rique doit €tre faible. Si c’est le cas, un gradient thermique peut créer un faible
vent prograde comme suggéré par Ingersoll (1990), atteignant quelques metres par
seconde dans les simulations des modeles climatiques globaux. Cependant, les
modeles de Pluton suggerent qu’un régime de super-rotation (comme sur Vénus
ou Titan) peut se produire (Forget et al., 2017). La super-rotation pourrait ex-
pliquer la direction des panaches sur Triton. On pense qu’un tel régime dérive,
initialement, de la formation d’un jet de haute-moyenne latitude, résultant de
I’équilibre thermique entre 1’équateur chaud et un pdle plus froid, ou du flux de
condensation des basses latitudes vers le pdle. Les ondes barotropes peuvent donc
transporter le moment angulaire vers et depuis 1’équateur et accélérer I’ensemble
de I’atmosphere. Dans leur modele climatique global de Pluton, Forget et al.

I Ceci,

(2017) a trouvé un vent zonal équatorial moyen allant jusqu’a 15 m s~
cependant, pourrait dépendre du modele utilisé. Par conséquent, il n’est pas facile
de fixer une limite théorique a cette éventuelle super-rotation. La limite supérieure
obtenue en 2017 sur le vent prograde proche de 50 m s~! fournit donc une con-

trainte faible pour cette super-rotation hypothétique.

Mots clés: Occultations, Objets Trans-Neptuniens, Astéroides, Courbes de
lumiere.
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Chapter 1

Introduction

The work performed during the four years of my Ph.D. program had a primary
focus on the stellar occultation event of Triton, that occurred on 5 October 2017.
This event took place around the time I started my Ph.D. program, and so, it was
the event that I started my research with, by working on the photometry of some
of the 90 positive observations obtained.

This Triton stellar occultation event was the most recorded occultation event
ever for Neptune’s biggest satellite. It soon became apparent that Triton was an
interesting target to study during my four years of research. I then started on
the analysis of Triton’s atmosphere from the data obtained. I also gathered more
observational data, including Voyager 2’s radio science data, obtained on 25 Au-
gust 1989, where I did some new analysis, in order to compare the results from
both events directly. Two more ground-based stellar occultations, obtained in
1997 and 2008, were analysed during this study.

Comparing these results to other observations in the literature I was able to
paint a picture of whether Triton’s atmospheric pressure increased since Voy-
ager 2’s flyby, or if it remained constant during the time that elapsed between
these two observations. I also made a study of Triton’s lower atmosphere, using a
central flash feature that is present in 42 observations of the 5 October 2017 event.
Namely, I analysed if atmospheric distortion was present, or any evidence of the
atmosphere’s departure from sphericity.

The present thesis details the results obtained during this study of Triton’s
atmosphere.

This study was not the only work done during these four years, however. 1|
also participated in occultation events of other objects, reduced data from differ-

1



Chapter 1. Introduction 2

ent stellar occultations, shared my results in several conferences and seminars, and
attended some courses about diverse scientific topics. Some of these activities in-
cluded travelling to San Diego, California, USA, to observe the Pluto occultation
event on 15 August 2018, where I observed the event successfully, and reduced the
data I obtained. I also reduced data from the (307261) 2002 MS4 event on 8 Au-
gust 2020. I was involved with managing the camera kits’ inventory we have, as
well as make sure that all the equipment was in working condition. I gave a small
workshop on small telescope assembly to some colleagues, as we were provided
with one to use for local stellar occultation events. I will not go into great detail
regarding these activities in this thesis, I will focus solely on my main research.

1.1 Structure of this manuscript

This work was conducted thanks to the Ph.D. grant provided by Fundagdo para a
Ciéncia e a Tecnologia (FCT) and European Science Foundation (ESF), reference
SFRH/BD/131700/2017, as well as funding from the European Research Council
(ERC) under the European Community’s H2020 2014-2021 ERC grant Agree-
ment n. 669416 “Lucky Star”, that focuses on the study of small bodies of the
outer Solar System using Stellar Occultations.

This thesis is structured as follows:

e Chapter 2 - The Stellar Occultation technique, methods used to analyse light
curves, and how the photometry was performed, are introduced.

e Chapter 3 - An overview of Triton, including historically relevant events

and some origin theories, is detailed in this Chapter.

e Chapter 4 - The stellar occultation events studied are described, with the

results from each presented.

e Chapter 5 - The analysis conducted, with the results obtained, to retrieve the
pressure and atmospheric structure of Triton is presented.

e Chapter 6 - Finally, conclusions are drawn, and some future work is men-
tioned.



Chapter 2

Stellar Occultations

A stellar occultation event occurs when a planetary object passes in front of a star,
from the perspective of an observer, blocking its light totally or partially. The
shadow projected by this object, or occultation path, can be observed from several
locations, referred to as stations, and the dimming of the star recorded, from each
station, for further analysis. We then obtain an “occultation chord” that depends
on the duration of the event and the position of the station. With multiple chords,
we can reconstruct the body’s geometry, as well as a plethora of other physical
properties that will be mentioned in more detail in Section 2.1. Figure 2.1 shows
an illustration of a minor body occulting a star, detectable from Earth.

Stellar occultations are a primarily, but not exclusively, ground-based tech-
nique. To name a few examples of non-ground-based observations, the Strato-
spheric Observatory for Infrared Astronomy (SOFIA), part of a partnership be-
tween the National Aeronautics and Space Administration (NASA) and the Ger-
man Space Agency, is a Boeing 747SP aircraft modified to carry a 2.7 m telescope.
SOFIA has observed several high-profile occultations: Pluto, Triton, Titan, and
(486958) Arrokoth, are some examples. Spacecrafts, such as NASA’s Voyager 2
and New Horizons, may also perform occultations during their missions. The ad-
vantage with using ground-based observations is lower cost and higher mobility,
as smaller telescopes can be used, as well as obtain more chords for any one event,
as many people, both professional and non-professional astronomers, can perform
the observations.

In this Chapter, I will explain the stellar occultation technique, in particular
its use in studying atmospheres. I will then mention the technical details of the
methods used to analyse the data in Section 2.2. Finally, I will show how the pho-

3
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.

OBSERVERS

Figure 2.1: A schematic of a stellar occultation of a minor body from the Solar
System observable from Earth. Spreading observers throughout the occultation
path on Earth allows for the analysis of different parts of the object. Figure from
Santos-Sanz et al. (2016).

tometry of the data was made in Section 2.3.

2.1 Technique

From a stellar occultation, we obtain a “light curve”, shown as an example in Fig-
ure 2.2, and this light curve allows us to study the occulting object. For example,
we can obtain information regarding sizes and shapes, more accurately that any
other technique (except for spacecraft missions). The size and shape are two basic
physical parameters that must be known very accurately in order to characterize
an object. With them, densities can be derived. Knowing the density of an object,
we can then determine its internal composition, as well as model its internal struc-
ture (Carry, 2012). Combining size, shape, and brightness measurements gives
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Figure 2.2: Schematic of a stellar occultation of an object with an atmosphere and
rings. Shown here is a light curve (above) derived from the stellar occultation of
the body below. The star is represented to move behind the body, close to passing
through the centre of the object, or close to centrality. The light curve obtained
shows the ring features as a drop in flux intensity before and after the main body’s
occultation. The atmospheric features are shown as the gradual decrease and in-
crease in flux intensity, spikes, and a central flash (discussed in Section 2.1.2).
Figure from Elliot (1979).

geometric albedos.

Stellar occultations allow for the detection of dust structures such as rings
around the occulting object, a schematic of this is shown in Figure 2.2. One of the
most notable historical results obtained are the detection of Uranus’ (Millis et al.,
1977) and Neptune’s (Hubbard et al., 1986; Manfroid et al., 1986) rings. Occul-
tations permitted the detection of rings around the centaur Chariklo (Braga-Ribas
et al., 2014), and later the discovery of a ring around the dwarf planet Haumea
(Ortiz et al., 2017).

This technique also allows for the detection of an atmosphere, down to an
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atmospheric pressure of 10 nbar, in a planetary object, for the best data sets avail-
able. This is done by observing the gradual disappearance and reappearance of
the star (immersion and emersion, respectively) or through the study of central
flashes (Figure 2.2; explained further in Section 2.1.2).

During a stellar occultation by an object that possesses an atmosphere, the
flux of the occulted star mainly dims through differential refraction caused by
the lensing effect of the atmosphere, or through absorption by haze and/or cloud
material in the atmosphere, if any.

Stellar occultations can probe planetary atmospheres to retrieve the temper-
ature, pressure, and number density profiles using the inversion method (French
et al., 1978). This assumes that the structure of the atmosphere is in hydrostatic
equilibrium. Information may also be obtained using models that are then fit to
the data (Elliot and Young, 1992). Depending on the occultation data available,
this technique can also be sensible to local density variations, extinction caused
by molecules and aerosols, rotation period of the atmosphere, zonal winds, among
other atmospheric properties.

2.1.1 Refractive occultations

If absorbing material, such as hazes or clouds, is absent at the levels the occul-
tation technique probed the atmosphere, the dimming of the star, its flux, is due
to the refraction bending the starlight. For this work, I focused solely on refrac-
tive occultations, the reasoning behind this is explained in Section 5.2.3. Using
the equations from Press et al. (1992), and the nomenclature from Vapillon et al.
(1973), I will now provide an explanation of the geometry of refractive occulta-
tions.

Considering a light ray propagating in a refractive medium with a refraction

index u(r), defining refractivity as

v(r) = u(r) — 1, (2.1)
and the vector 7 derived from the unit vector # as

7= [1+v(r)la, (2.2)
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we obtain the Snell-Descartes’ refraction law, that shows that the ray is deflected
according to
d7

T _ 9y, 2.3
PR (2.3)

where s is the displacement along the ray, and V is the gradient operator. From
the refractivity, the molecular density profile can be extracted, using the relation

v(r)
n(r) = = 2.4)
where K is the molecular refractivity.

Let us consider an atmosphere that refracts light rays coming from a star at
infinity, and going towards the observer (assumed to be on Earth), also considered
at infinity. This is because distance D between the observer and the object is very
large compared to the object’s size. This scenario is shown in Figures 2.3 and 2.4.

Outside the atmosphere, v = 0, so that ¥ = i1, and the total variation of i is

+00
Al = f Vv -ds, (2.5)

(%)

providing the total deviation of the light ray, measured by ||A#||. This is a small
value for ground-based occultations. The deviation angle w is given by the pro-
jection along the vertical axis Or of A,

w=Au=Aa-7, (2.6)

where 7 is the unit vector along Or-.

The bending of the light rays redistributes the initial stellar flux @, observed
outside the event, from a surface element dP at the object’s level to a surface
element

dz =

ow ow
1+D-—||{1+D-—], 2.7
* 8rH M Hx] 27

in the observer plane.
If the atmosphere is transparent, energy is conserved, and the flux @ received
by the observer is given by

1 ow ow

where the unocculted flux is normalized to unity. The first term on the right hand
side of Equation 2.8 refers to the defocusing of the light rays as it passes through
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Figure 2.3: Basic geometry of a refractive occultation. Light rays coming from
infinity (considered to be parallel) on the left are differentially refracted as they
encounter deeper and denser atmospheric layers. The observer notes a decrease
of flux with time as the object moves in the observer plane. The half light level
is defined as the moment the flux dropped by a factor of two. Figure from Elliot
(1979).

the atmosphere, due to the local vertical differential refraction, while the second
term on the right side refers to the focusing caused by the curvature of the object’s
limb.

Absorbing material may influence the incoming flux, decreasing it by a factor
of exp(—7), where 7 is the optical depth of the material along the line-of-sight.
The flux @ is then obtained using the expression:

1 1
o= exp(—1). (2.9)
1+D a—w 1+D 6—(’0
or ox

The deviation angle w is very small for ground-based occultations. In fact, the

occulting object’s apparent size spans a few arcseconds, giving w < 107 rad. In
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Figure 2.4: In the case of dense atmospheres, light rays can cross the centre line,
when the observer is close to centrality, and cause a central flash around the middle
of the event. Figure from Elliot and Olkin (1996).

the case of Triton or Pluto, it is actually even less than that, with their apparent
sizes of ~ 0.1 arcsec, and an w in the order of 1077 rad. As a consequence, the
light ray suffers a very small shift linearly. The majority of the bending of the
ray comes from a length /, of a few hundred kilometers travelled in these types of
atmospheres, defined as

I ~ V27RH, (2.10)

where R is the radius of the object and H is the scale height of its atmosphere. The
deviation in the atmosphere is ~ (I/D)w, a fraction of a metre. This means that
we can use a straight line approximation to estimate the integral in Equation 2.5.
It is important to note that, because D is very large, the bending of the ray in the
observer plane can reach a value of the order of tens of kilometres.
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Let us define the scale height as
n(r)
on’
or

H= 2.11)

ignoring for the moment the curvature of the limb and haze absorption, while
assuming that H is roughly constant with altitude, Equation 2.9 gives
1 Dw 2nrD?

— =1 =14y
D H H

(2.12)

This means that the flux reaches half of its unocculted value, known as “half light
level” (denoted with subscript 1/2), for

H
wip = —5. (213)

A useful approximation is to consider that the half light ray is bent by one scale
height H when it arrives at the observer. This occurs for

H3
=\ — 2.14
Vi/2 2arD?’ ( )

and corresponds to a molecular density

4
nip = 17/2 (2.15)

The larger the H, the denser the half light level probed in the atmosphere will
be. The larger the D, the smaller n;,, will be. This is the reason why ground-
based occultations, despite having incredibly large D, can probe very tenuous
atmospheres, with pressures in the order of ~ ubar, and still observe strong flux

drops.
From the definition of the half light level, we have that
1 _
S D
)
(2.16)
’ o= 1+ rin _ZI/Z’
H
which gives
1 - A
R S Ve (2.17)
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where Az = z — zy». If we now consider that

2nr
w = y4/—
H
(2.18)
271'1"1/2
wWip = Vip H
we obtain
= L (-2, (2.19)
w12 V12 H
Using Equation 2.12 with w and w,», we have
1 w r— 1”1/2
1@ _ (_ ) 2.20
5 it d (2.20)

Now, inputting this equation into Equation 2.17, we obtain the Baum and Code
equation (Baum and Code, 1953):

| A
—+10g(5—1)—2:——z. 2.21)

H
We have that ® = 1/2 for Az = 0, as it was expected. When Az > H, the edge of
the occultation shadow, where

A
®~1- exp(——z), (2.22)

H

we have that at a few scale heights above the half light level, the light curve will
tend to unity very rapidly. At that point, the flux drop exp(—Az/H) will be lost
in the noise of the light curve, and we are unable to retrieve any more useful
information about the atmosphere. This means that the density can be reliably
retrieved up to the level where the flux standard deviation o¢ due to photometric
noise is comparable to the drop of stellar flux caused by the occultation (Dias-
Oliveira et al., 2015). From Equation 2.12, this corresponds to a density of

[0 H3
upper ~ T Y] 2.23
lupp K N 2arD? ( )

where nypper denotes the upper limit in the atmosphere where we can still derive
the density.
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On the other hand, when Az is negative with a large absolute value, we have

H
D~ ——, (2.24)

Az
where we see that the stellar drop is mild when deep into the occultation shadow.
However, this does not account for the curvature of the limb, that causes an in-

crease of the signal near the shadow centre (Eq. 2.9).

2.1.2 Central flashes

If the atmosphere of the occulting object is sufficiently dense, the light rays that
probe deep in the atmosphere (passing through or near centrality) may be bent
so much that they cross the centre line that connects the star, the object, and the
observer, as shown in Figures 2.2 and 2.4. If that is the case, the ray intersects
the observer plane at a negative z. This originates the appearance of two stellar
images of comparable flux along the limb, and the observation of a central flash.
Figure 2.5 shows the two stellar images along the limb of Pluto. The refracted
stellar images act as probes of the low atmosphere, close to the surface of the
object, and there is the possibility of detecting hazes or even topographic features.
Another example is shown in Figure 2.6, where adaptive optics, and the proximity
of Titan to Earth, allows the resolution of the object, and the two stellar images.

The second term on the right side of Equation 2.9 comes from the focusing of
the light rays caused by the limb of a spherical object. The stellar image is then
stretched along the object’s limb, much like a microlensing event (Figure 2.7).
The difference between these two events is that, in the case of microlensing, this
distortion comes from general relativity, and not refraction.

If the atmosphere is transparent, the surfacic flux from the stellar image is
constant, and the flux increases as the event approaches the centre of the shadow.
When the observer, the object, and the star are perfectly aligned, we reach the
maximum value of the observed flux. When this happens, the stellar images form
a ring that surrounds the object, with a circumference 277 and width ®.. @, is
the stellar flux @ at the centre of the shadow without the focusing term, and with
7 = 0, in Equation 2.9. Given that two stellar images are present during a central
flash,

r

Dhash max = 16d D, (2.25)
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Figure 2.5: Trajectory of the two stellar images created when the shadow path
crosses close to centrality from the Pluto occultation observed in 2012. The green
curve represents the primary stellar image, while the orange curve corresponds
to the secondary stellar image. For a spherical atmosphere, the primary and sec-
ondary images (green and orange stars, respectively) are aligned with the position
of the star behind the object (black star) and its centre (plus symbol). The gray
arrow indicates the direction of the object’s rotation, and the other arrows denote
the motion of their respective stellar images. The two stellar images always move
in opposite directions. Figure from Dias-Oliveira et al. (2015).

where d, is the diameter of the star projected at the object distance, gives the max-
imum flux that the central flash can reach. Because r is of the order of ~ 1000 km
and d. ~ 1 km, the intensity of the flash may be made larger than the unocculted
stellar flux.

If the atmosphere is not spherical, then this not as straight forward. The centres
of curvature of the limb are not at the centre of the object, they follow an arrange-
ment, an evolute, of the limb. Figure 2.8 shows a visualisation of such an evolute
for an atmosphere with an elliptical shape. This evolute is a diamond-shaped
curve, and during an occultation event, observers are able to note a discontinu-
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Figure 2.6: Observation of a Titan occultation, on 20 December 2001, where the
two stellar images are resolved due to the use of adaptive optics. The 5 m Palomar
Hale telescope was used. With Titan’s disk image subtracted, it is easy to see the
two images created by the occulted star. Figure from Bouchez (2004).

ous increase of the flux caused by the caustics created by the evolute. Figure 2.9
features a real-life example of a complex evolute, as it is the case of Titan’s atmo-
sphere (Sicardy et al., 2000).

Central flashes are extremely sensitive to the shape of the atmosphere. The
shape of the atmosphere is supported by winds that may be present. Therefore, it
is of relevance to introduce some definitions regarding winds. Let us consider only
zonal winds, where the wind velocity V is directed along a parallel at a constant
latitude 4. We then have centrifugal forces that are balanced with a local pressure
gradient, defining an isobaric level r(4). If the temperature is constant along this
isobar, r(A1) defines an isopycnic (constant density) level as well.

Hydrostatic equilibrium requires a balance between gravity, pressure gradient,
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Figure 2.7: The stretching of the stellar images as the star gets closer to the ob-
ject’s centre is a very similar process to that of a microlensing event. In this
example, a background star (white dots) presents an elongated image because of
the bending that the mass of the foreground star and its planet (large and small
black dots, respectively) causes on the light rays. Figure from Abe et al. (2013).

and centrifugal acceleration (Sicardy et al., 2006), so that

2
Vp = —p{§— [V (M)} : al}, (2.26)

ry

where p is the pressure, p is the mass density, g is the acceleration of gravity,
v(r, A) is the zonal wind velocity, r, is the distance to the planet spin axis, and &,
is the unit radial vector perpendicular to the planet spin axis. This equation allows
the derivation of the shape r(1) of the isobar, provided that the isobaric surface is
perpendicular to the vector in Equation 2.26. Therefore, we arrive at

ldr  fcosdsind

-— = 2.27
rda 1 - fcos*A 2.27)
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Figure 2.8: A representation of the way the light rays propagate perpendicular
to the limb in the shadow of an elliptical atmosphere. The convergence of the
light rays close to the centre generates an evolute, which causes caustics where
the flux suddenly increases. The oblateness of the atmosphere is exaggerated here
to provide a better visualisation of the evolute. Figure from Elliot et al. (1977).

where
e P
~ GM  GMcos? A
is the rotation parameter, Q is the angular velocity of the atmosphere, G is the

<1 (2.28)

gravitational constant and M is the mass of the object. Equation 2.27 can be in-
verted to retrieve the zonal wind velocity (r, 1), when the shape r(1) of the isobaric
level is derived from the central flash:
V= —gr dr/da .
dr/da
r

(2.29)

tan(Ad) —

Central flashes also allow for the detection, and subsequent study, of hazes.
Because the central flash probes the deepest layers in the atmosphere, where hazes



Chapter 2. Stellar Occultations 17

La Réunion

Figure 2.9: Evolute obtained from central flash observations during a Titan oc-
cultation on 14 November 2003. If the atmosphere is not elliptical, but presents
a more complex shape, the evolute will feature a complex shape as well. Figure
from Sicardy et al. (2006).

are most likely to be present, if at all existent, it is the most sensitive part of the
light curve to these features. The study of central flashes in different wavelengths
is one method of detection. If two light curves taken in the same station, or along
the same chord, recorded in different wavelengths, feature central flashes of differ-
ent flux peaks, that reveals a strong chromatic effect, that can constraint the optical
properties of the aerosols of the hazes (Sicardy et al., 2006). Another method of
haze detection is the dampening of the stellar flux due to the limb curvature.
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Asymptotic
ray path

Figure 2.10: Geometry of a stellar occultation involving an object with atmo-
sphere. r is the distance from the centre of the object to an arbitrary point in the
atmosphere where the bent ray is passing through, i is the angle between the tan-
gent to the light ray inside the layer and the radial direction of r, and w(Py) is the
total bending angle. Figure from Vapillon et al. (1973).

2.2 Methods

Two methods were mainly used to study light curves in my work. They are ex-
plained here. Both methods assume that the atmosphere is spherically symmetric
and that it is transparent.

2.2.1 Abel inversion

This method is used to retrieve the atmospheric structure from light curves. In
particular, we can obtain the density, pressure, and temperature atmospheric pro-
files. Here I used the equations from Vapillon et al. (1973), but many works have
been done on Abel inversions.

The geometry and nomenclature used are shown in Figure 2.10. rj is the
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radius of closest approach of a light ray to the planetary object. Py = P(ry) is the
incoming impact parameter of the light ray. By Bouguer’s rule, a version of the
Snell-Descartes’ law in a spherical atmosphere, P is invariant along a light ray,
and we have

Po = u(r) - - sin(i) = u(ro) - ro. (2.30)

We now have a relation between the refractive index and the two parameters of a
light ray.

Light rays are bent towards the centre of the object, as the index of refraction
increases with atmospheric depth. w(Py) is the total deviation angle. Variations in
the angle i during the ray propagation are related to variations in w(Py), and we

* 2p(r) du(r) dr
Po) = . 2.31
(U( 0) ﬁ) ,u(r) dr \/[ﬂ(r) . r]Z _ [N("o) ) r0]2 ( )

This integral can be inverted using an Abel inversion that gives this method its

obtain:

name. We can then obtain the index of refraction u(ry) at closest approach, where
the total deviation is wy (Phinney and Anderson, 1968; Fjeldbo et al., 1971):

1 0
p(ro) = exp {— f log
T Jo

The location of the star in relation to the limb of the object can be described

2
P(w) N (P(w)) 1
Py Py

. dw} . (2.32)

by the observer’s motion relative to the occulting body, assuming it is stationary
(Figure 2.11). If we assume there is no horizontal gradient of refractivity, then

P(1) = R + Zoee — 2(1) + D[w(?) — W(Toce)], (2.33)

where z(7) is measured normally to the star direction, R is the object’s radius at
this level, D is the distance between the object and the observer, and the time of
the half light level is taken as the origin of the time scale.
The bending of the light rays is related to the stellar flux through the equation:
@ i) 030
d(1) dP(t)
where @, is the flux before the event, and ®(¢) is the flux as a function of time.

Deriving Equation 2.33, using the equality in Equation 2.34, and integrating the

_L [T -0
w(t) = D Ioo oy dz(t) (2.35)

result, we obtain:
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Figure 2.11: Detailed geometry of a stellar occultation involving an object with
atmosphere. The axis r has its origin in the centre of the object, and increases
radially outward. The axis z is located where the observers are, and has its origin
in the centre of the shadow projected there. It increases in the same direction as
the axis r. The subscript “occ” refers to the half light level. Figure from Vapillon

etal. (1973).

We are now ready to solve Equation 2.32. From it, the molecular density profile

can be extracted, using Equation 2.4.

From the n(r) profile, we can derive the pressure p(r), and temperature 7'(r)

profiles using the hydrostatic equation,

0
L= (g,
,
where 7 is the molecular mass, and
GM
g(r) = 2

is the acceleration due to gravity. With the ideal gas equation,

p(r) = n(r)kgT(r),
where kj 1s the Boltzmann constant, we then obtain:

ar _ [ ngt) 1 dn]
T(r)  |ksT(r)  n(r)dr

(2.36)

(2.37)

(2.38)

(2.39)
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It is important to note that the main result of the Abel inversion is the density
profile. The temperature profile features a mathematical indetermination that is
due to the fact that it is derived from a first-order differential equation, and it
needs an initial condition, Ty = T(ry). This means that there is an infinity of
temperature profiles that can explain the same occultation light curve. The choice
of this initial condition requires independent information, such as the temperature
derived from a spacecraft at radius ry, in order to restrict the possible values of
T (ry).

So far, the Abel inversion was described as a method to analyse ray bending.
There is, however, other uses of such mathematical property. One of which, also
used in this work, is its employment to obtain the refractivity profile u(r) from
the phase delay A¢(r) accumulated along the ray that traverses the atmosphere,
that may be obtained by a spacecraft’s radio science experiment. Again, the Abel
inversion provides the refractivity by:

p =g [THO L [Tl e
2n? J. dR +R2_ 2 272 Jo R dR

employing the auxiliary variable [ = VR? — r? to calculate the integral. This use

will be described in more detail in Section 4.2.

2.2.2 Ray-tracing

The other method used, ray-tracing, is employed in several cases. It is a direct
method that is used for light curves whose signal-to-noise ratio is insufficient for
performing an Abel inversion, or the data points of the light curve are too apart in
time, resulting in numerical problems due to coarse sampling. It is used when the
station is very close to centrality, and features a central flash, as the Abel inversion
method only accounts for one stellar image. With a central flash, the two stellar
images have comparable fluxes, as explained in Section 2.1.2. The ray-tracing
method is mainly sensitive to the half light level, and accounts for both stellar
images, making this method ideal to reproduce and analyse the central flashes.
It is also chosen in case there are hazes absorbing part of the flux, biasing the
retrieved density, pressure, and temperature profiles.

In many cases, we only need global, and less detailed, parameters than what is
obtained using the Abel inversion method. For example, we may be interested in
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retrieving the pressure at some fixed radius (surface, for instance), or analyse some
simple features of the temperature profile, such as an average temperature gradient
in the mesosphere or troposphere, among others. In these cases, we may use the
ray-tracing method, as it is a direct method. To use this method, we must have
a template temperature profile that can be fit into the light curves, the pressure is
fixed at a prescribed radius ry, employ Equation 2.38 to obtain the density n(r),
and use Equation 2.39 to retrieve the density profile. Then, from Equation 2.4 we
can derive the refractivity profile and its gradient dv(r)/dr. Finally, Equation 2.5
can be executed numerically to provide the deviation of the rays, arriving at the
synthetic flux through Equation 2.9.

A least-squares fit to the light curves determines the best fitting parameters,
such as the pressure at a radius ry, and the offset perpendicular to the object’s
apparent motion projected in the sky, Ap, and their respective error bars, through
a x* minimization analysis. This method has a small number of free parameters,
and weighs each light curve, accounting for the quality of each one. It performs
all this using a consistent template model, one of the advantages of this method.

2.3 Photometry

A large part of my Ph.D. was to derive information from the original data obtained
by all the observing stations. Therefore, I will explain here how the photometry
was performed during this work.

The software ESO-MIDAS, from the European Southern Observatory (ESO),
was the image processing tool used. There are some quirks to this software that
made each observation require a certain type of attention, always different from
one another, in order to have the best photometry possible for each station. The
first thing needed was to check if the stars or bodies we may want to use as ref-
erences were saturated. That is a quick verification using an image visualisation
software. In most cases, a renaming of files is necessary to comply with the ESO-
MIDAS input format. Moreover, book-keeping of the timings is also required to
precisely associate each image with the mid-exposure UTC time. If the observa-
tion also includes dark and flat images, these also need to go through the same

name changing procedure.
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A median of the dark and flat images is made, and the median of the flat
images is normalised to unity. A quick verification of the size of the file, telling
of how long the program will take to analyse each image, indicates if a trimming
of the images is required for run time efficiency, and if so, the area of each cut
is defined, so that all the important objects are always in the images, even if the
telescope presented some drift, and a large enough background is shown, as it will
be necessary in order to remove the background noise from the flux. The median
of the dark images is then subtracted from the observation images, and the flat
normalisation is divided.

A stacking of some of the observation images before the event is done to reveal
faint stars, and the drift of the telescope, if present. We can then check the position
of each object, occulted star, and any reference stars or bodies. Offsets from the
reference stars or bodies to the occulted star are also determined, as it is important
to track it in case the occulted star is too faint for the software to follow, as it
runs a gaussian to keep track of the objects’ apparent motion on the camera while
analysing the images. Finally, some rectangles are positioned (Figure 2.12) to
perform a rectangular photometry. The first is the one that will register the flux of
all objects throughout the analysis. The second is the rectangle where the software
will be looking for the gaussian in order to track its drift throughout the analysis in
case the drift is too strong, or there was actual movement to the telescope during
the event. If that is the case, these rectangles must be forced into the correct
position at certain images, and the software is then allowed to continue its run. The
final two rectangles, usually placed above and below the object they correspond to,
are used to remove the background from the flux of the object. These rectangles
must, therefore, be in background areas, which is the reason why the average is
made to reveal faint stars that could influence the flux collected in these rectangles.

When this is all done, the software is ready to run a first time. At this moment,
this first run reveals possible errors in the program, or in the positioning of the
rectangles. It also allows for the refining of the image interval the software must
analyse, to make it less time consuming. If the images are lower quality, the
software may lose the occulted star several times, which needs to be corrected
by forcing the correct position at the failing image into the program before it is
run again. The program displays the image it is analysing in a window, allowing
us to track its procedure, and catch if there is any error in the positioning of the
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Figure 2.12: Example of the ESO-MIDAS software view during the software’s
run of the images taken from the Ithaca station for the Triton occultation event on
5 October 2017. The white rectangles are always the same size and record the flux
from the occulted star and reference stars or bodies (in this case, Neptune). The
blue rectangles just outside these are used to track each object using a gaussian.
The other four rectangles are used to subtract the background noise from the flux
of the studied objects.

rectangles. Several apertures are also studied in this phase (Figure 2.13), in order
to determine the best aperture that yields the highest signal-to-noise ratio in the
final light curve.

A Python program that performs a running average on the reference stars or
bodies’ fluxes is employed once the final version of the photometry is achieved.
A ratio between the flux of the occulted star and the reference star or body is the
result of this program. This running average is done to eliminate high frequency
noise from the reference star’s flux, as it would increase the noise of this ratio. The
program must analyse several running averages, to determine which would have
the highest signal-to-noise ratio. This program also corrects for the time recording
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Figure 2.13: Ratio point per point between the fluxes of the occulted star + Triton
and the reference star or body (in this case, Neptune) of the La Palma light curve
from the Triton occultation event on 5 October 2017. Each of these ratios use
different rectangular apertures. The black curves refer to ratios that go from a
3 X 3 aperture (top-most curve), and it increases until the bottom-most curve with
an 8 x 8 aperture. The red curve shows the best solution for this light curve, with
an aperture of 5 X 6.

of the acquisition cameras, that does not always reflect the mid-integration time.
This is not a fixed number, and depends on the type (and even brand) of the camera
used. This program is only relevant if at least one of the reference stars or bodies
is not saturated. If they are all saturated, or there is no reference star or body in
the field, or even if the fluctuations of the reference star or body are unrelated to
the occulted star’s fluctuations, then the flux of the occulted star is used alone.
We are then ready to normalise the final light curve, obtaining the overall root
mean square of the flux fluctuations. The light curve and corresponding root mean
square are input into the programs that will perform the ray-tracing. An example
of the final light curve, normalised and fit through the ray-tracing code, is shown
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ITHACA

Figure 2.14: Final version of the Ithaca light curve (black dots) from the Triton
occultation event on 5 October 2017. The blue line is the fit done using the ray-
tracing method with a template temperature model described in Section 4.1.3.
The lower and upper horizontal dotted lines refer to the zero-flux level and the
total star + Triton unocculted flux (normalised to unity), respectively. The green
line is the residuals, and the red line marks 23:55 UTC. The total duration of the
panel is five minutes.

in Figure 2.14.

It is important to note the use of rectangular aperture when using the ESO-
MIDAS software, rather than a, more common, circular aperture. A comparison
has been made between the two types of apertures, with the PRAIA package (As-
safin et al., 2011) using a circular aperture. This yielded equivalent results be-
tween the two types of apertures.
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Triton

Triton is Neptune’s biggest satellite. Discovered on 10 October 1846 (a small
history regarding Neptune and Triton’s discovery is described in Section 3.1), it
is the seventh biggest moon, with a radius of ~1353 km, and the largest irregular
satellite in the Solar System (Burns, 1986). Triton is a very curious satellite, and
it has been proposed to be a captured Trans-Neptunian Object, discussed in more
detail in Section 3.2, with some of the arguments supporting this theory being that
it features an eccentricity of essentially zero (0.000016), and a retrograde orbit.

Triton is a potential ocean world (Hansen et al., 2021), highly active, and with
a young surface. During NASA’s Voyager 2’s flyby of the Neptunian system,
plumes and geysers erupting from Triton’s surface were detected. It is the only
satellite, besides Titan, to possess a significant atmosphere, further discussed in
Section 3.4.

As we can see, Triton is a very interesting body. A few spacecraft missions
have been proposed to study the Neptunian system, with extensive science per-
formed regarding Triton, however, a mission has yet to be approved, or even
launched, in the direction of this fascinating system, after Voyager 2’s flyby of
1989 (Section 3.3).

Triton is currently exiting its rare “extreme southern solstice”, where sub-solar
latitudes of up to 50° S were directly and constantly illuminated by the Sun, a
configuration that occurs every ~ 650 years (Fig. 3.1) due to a combination of
Neptune’s heliocentric motion and Triton’s orbital precession.

The physical parameters for Triton and its atmosphere that were used in this
study are presented in Table 3.1.

27
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Figure 3.1: The upper panel shows the sub-solar latitude on Triton over time,
during the last thousand years. The blue line corresponds to the period of time
between Voyager 2’s flyby, on 25 August 1989, until the 5 October 2017 stellar
occultation. During this time, Triton experienced an extreme summer solstice in
its southern hemisphere, with a sub-solar latitude of up to 50° S in 2000. The
lower panel is a close up view of the blue line, around the year 2000. The black
dots correspond to ground-based occultations observed. The larger dots are from
the data that was used in this work. The black triangle is Voyager 2’s flyby.
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Table 3.1: Adopted physical parameters for Triton and its atmosphere.

Body“
Mass GM; =1.428 x 10"* m? s—2
Radius Ry = 1353 km
Atmosphere parameters
N, molecular mass u=4.652x107% kg
N, specific heat c, =1.04x10° JK ' kg™

at constant pressure
N, molecular refractivity K =1.091x 107 + (6.282 x 107°/27, )

(visible bands?) cm® molecule™

Refractivity at 3.6-cm® K = 1.0945 x 107> c¢m?® molecule™

Boltzmann constant kg = 1.380626 x 1072 J K™!
“McKinnon et al. (1995), where G is the constant of gravitation.
bWashburn (1930).
“Gurrola (1995).

3.1 Discovery

Moore (1995) presented a lovely description of the sequence of events leading to
the discovery of Neptune and Triton. I will summarize it here to include some of
the most important events.

Neptune’s story began with the discovery of Uranus, in 1782. Mathematicians
found, as early as 1788, that Uranus’ orbit was not moving in its predicted path.
Observations of the movements of Halley’s comet showed that it was also per-
turbed from its predicted position. Besides these evidences for a Trans-Uranian
planet, astronomers also considered that another planet should exist because of
Bode’s “law”.

John Couch Adams was the first to attempt a calculation of this new planet’s
orbit. He assumed that the distance from the Sun was predicted by Bode’s “law”,
causing the calculation to be incorrect. His estimate of the planet’s magnitude,
on the other hand, was 8, very close to the actual 7.7. Unfortunately, he did not
attempt any observation, as he was not practiced in it, deferring this task to other
people.

While Adams was searching for someone that could do the observations, and
repeatedly having his requests denied, Urbain Jean Joseph Le Verrier, in France,
was also tackling the Uranus problem, challenged by Frangois Arago. His position
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Figure 3.2: English astronomer William Lassell, Triton’s discoverer. The 24 inch
reflecting telescope depicted here was the instrument used in the discovery. It was
completed in 1845, and was the first telescope to be mounted equatorially.

for the planet was in line with Adams’ within almost 1°.

On 31 August 1846, Le Verrier provided orbital elements, a position for the
planet, and an apparent diameter of about 3.3 arcseconds (the actual value is 2 arc-
seconds). He expected the observations to be carried out at the Paris Observatory,
however, much like with Adam’s case, nothing was done. He was not a patient per-
son, so he decided to send a letter to Johann Gottfried Galle, from the Berlin Ob-
servatory. Galle received this letter on 23 September 1846, and began the search
that very evening. Heinrich D’ Arrest, his assistant, suggested to cross-reference
the stars observed to a star map: Hora XXI of the Berlin Academy’s Star Atlas.
Turning the telescope to the position Le Verrier provided, Galle described, within
minutes, an 8 magnitude star that D’ Arrest noted not to be on the map (Galle,
1846). The find was confirmed the following night, and on 25 September, Galle
sent a letter to Le Verrier, relaying the discovery.

On 1 October 1846, John Herschel wrote to William Lassell (Figure 3.2) ask-
ing him to search for any satellites of the newly discovered planet. He wasted
no time, with his first observation made on 2 October, and on 10 October, only
17 days after Neptune’s discovery, he discovered Triton (Lassell, 1846).
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Figure 3.3: Images of Triton (left) and Pluto (right), not to scale. Image data from
Voyager 2 and New Horizons (NASA/JPL-Caltech).

3.2 Origin theories

The Neptunian system is unique in the Solar System. It is very unusual, comprised
of several small satellites orbiting within 5 Neptune radii (Ng), its biggest satellite,
Triton, in a circular, inclined, retrograde orbit at 14.3 Ry, and Nereid, with a
semimajor axis of approximately 223 Ry. Nereid features the most eccentric orbit
of all of the Solar System’s satellites. Triton’s orbit places it inside the region
that is usually limited to regular satellites, however, its orbit is very inclined and
retrograde. It is difficult to explain how one or more protosatellite disks can result
in a very compact regular, prograde satellite system with an inclined, retrograde
major satellite. Therefore, it is likely that the Neptunian system is not a primordial
system, but has been highly evolved or disturbed.

Lyttleton (1936) suggested that Triton and Pluto (Figure 3.3) had the same
origin, as Neptune’s satellites. He considered that Pluto may have been one of
Neptune’s satellites, given its proximity to the planet, and the crossing of their
orbits. It was then possible that Triton and Pluto had an interaction while they
both belonged to the early Neptunian system, and the end result was Pluto’s ejec-
tion from the system and the reversal of the orbital motion of Triton around the
planet. However, when Pluto’s orbital resonance with Neptune was discovered,
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this hypothesis quickly lost its popularity. This resonance would not allow the
two objects to be closer together than they currently are, not in the future nor the
past (Cohen and Hubbard, 1965). Many studies were done with a Triton and Pluto
as Neptune’s satellites configuration, showing that it was highly unlikely for such
a configuration to have been the case for these bodies’ origin.

A capture hypothesis was first introduced by McCord (1966). Years later,
McKinnon (1984) examined constraints regarding the origins of Triton and Pluto,
and suggested that Lyttleton’s theory should be reversed. Rather than having be-
longed to the Neptunian system, they both originated as objects with an heliocen-
tric orbit, most likely in the Edgeworth—Kuiper belt. Both of these objects would
have been considered dwarf planets, given that Triton’s radius (1353 km) is larger
than Pluto’s (1187 km). Triton was then captured by Neptune. Several hypotheses
have been proposed for the specific mechanism that enabled said capture. Two hy-
potheses seem to be the most favored: collision and gas drag. Triton’s capture by
the collision scenario is the preferred explanation, but gas drag is possible as well.
This preference stems simply from the fact that the collision scenario is simpler
to understand and to model. Tidal breaking may also be an important ingredient
of Triton’s capture (Goldreich et al., 1989; Correia, 2009; Nogueira et al., 2011).

These hypotheses solve many of the mysteries surrounding Triton. They are
consistent with Triton’s density, surface, atmospheric composition, and geologic
history. They also account for Nereid’s eccentric, distant orbit, and provide expla-
nations of why there are only small satellites, besides Triton, and why several are
in such close proximity to the planet.

Despite the different hypotheses put forward to explain Triton’s, and really all
of the Neptunian system’s, oddity, Triton and Pluto seem to have had the same
origin. FEither as satellites of Neptune, or dwarf planets formed in the Edge-
worth—Kuiper belt, these two bodies seem to be interconnected in their origin.
They also have many similarities other than a shared origin. Triton’s inferred
rock/ice ratio is more in line with Pluto’s than any of the other large, regular, icy
satellites of the other giant planets (except Europa). Their ice composition is sim-
ilar, and their thin atmospheres are both in vapour pressure equilibrium with the
frost at the surface. There are differences, however, that may derive from the early
capture of Triton, and its interaction with Neptune’s magnetosphere, or possibly
simply due to their size difference.



Chapter 3. Triton 33

Figure 3.4: An artist’s concept of the Voyager 2 spacecraft. Figure from
NASA/JPL-Caltech.

3.3 Voyager 2 flyby

Voyager 2’s journey, having passed by Jupiter’s moons Ganymede and Europa,
Saturn’s rings and moon Titan, and Uranian system, came to an official end with
the flyby of the Neptunian system on 25 August 1989. Voyager 2 (Figure 3.4) was
launched on 20 August 1977, before the launch of its twin spacecraft, Voyager 1.
Its mission was to fly by Jupiter and Saturn, and, if it survived the crossing of
Saturn’s rings, would continue on to Uranus and Neptune. The journey was not
without its problems, as there was some malfunction in the transmission of the
signals after the Saturn ring-plane crossing. Luckily, the problem solved itself,
and Voyager 2 continued on, with no more major problems.

As Voyager 2 approached the Neptunian system, data started pouring in, with
a pool of images of the system clearer than ever before (or since). A new satellite
was discovered one month before the encounter, and days before the encounter,
the ring arcs had been detected. Deep inside Neptune’s ionosphere, the spacecraft
was silent for almost one hour while it passed behind the planet, with the on-
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Figure 3.5: Voyager 2’s trajectory through the Neptunian system on 25 Au-
gust 1989. Figure from NASA/JPL-Caltech.

board command sequence taking control of the scan platform and the instruments,
sending the data to a tape recorder to relay it later back to Earth. Closest approach
occurred at 03:56 UTC, and Voyager 2 was at 29,240 km from the planet’s centre
(Figure 3.5).

Voyager 2’s closest approach to Triton, 39,800 km away from the satellite’s
centre, occurred 5 hours and 14 minutes after the closest approach to Neptune
(Stone and Miner, 1989). Images of its topography, surprisingly young surface,
plumes, and clouds were arriving every four or five minutes (Figures 3.6, 3.7,
and 3.8). A Radio Science Experiment was conducted on Triton, allowing
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Figure 3.6: Triton’s southern hemisphere, revealing an incredible topography, un-
like what has been seen on any other rocky or icy moon, and a very young surface.
Image data from Voyager 2 (NASA/JPL-Caltech).

for the confirmation of an atmosphere and the obtention of its surface pressure
Psurft = 14 = 2 pbar (Gurrola, 1995). Further description of this experiment is
provided in Section 4.2.

After fulfilling its mission successfully, Voyager 2 departed the Neptunian sys-
tem still recording data, and taking more images of the newly studied planet and
its satellite (Figure 3.9). Voyager 2 began its Interstellar Mission extension after
leaving the Neptunian system. This mission is currently ongoing. Some of its in-
struments have been turned off to save power, with the imaging system being the
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Figure 3.7: Two of Triton’s plumes, noted with orange arrows. Image data from
Voyager 2 (NASA/JPL-Caltech).

first, in 1989. It has been returning data about cosmic rays and the solar wind ever
since. On 5 November 2018, the spacecraft crossed the heliopause. Voyager 2
will continue to return data, this time from interstellar space, until around 2025.
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Figure 3.8: Triton’s limb, revealing a cloud feature in its atmosphere. Image data
from Voyager 2 (NASA/JPL-Caltech).
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Figure 3.9: Look back at Neptune and Triton as Voyager 2 was leaving the system,
backlit by the Sun. Image data from Voyager 2 (NASA/JPL-Caltech).
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3.4 Atmosphere

An atmosphere on Triton was first proposed by Cruikshank and Silvaggio (1979),
where they claimed to have detected the spectral signature of gaseous methane
(CH,), however, it has since been shown that these features were due to CHy ice
on the surface. Regardless, the simple presence of this volatile ice would be
indicative of an atmosphere. Ten years later, an atmosphere was confirmed by
Voyager 2’s flyby. During the flyby, Triton was shown to have a tenuous at-
mosphere, composed mainly of molecular nitrogen (N,; Broadfoot et al., 1989),
during the Radio Science Subsystem (RSS) occultation, providing its surface den-
sity, pressure and temperature (Tyler et al., 1989; Ingersoll, 1990). These re-
sults were later improved by Gurrola (1995), who obtained a surface pressure of
Psurf = 14 = 2 pbar.

As mentioned in Section 3.1, Triton’s atmosphere is in vapour pressure equi-
librium with the frost at the surface. This happens because, despite its surface
being very cold (~38 K), the surface temperature is high enough to partially sub-
lime N,, CHy4, and carbon monoxide (CO). The abundance of these gases can be
calculated using the equations for vapour pressure equilibrium.

Using the nomenclature from Sanchez-Lavega (2010), we start with the Clau-
sius-Clapeyron equation:

dpys L;

dT  T(V,-V))’ G-

where L; is the latent heat of the phase transition, V; = 1/p; is the specific volume
(the subscript 1 corresponds to the vapour phase, while 2 corresponds to the liquid
or gas phases), and pyg is the saturation vapour pressure in relation to the liquid
or solid phases in the vapour pressure equilibrium.
The first law of thermodynamics is the expression of the conservation of en-
ergy:
00 =dU+6W =dU + p-dV, (3.2)

where the heat §Q provided to a closed system atmospheric parcel is equal to the
increase of its internal energy dU plus the work done on the parcel 6W, and V is
the volume the parcel occupies.

Using Equations 3.2 and 2.36, and assuming the saturation state and that only

one of the components condenses, we get that the amount of heat deposited in the
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condensing layer is
00 =-L;-dxs, (3.3)

where dxg refers to the change in the saturation mixing ratio of the condensable
gas, and the first law of thermodynamics can be written as

cp-dl = —g-dr—L;-dxg, (3.4)

where ¢, is the specific heat at constant pressure. From this equation, and using
the ideal gas equation and hydrostatic equilibrium, defined in Equations 2.38 and
2.36, it is possible to show (Sanchez-Lavega, 2010) that there are two different
adiabatic lapse rates near the surface. One is the “dry” lapse rate:

D=ti):—§, (3.5)
d

dr Cp

caused by convective motion near the surface. The other one is the “wet” lapse
rate, assuming that the gas is marginally saturated throughout. If the latent heat
dominates the kinetic energy of the gas particles, it is:

dT g
r,=|—| =-<. 3.6
(dr)w L 30

T

Using parameters of Table 3.1 and L; = 2.5 x 10° J kg™! for N,, this provides
I,=-075Kkm ™ andTl,, = —0.11 K km™', meaning that I'; ~ 6.3T,.

The atmospheric transport of energy in the form of latent heat is efficient, and,
therefore, the N, frosts are isothermal over the surface. We have that Triton’s
atmosphere is composed primarily of N, gas, comprising 99% of the atmospheric
particulates, with traces of CH,4 near the surface with a volume mixing ratio of less
than 1073 (Strobel and Summers, 1995; Lellouch et al., 2010). The mole fraction
of the surface CH, is low enough that it is photochemically destroyed in the lower
atmosphere (Strobel and Zhu, 2017).

Voyager 2 revealed clouds in Triton’s atmosphere (Figure 3.8), covering 37%
of the area poleward of 30°, and stopping at altitudes between 6 and 10 km. Wind
regimes were studied using Voyager 2 images of the plumes near Triton’s surface
(Yelle et al., 1991). The vertical profiles of CH, and hazes have been obtained
as well using Voyager 2’s ultraviolet images (Strobel et al., 1990; Herbert and
Sandel, 1991; Krasnopolsky et al., 1993; Krasnopolsky and Cruikshank, 1995;
Strobel and Summers, 1995).
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Triton occultation events

In this Chapter, I will present the occultation events studied. In particular, the
ground-based occultation event my Ph.D. focused on, that occurred on 5 Octo-
ber 2017, will be described in detail in Section 4.1. I mention the effort made
for the prediction of this occultation, the amount of data obtained from a single
occultation event, as well as the results obtained, employing the methods shown
in Section 2.2.

Three other events were studied and/or reanalysed for this work. Section 4.2
features a new analysis of Voyager 2’s Radio Science Subsystem (RSS) occulta-
tion, on 25 August 1989, using a new method I made in order to extract more,
and new, information from the original data-set. Finally, two other ground-based
stellar occultations are described in Section 4.3. These events were all analysed
using the same method, employing a template temperature model (described in
Section 4.1.3) derived from the results obtained from the 5 October 2017 event,
and their respective observations and results are presented.

4.1 5 October 2017

This event was the focus of my four-year Ph.D., taking the bulk of the time to do
the photometry of the light curves (described in Section 2.3), and analysing the
results retrieved from the data. The event and results obtained are described in
detail in this Section. A template temperature model derived from the Abel inver-
sion analysis of this event is provided in Section 4.1.3. I also mention here some

41
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of the difficulties encountered during this study.

4.1.1 Prediction

In the early 2010s, many candidates for occultations by Pluto, large TNOs, and
Centaurs were uncovered by surveys made using the Wide Field Imager attached
to the 2.2 m Max-Planck ESO telescope (Assafin et al., 2010, 2012; Camargo
et al., 2014). These surveys focused on faint stars up to magnitudes of 19 in the
R filter. However, no suitable Triton events were found for the interval between
2008 and 2015. This is because Neptune has been crossing a region away from
the galactic plane, with little stars.

The problem in predicting occultation events by Triton is two-fold:

e Neptune’s orbit could have systematic errors, causing Triton’s position to
be shifted in relation to the stars;

e Triton’s orbit around Neptune may, itself, have systematic errors brought
on by the brightness and colour differences between the planet and its satel-
lite, and also from changes in Neptune’s magnitude, meaning their relative
colour is variable (Schmude et al., 2016).

These two points affect ground-based measurements of Triton and Neptune, and
the result is a distorted neptunocentric orbit for Triton. R or I filters can be used
to overcome these problems in order to reduce differential refraction during ob-
servations. Distributing Triton observations evenly along its neptunocentric orbit,
its path can be set by the average ephemeris offsets found for right ascension (@)
and declination (9).

After collecting over 4700 CCD images of Triton between 1992 and 2016
using the 0.6-m B&C and 1.6-m P&E telescopes at Pico dos Dias Observatory
(OPD/LNA) in Brazil (IAU code 874), a detailed astrometric work was derived,
much like in Assafin et al. (2010) and in Camargo et al. (2014), and an occulta-
tion by Triton was found. The event, with a relatively bright star of magnitude
V =127, G = 12.2 (UCAC4 410-143659; Gaia DR2 2610107911326516992),
would occur on 5 October 2017, crossing Europe, northern Africa, and reaching
eastern USA.
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Between 15 and 23 September 2017, an 8-night run on the OPD/LNA 1.6 m
telescope was performed to improve the accuracy of the prediction. Using the
PRAIA package (Assafin et al., 2011), reductions were made using the Gaia DR1
catalogue. This yielded an uncertainty of about 130 km cross-track, and around
10 seconds for the closest approach. The run covers a full Triton period, meaning
that the average offset reflects errors in Neptune’s heliocentric position and not a
neptunocentric error in Triton’s ephemeris.

On 30 September 2017, the Gaia team released a preliminary Gaia DR2 sub-
set!, ahead of its official release in April 2018 (Gaia Collaboration et al., 2016,
2018), in an attempt to improve the prediction for this event. This subset featured
431 stars of magnitudes R = 12-17 that surrounded Triton’s path in the sky plane
during the 8-night run performed at the OPD/LNA. The Gaia DR2 catalogue in-
cludes star proper motions, allowing for an accuracy at milliarcsecond-level of
stellar positions at epoch.

Applying this new catalogue to the 8-night run, it was found that the shadow
path showed a significant shift by around 370 km to the south in the sky plane,
about 500-700 km when projected on Earth, and reduced the uncertainties by
factors of ~ 1.5 and ~ 2.2, respectively.

The updated prediction was released to the scientific community before the
event’. The map of the shadow track on Earth is displayed in Figure 4.1.

4.1.2 Occultation observations

Over one hundred stations attempted to observe the event. Together, observers in
Europe, northern Africa, and eastern USA obtained a total of 90 occultation light
curves. Figure 4.2 shows the trajectories of the star relative to Triton (occultation
chords) for all positive stations. Appendix A shows the circumstances of observa-
tions for all stations involved in this event. Managing over 200 people to give and
confirm the information required many working hours and a systematic data orga-
nization and communicating with the observers. While many observers provided
all the information in the reports, immediately after the event, and were quick
to confirm the information, others were unresponsive, and required a number of

1https://www.cosrnos.esa.int/web/ gaia/news_20170930
2https://www.cosmos.esa.int/web/gaia/iow,20171005
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Figure 4.1: Triton’s shadow path on 5 October 2017. The biggest black dot along
the centre line corresponds to the closest approach of the shadow centre to the
geocentre, at around 23h52 UTC. All black dots are spaced by one minute, and the
arrow indicates the direction of motion of the shadow. The northern and southern
limits of the solid body assuming a radius of 1353 km are represented, showing
the predicted path as white lines, and the effective path as blue lines. The dark
grey area indicates full astronomical night, and the light grey indicates twilight on
Earth. Stations with a successful observation, that have been used in the fit, are
represented in blue dots, stations not used are shown as red dots. The white dots
are the stations that attempted observation, but were clouded out or had technical
difficulties. These images show the amount of observing stations, and therefore,
of data obtained from this one event. Upper panel: Overview of the observing
stations. Lower panel: Closer look at the central flash path across Europe. The
grey lines around the center line correspond to a spacing of 50 km, once projected
in the sky plane.
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Figure 4.2: Geometry of the 5 October 2017 stellar occultation by Triton, as seen
in the sky plane. The J2000 celestial north (N) and east (E) directions and the scale
are indicated in the upper right corner. The grey arrow near the equator shows the
direction of rotation of the satellite. The Neptune-facing prime meridian is drawn
as a thick line, and the south pole is labelled with an S. The inclined lines are the
occultation chords as observed from all stations, with the black arrow indicating
the direction of motion. A total of 90 occultation light curves were obtained, 52 of
them (in blue) were included in a global atmospheric fit, and 38 of them (in red)
were not included in the fit.

exchanges to retrieve all the needed information.

All light curves are presented in Appendix B. I derived 18 of the 90 positive
light curves, 45 were analysed by various members the Lucky Star group. The
remaining 27 were light curves analysed by the observers themselves, and those

required some conversion and normalisation to be consistent with the other light



Chapter 4. Triton occultation events 46

Table 4.1: Triton’s geometry on 5 October 2017.
Triton pole position® (J2000) ~ a,= 20h 09m 29.40s
0p=20° 25’ 34.2”

Sub-solar latitude 40.0° S

Sub-observer latitude 40.5° S

Sub-observer longitude 169.9° E

North pole position angle” 305.7°

Geocentric distance D =4.3506 x 10° km

“On 5 October 2017, using Davies et al. (1996), with corrections available at
ftp://ftp.imcce.fr/pub/iauwg/poles.pdf.

bPosition angle of Triton’s north pole projected in the sky plane. Counted positively from
celestial north to celestial east.

curves. Some stations were analysed by two people from the Lucky Star group
in a redundant way, so that I could cross check the consistency of the results
obtained. Obtaining the images from all stations was, again, not an easy task.
We received images from around half of the stations right away, and these were
quickly included in the fit described in Section 4.1.3, provided they had a signal-
to-noise ratio of <~ 10 per data point (except for the light curves that presented a
strong central flash). However, many observers claimed to have a positive detec-
tion but did not provide the data, nor a light curve. Again, a number of exchanges
needed to be made to acquire all light curves. At this point, some of them were
not included in the fit, even though they had sufficient signal-to-noise ratio, sim-
ply because we received their light curve after doing all the analyses. These were,
therefore, used only to superimpose the synthetic light curves from the template
model discussed in Section 4.1.3.

Table 4.1 lists Triton’s geometry for this event. Analysing the light curves
(with the methods described in Section 4.1.3), it was shown that the occultation
occurred about 9 s earlier, and the shadow centre was 12 km north of the final
prediction (shown in Figure 4.1). This difference is at a ~1.30-level, insignifi-
cant at our accuracy level. It does show that the Gaia DR2 astrometry was key in
obtaining an accurate prediction, allowing for the detection of the central flash at
numerous stations.
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4.1.3 Results

To extract information from the plethora of data obtained, we adopted a boot-strap
approach, iterating between the Abel inversion and the ray-tracing method (both
methods described in Section 2.2). This allowed us to retrieve the molecular den-
sity n(r), pressure p(r), and temperature 7 (r) of Triton’s atmosphere as a function
of the distance to Triton’s centre, r, described as r = Ry + z, with z as the altitude
from Triton’s surface, and Ry as Triton’s radius.

This approach assumes that:

e The atmosphere is composed primarily of pure N,. CH,, the next most
abundant species, has a volume mixing ratio [CH,/N,] of less than 1073
(Strobel and Summers, 1995; Lellouch et al., 2010). The ray-tracing code
shows that this abundance causes a negligible change (considering the noise
level of the data) of the synthetic flux of about 107> near the half light level.

e The atmosphere is transparent. The deepest layers reached in ground-based
occultations of Triton are those of the central flash layer, at an altitude of
around 8 km. This assumption will be discussed in Section 5.2.3.

e The upper atmosphere is globally spherical. Section 5.2 shows that the
observed central flashes are consistent with a spherical shape, supporting
this assumption.

The following discussion explains the results obtained for each method used,
and difficulties faced in each of them.

Abel inversion

Inputting the values of K and D listed in Table 3.1 into Equation 2.23, considering
that H ~ 30 km around » = 1500 km, and taking oo ~ 0.011 for our best data set
(La Palma station), we find that reliable density values cannot be obtained above
Fupper ~ 1540 km, where n ~ 4 x 10'' cm™, corresponding to pressures of a few
nbars.

With that in mind, three data sets with the highest signal-to-noise ratio were
used in the Abel inversion method (Section 2.2.1). La Palma (2-m Liverpool tele-
scope, Spain) and Helmos (2.28-m Aristarchos telescope, Greece), displayed in
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Table 4.2: Local circumstances at the three stations (ingress and egress) used for
the Abel inversion analysis.

Site Time (UTC)* Location on surface Local solar time”
La Palma, ingress 23:48:27 251° E, 10° N 06:36 (sunrise)
La Palma, egress 23:50:52 18° E, 46° S 22:08 (sunset)
Helmos, ingress 23:45:38 254° E,7° N 06:24 (sunrise)
Helmos, egress 23:47:58 12° E, 47° S 22:32 (sunset)
Calern, ingress 23:46:28 228° E, 32° N 08:08 (sunrise)
Calern, egress 23:49:15 50° E, 30° S 19:00 (sunset)

“UTC time at half light level
bOne “hour” corresponds to a 15° rotation of Triton. Local time before (after) 12 h means
morning (evening) limb.

Figure 4.3, were inverted to obtain the shape of the profiles, employing calibra-
tion images. The light curve from Calern (1.04-m C2PU telescope, France; Fig-
ure 4.4) was inverted later on, to confirm the shape found with the other two light
curves, and removing the central flash region of that light curve, as it would in-
fluence the inversion process (a secondary image issue is mentioned below). The
circumstances of observations for these three stations are shown in Appendix A.

At half light times, and for ingress and egress, these stations probe different
locations of Triton’s atmosphere. Latitudes, longitudes, and local solar times of
the sub-occultation points are shown in Table 4.2. The paths of the stellar images,
from these three stations, over Triton’s surface are displayed in Figure 4.5.

The first thing to do in order to employ this Abel inversion is to assess Triton’s
contribution to the total flux in the light curve.

Fr

S 4.1
F¢ + Fr “.1)

bo

is the zero stellar flux level in the normalised occultation light curves, where Fr
and Fy are the flux coming from Triton and the unocculted star, respectively.
Varying ¢, changes primarily the deepest parts of the inverted profiles, as shown
in Figure 4.6.

Measuring this value requires images where Triton and the star are angularly
separated, in order to have more accurate measurements of each object at the
time of the occultation. It is difficult to obtain good calibration images, as the
photometric accuracy must be better than 1% to have useful constraints. To get
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Figure 4.3: The best two light curves obtained (black points), at La Palma and
Helmos stations. Both telescopes were equipped with a E2V CCD 47-20 detec-
tor with quantum efficiency peaking at 600 nm and reaching zero near 300 and
1000 nm, respectively. The spectral ranges used for each instrument are indicated
in the figures (I + z at La Palma and V + R at Helmos). The blues lines are
the best simultaneous fits obtained with our ray-tracing approach. The green dots
are the residuals of the fits. The panels have a duration of five minutes, centred
around the time of closest approach of the station to Triton’s shadow centre. Up-
per panel: full resolution light curve (cycle time 0.635 s) for the La Palma station.
Lower panel: the same for the Helmos station (cycle time 0.674 s).
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Figure 4.4: Same as Figure 4.3 for the third light curve used in the inversion
process, from the Calern station. The blue line is the best simultaneous fit obtained
with our ray-tracing method. The black line is the data, and the green curve is the
residuals of the fit. The lower and upper horizontal dotted lines mark the zero-
flux level and the star + Triton unnoculted flux, respectively. The vertical red line
marks the time 23:48 UTC, as reference.

these calibration images, and because Triton and the star have different colours,
images must be taken at the same elevation as for the occultation either before or
after the event. Having these images taken at the same elevation as the event is
meant to minimize differential chromatic effects. It is also preferable to have at
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. night side

Latitude (deg)

Figure 4.5: Paths of the primary (red dots) and secondary (blue dots) stellar im-
ages above Triton’s surface, as seen from Constancia, plotted every 0.1 s. The
junctions between the red and blue paths correspond to ingress (left) and egress
(right) for the Constancia station. The arrows indicate the direction of the stellar
images’ path. The regions probed by the central flash are those where the dots are
more spaced because the stellar images are then moving faster along Triton’s limb.
All the other stations probed essentially the same path (or part of it), with the pri-
mary and secondary images being swapped (as well as their directions of motion),
depending on whether the station probed north or south of the shadow centre.
Since the Earth and the Sun are angularly close (~ 1°) to each other as seen from
Triton, the stellar paths basically mark Triton’s terminator, the night side extend-
ing above the terminator. The two yellow symbols are for the La Palma station,
with ingress plotted as a star and egress plotted as a diamond. The two green sym-
bols are the same for the Helmos station, and the two white symbols for the Calern
station, Table 4.2 shows the corresponding values of the latitudes and longitudes.
The background image is a global colour map of Triton, produced using Voyager 2
data and orange, green, and blue filter images in order to obtain an approximation
of Triton’s natural colours. Background image credits: image selection, radio-
metric calibration, geographic registration and photometric correction, and final
mosaic assembly were performed by Dr. Paul Schenk at the Lunar and Planetary
Institute, Houston, Texas. Image data from Voyager 2 (NASA, JPL).
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Figure 4.6: Six hypothetical temperature profiles obtained with ¢y, = 0.370, 0.365,
0.360, 0.355, 0.350, and 0.3445 (from right to left), for La Palma, represented as
the thin black lines. The profile obtained from the calibration images corresponds
to ¢o = 0.3445. The best profile found corresponds to ¢y = 0.35885, and the
inverted profiles for La Palma are shown in red (ingress) and blue (egress). The
green dots labelled 1 through 4 are points specified in Table 4.3 that define the
template temperature profile. The horizontal line is the surface, and the dotted
line marks the altitude of the central flash layer. The purple arrows denote the
different areas of Triton’s atmosphere. See also Figure-5.11 for a comparison
with the Atacama Large Millimeter/submillimeter Array (ALMA) results.

least one reference star with flux Fy, to see if the following condition is met:

Fs Fr Fs+F
SR L B 4.2)
Fr  Fx Fr

If this is not met, it can reveal variabilities in the objects involved, and serve as an
estimator of any systematic source of error.

The stations La Palma and Helmos obtained good calibration images, be-
sides being the best data sets in terms of signal-to-noise ratio. The focal lengths
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of these telescopes are large, and they can clearly resolve Triton from Neptune
and from the occulted star. This avoids, in particular, contamination from the
planet to the occultation or calibration light curves. The values obtained were
¢o = 0.3445 + 0.0003 for La Palma, and ¢y = 0.360 + 0.013 for Helmos. It is
important to note that ¢, can be different for each station. Observing conditions
and instrument filters play an important role in this difference.

The shape of the inverted profile for these two stations can be reconciled by
changing the ¢, of one, or both, stations. However, ¢, needs to be changed well
outside of the error bars so they match with each other, meaning the values of ¢,
for La Palma and Helmos are mutually inconsistent. They provide significantly
different bottoms for the temperature profiles. This is especially problematic for
La Palma, where the temperature profile peaked at 7 ~ 58 K just above the central
flash layer, using the ¢y = 0.3445 derived from the calibration (right-most profile
in Figure 4.6).

Even the synthetic light curve derived from this template temperature profile
provided a central flash that was too narrow when compared with the observations,
prompting us to think that the temperature profile was different between the north-
ern and the southern hemisphere, or that the inversion layer was even stronger to
connect the surface than what we ultimately arrived at.

We could not find an explanation for why the value of ¢, in La Palma was
so inconsistent. A number of possibilities were considered. The first was unac-
counted light contamination from Neptune, even though this telescope was one of
the biggest used in the event, and should not have had this problem. Digital coron-
agraphy was used to test the effect of this possible contamination. However, there
were no significant changes to ¢, by employing this technique. Next, we con-
sidered if variations of Triton’s flux due to rotational light curves were possible.
Considering the low amplitude of said curves (Buratti et al., 2011), and the fact
that the calibration images were taken 90 minutes before the event at La Palma,
Triton’s flux variation should be below the 1% level, with a negligible effect on
the value of ¢,.

For these reasons, we decided to vary the value of ¢, from the La Palma light
curve. Using small incremental steps, the light curve was inverted to obtain the
station’s temperature profile. The same modelling as in Dias-Oliveira et al. (2015)
was used, except that the upper branch of the temperature profile is not isothermal.
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Table 4.3: Parameters of the template temperature profile used.
ri, Ty, dT /dr(ry) 1353 km, 38 K, 5 K km™! (surface)
ry, Ty, dT /dr(r;) 1363 km, 49.8 K, 1.2 K km™" (“elbow™)
r3, T3, dT/dr(r;) 1375km, 48.2 K, -0.2 K km™! (inflexion point)
r4, Ty, dT /dr(ry) 1403 km, 49.3 K, 0.105 K km™!
(upper branch, thermosphere)

It has a constant gradient dT /dr ~ 0.1 Kkm™! to account for a general temperature
increase, at the thermosphere level, described in Strobel and Zhu (2017). We find
a best fit with ¢y = 0.35885 for La Palma (thicker line in Figure 4.6), fitting the
central flashes well, and remaining within the error bar of Helmos. Using a recent
Atacama Large Millimeter/submillimeter Array (ALMA) analysis (Gurwell et al.,
2019), we see that this best fit matches with their independent observations. This
point is also discussed in Section 5.2.3.

The results of the inversion are shown in Figures 4.7-4.10. Also plotted in
these figures are the profiles retrieved from the analysis of the RSS occultation,
described in Section 4.2.

Using the notations of Dias-Oliveira et al. (2015), and adopting the parame-
ters of Table 4.3, the template temperature profile was constructed. T and dT /dr
profiles are continuous, however, the d*>T/dr* profile is not. This discontinuity
creates a very small bump at point 3 (in Figure 4.6) in the synthetic light curve,
shown in Figure 4.11. This bump is well below the noise level of the observed
light curves, and therefore, has a negligible effect to their fit. Figure 4.11 also
shows why it is not possible to probe down to the surface of Triton with our stel-
lar occultation data. The point that probes the surface, indicated as point 1, is a
very faint signal, and actually gets blended with the stronger signal, meaning we
cannot get information below about 8 km altitude.

Starting from the surface, the profile has a strong positive temperature gradient
of 5 K km~! (Figure 4.10). This gradient decreases rapidly and the temperature
reaches a maximum of about 50 K at » = 1363 km (10 km altitude), with an

-1

average gradient of 1.2 K km™ in that part. The data show a hint of a mesosphere

with a negative gradient (also seen in Elliot et al., 2003) that reaches —0.2 K km™!
at r = 1375 km (23 km altitude), before connecting with the positive gradient of
the upper branch.

The strong surface temperature gradient at the surface derives from the need
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Figure 4.7: Density profiles of Triton’s atmosphere as a function of radius r, re-
trieved by inverting three light curves obtained during the 5 October 2017 occul-
tation and from the Voyager 2 radio phase delay at 3.6 cm. The colour codes are
indicated in the upper right part of the plot. The thin black curve is a smooth syn-
thetic density profile that fits the inverted profiles and is extrapolated down to the
surface, derived from the smooth temperature profile shown in Figure 4.9. The
solid horizontal line marks Triton’s surface, the dashed line indicates the central
flash layer (around 1360 km), and the dotted horizontal line marks r¢.

to connect our inverted profiles to the surface at 38 K. Since we do not have
information in this lower portion of the atmosphere, the simple hyperbolic form
of Dias-Oliveira et al. (2015) was employed to connect the template profile to
the surface, so that the surface gradient does not necessarily reflect the real value
at that level. A different value for the surface temperature would not have an
influence on the fit to the data, as the data probe only down to about 8 km. Because
of this, even if the surface were warmer than the N, surface ice (that is at 38 K),
we would not be able to discern anything from our data. Therefore, we decided to

stick to the value presented in the literature, and the value for the surface pressure
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Figure 4.8: Pressure profiles derived from the density profiles (using Equa-
tion 2.36) shown in Figure 4.7, using the same colour scheme, and the same line
delineation.

equilibrium for N ice.

This general positive gradient can be achieved by considering heating by CH,
from near-infrared absorbing bands. For instance, a CH; volume mixing ratio
of 0.0004 yielding T = 52 K at 1363 km could explain our result. Strobel and
Zhu (2017) ran their model for discrete values of the CH4 volume mixing ratios
not included in their paper and found that a CH, surface volume mixing ratio
~0.00015 would be sufficient to support a temperature rise of ~9 K, and a CHy
surface volume mixing ratio ~0.0004 for a temperature rise of ~12 K, in the first
10 km. Because CH, is photochemically destroyed in the lower atmosphere, its
scale height is roughly half the N, scale height. In terms of CH4 column density
there is the need of a higher surface CH, volume mixing ratio to compensate for
its smaller scale height. For remote sensing observations, the column density is
the important measurement, not just the surface volume mixing ratio. This 0.0004
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Figure 4.9: Temperature profiles derived from the density and pressure profiles
(using Equation 2.38) shown in Figures 4.7 and 4.8 as a function of radius (upper
panel) and pressure (lower panel). The oblique dotted line in the lower panel is the
wet adiabat (vapour pressure equilibrium line for N,) taken from Fray and Schmitt
(2009).
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Figure 4.10: Temperature gradient corresponding to the upper panel of Fig. 4.9.
The dot-dashed line is the dry adiabatic temperature gradient I' = —g/c,, (the limit
of convective instability) where c), is the specific heat at constant pressure for N».

value is smaller than, but roughly consistent with, the range found by Lellouch
et al. (2010) for the CH4 volume mixing ratio, 0.0005-0.0010. A troposphere just
above the surface might complicate this picture. So far the presence of such a
troposphere is only suggested indirectly through Voyager 2’s plumes observations
Yelle et al. (1991) up to ~ 10 km altitude. Currently, none of the central flashes
that we examined show evidence for a troposphere. If real, the troposphere on
Triton has been shown to be controlled by turbulent mixing above the surface, and
to be sensitive to surface thermal contrasts between N, ice and the volatile free
bedrock (due to different surface albedo or thermal inertia, Vangvichith, 2013). On
Pluto, climate models showed that the sublimation of cold N, ice and subsequent
transport of the cold N, air in the impact basin Sputnik Planitia yield a km-thick
cold troposphere as observed by New Horizons (Forget et al., 2017; Hinson et al.,
2017).
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Figure 4.11: Synthetic light curve obtained by applying the ray tracing code to
our template temperature profile, with the best fit value of pj400 = 1.18 pbar. The
normalised stellar flux is plotted against the distance to Triton’s shadow centre.
The green curve represents the flux with only one stellar image. The green dots
labelled 1 through 4 correspond to the points in Figure 4.6. The purple arrows
denote the different areas of Triton’s atmosphere. The black curve is the sum of
the green curve and its mirrored version along the z = 0 axis, as a mimic of the
fluxes from the two stellar images. This curve is then used to fit the observations
(blue line in Figure 4.3, for example).

The negative gradient in the mesosphere, reminiscent of the more extended
mesosphere on Pluto (Lellouch et al., 2017; Young et al., 2018), calls for the
existence of a coolant. It must cool the atmosphere above its peak temperature of
~50 K, as well as radiate away the downward thermal heat flux from the upper
atmosphere where 7' ~ 100 K. There are a few candidates for this coolant: haze
particles and/or influx of dust particles that may either be pure H,O ice or with
silicate cores and coated with H,O ice (see Ohno et al., 2020 for more details).

Of course, this is but one template temperature profile that best fits the central



Chapter 4. Triton occultation events 60

flashes. It is certainly not the only one. However, the template must capture the
main properties of the actual profile, with a temperature maximum just above the
central flash layer, and a mesosphere with a mild negative gradient above this peak

in temperature.

It is also important to discuss that the Abel inversion assumes that only one
stellar image, the primary image, contributes to the flux. Triton’s atmosphere
produces two stellar images, a primary (near-limb) and a secondary (far-limb).
The fluxes of both stellar images are added to the light curve. This is a potential
source of error, especially in the central flash region, where both images have
comparable contributions to the flux.

Tests were performed to assess how this effect could affect the inversion with
La Palma’s light curve. The station was at ~685 km from the shadow centre at
closest approach, meaning it provides information down to ~20 km in altitude
(Figure 4.12). A smooth temperature profile is used to generate the synthetic light
curves at this station, one using only the flux from the primary image, the other
with the sum of fluxes from the primary and secondary images.

Figure 4.12 shows that, as was expected, the inversion of the light curve with
only the primary image retrieves the temperature at the 0.2 K accuracy level, and
the density and pressure profiles at 0.1% accuracy level. On the other hand, the
inversion of the light curve with the two images retrieves the upper parts of the
profile properly, but fails in the lower parts. In the latter, at the deepest point
reached by La Palma, the temperature is retrieved to within 0.9 K and the pressure
at 1% level, a satisfactory result at our accuracy level. This disparity increases in
the deeper levels. For example, at r = 1362 km (9 km altitude level), where the
temperature reaches a maximum, the discrepancy between the template and the
retrieved temperature is about 3 K. In this case, the retrieved temperature profile
has an unrealistic behaviour, for it extends below the surface of Triton.

The conclusion is that the inversion procedure cannot provide reliable results
below the 20 km altitude level. This means that La Palma and Helmos’s inversion
is not influenced by a spurious increase due to a secondary image contamination,
however, the central flash region must not be used in the inversion. In particular,
when Calern’s light curve was inverted, and because this light curve features a
strong central flash (Figure 4.4), the central flash portion of the light curve was
removed before proceeding with the inversion.
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Figure 4.12: Effect of the secondary stellar image on the Abel inversion result for
the temperature profile. The red and blue lines are the profiles obtained from the
inversion of La Palma’s light curve at ingress and egress, respectively. The solid
green line is the retrieved temperature profile if only the primary image is consid-
ered, while the dotted green line is the retrieved temperature profile where both
the primary and the secondary images are added. The black curve is the template
temperature profile. The black horizontal solid line marks Triton’s surface, while
the dotted one is the reference radius (1400 km).

Ray-tracing

The ray-tracing method (Section 2.2.2) is mainly sensitive to the half light level.
That level corresponds to a radius of about 1415 km (altitude ~60 km) and a
pressure of ~0.55 ubar. It is used once the Abel inversion procedure provided
the density profiles, and a template temperature profile has been obtained. This
method generates synthetic light curves that are fitted to the observed occultation



Chapter 4. Triton occultation events 62

light curves, to describe the global structure of Triton’s atmosphere.

One result of such fit is the value of the pressure p.r at the reference radius
ref = 1400 km, allowing the comparison with previous results (e.g. Olkin et al.,
1997; Elliot et al., 2000b), so that we can detect possible long-term seasonal ef-
fects. The pressure at any level can be deduced using the template temperature
profile discussed previously. To obtain the surface pressure pg,f, we can use the
relation

Psurt = 12.0 piago. (4.3)

This is a relation stemming from the template model that is used to extrapolate
P1aoo from pg,r and vice versa.

The other result of this approach is the DE435/NEP081 ephemeris offset per-
pendicular to its apparent motion projected in the sky, Ap. This location of Triton’s
centre is then used iteratively with the Abel inversion, improving the accuracy on
the altitude scale. The ephemeris offset along Triton’s motion is decoupled from
this fit, see Dias-Oliveira et al. (2015) for details.

For this analysis, 52 light curves were simultaneously fitted. The other light
curves were not considered as they either have lower signal-to-noise ratio, or their
data/light curve was provided to us too late to be included in this process. In a first
step, light curves that present a strong central flash had their central portion cut to
avoid giving too much weight to those parts. The objective here is to obtain the
global properties of the atmosphere, and to constrain pi49 and Ap. In a second
step, the central flashes were fully included in the fit so that we could analyse
the deepest atmospheric layers. In particular, we wanted to check if the central
flash location coincides with the centre found by the global fit, as well as assess
the shape of the atmosphere’s deepest layers. This approach includes the primary
and secondary images, and it does not have the constraints the Abel inversion
method had concerning this point. The decision to remove the central flash part
from the light curves that present it is purely for the separate analysis of the global
properties of the atmosphere and the deepest atmospheric layers.

For all data sets used, the same procedure as in Dias-Oliveira et al. (2015),
consisting of simultaneously fitting the refractive light curves with synthetic pro-
files generated by the ray-tracing method, was employed. For each station used,
a least-squares fit is performed to adjust the synthetic light curve to the observed
light curve. ¢, is considered a free parameter when performing these fits, due to
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Figure 4.13: )2 map obtained from the simultaneous fit of the 52 light curves,
using the ¢, corresponding to the template temperature profile. The inner green
contour is the 1o limit of the fit, and the outer green contour is the 30 limit.

uncertainties in the determination of this value for some stations, as well as the
lack of calibration images for the majority of them. This adds one degree of free-
dom per station to the fit, increasing the error bars on the retrieved atmospheric
parameters.

Error bars are obtained from the classical y? function

’ N3 (@iobs — Bisyn g
¥ = ; (—a,- ) : (4.4)
reflecting the noise level o; of each of the N data points, where ¢; ops and ¢ sy, are
the observed and synthetic fluxes at the i data point, respectively.

Figure 4.13 shows the y*(Ap, p140o) map obtained after running a grid of val-
ues for Ap and py499 through the ray-tracing code. A satisfactory fit should provide
a minimum value Xinn close to N — M, where M is the number of fitted param-
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eters. We also considered ¢, as a free parameter for all light curves, including
La Palma’s, due to the uncertainty on what causes the big discrepancy between
the obtained value and the best value found, as discussed before. Therefore, the
fitted parameters are the values of Ap, p1400, and the 52 values of ¢, for a total of
M = 54 fitted parameters. N = 68446 data points were used. We obtain a global
value of y? per degree of freedom,

Koot = 757 = 085, (4.5)

a satisfactory global fit to the data. Examining the values of )((Ziof for each individ-
ual light curve also show values near unity. Therefore, we do not see significant
differences when comparing the synthetic light curves derived from the synthetic
density profile shown in Figure 4.7. This confirms that Triton’s atmosphere is
spherically symmetric on a global scale at our accuracy level. More is discussed
in the central flash analysis in Section 5.2.

We then employ the marginal distribution, used when we wish to find the prob-
ability of specific variables of a subset without consideration of other variables.
We do not consider Ap to find that the marginal distribution for the 10 and 30
EITOT CONtours on pyagy are estimated by tracing the iso-levels y2. +1 and y2. +9,
respectively, as shown in Figure 4.13. The internal error bar for our best model
provides a pressure of pi4o0 = 1.18 £ 0.03, with its 1o~ error bar. The best-fitting
value of Ap = =359.3 + 1 km (Figure 4.13) is used to retrieve the closest geocen-
tric approach distance between Triton and the star, projected in the sky plane, and
its corresponding time.

It is worth noting here that we do not note differences between ingress and
egress. With all the observations obtained, spanning Triton almost top to bottom,
and covering both morning and evening limbs (Figure 4.2), there is no discernible
difference between them.

The best simultaneous fit is displayed in Appendix B for all light curves ob-
tained. The light curves that were not included in this analysis were, nonetheless
superimposed with the synthetic light curves, in order to confirm that the template
model satisfactorily fits these light curves as well.
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4.2 25 August 1989

During its Triton flyby, on 25 August 1989, the Voyager 2 spacecraft sent its radio
signal, the RSS experiment, back to Earth as it passed behind the satellite. The
main product of this observation was the temperature and pressure at the surface
of Triton.

I wondered if this was all the information that could be retrieved from the data,
as there was no way of directly comparing this result to ours, always requiring an
extrapolation from one of them for the comparison.

I decided to contact Eric Gurrola, asking if he could provide the original data
used in Gurrola (1995). It turned out to not be a simple task, as the original data
was stored in an old floppy disk that required an adaptor for it to be accessible
with modern computers. After much searching on the part of Eric Gurrola, and
after a few weeks, I obtained the original data, and started the process of figuring
out if there was a way to compare it directly to our data.

4.2.1 Original analysis

We found that, even though the data becomes quite noisy above the 20 km altitude
level, the RSS phase delay still provides constraints on Triton’s lower atmosphere,
with science left to explore. Here I will summarise the work done by Gurrola
(1995) to obtain the original surface temperature and pressure. I will mention, in
particular, the points that pertain to the comparison effort made.

The Voyager 2 high gain 3.7 m antenna transmitted to Earth two radio signals
at 3.6 and 13 cm (X-band and S-band, respectively). The phases in those bands
are related to one another by

121 3

= m(fﬁx - H¢s)’ (4.6)

A¢

¢, is the phase in the X-band, ¢; is the phase in the S-band, and A¢ is the corrected
radio phase corresponding to the neutral atmosphere at the X-band wavelength.
This calculation is done to remove plasma effects on the phase.

Gurrola (1995) used only the egress data for his analysis, because the ingress
data presented sudden changes in slope, resulting in a problematic fit.
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Figure 4.14: Radio phase delay observed during the egress of the Voyager 2 RSS
occultation on 25 August 1989, in the 3.6 cm X-band (adapted from Gurrola,
1995). The crosses are the data, and the solid lines (labelled B;, B, and B3) are
the three polynomial modelings of the phase delay baseline.

Gurrola provided us with the corrected radio phase delay A¢(r) in relation
with altitude (Figure 4.14), as well as the results from his models to obtain only

the “pure atmosphere phase delay”. This corresponds to the phase delay once a
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general polynomial trend is subtracted from A¢ to account for thermal noise and
instabilities in the frequency reference on board of Voyager 2. These polynomials,
referred to as baselines in Gurrola (1995), were designated as By, B,, and Bj
(shown in Figure 4.14).

B, is the linear baseline used by Tyler et al. (1989), that was determined us-
ing 120 km of the data obtained, which Gurrola (1995) considered insufficient to
reliably estimate the drift of the instrument over the atmosphere, as it did not ex-
trapolate from high enough altitudes (in order for the atmosphere to be too thin
to affect the signal phase) downwards toward Triton’s surface. On the other hand,
baselines B, and B3 used about 700 km of the data, and are, respectively, the sec-
ond and third-order polynomials of the best fit at egress from Gurrola (1995). The
preferred solution of this author is B,.

Using B,, the A¢(r) from the original data is displayed in green in Figure 4.15.
And I derived the profiles represented by the green curves in Figure 4.7.

4.2.2 Re-analysis

In order to compare the original Voyager 2 data to our results, we generated, for
comparison, the phase delay at 3.6 cm that would be observed with our best den-
sity profiles (the black line in Figures 4.7 and 4.8) as if it were obtained on board
of Voyager 2:

2
AG(r) = fKasz, 4.7

A is the wavelength (3.6 cm), K is the corresponding molecular refractivity of N,
(see Table 3.1), and on,(r) is now the column density stemming from our best
model. The resulting A¢(r) profile is the black line in Figure 4.15, along with the
phase delays deduced from the inverted light curves (red line).

Conversely, we used the Voyager 2 corrected X-band radio phase to retrieve
the refractivity profile using the Abel inversion given in Equation 2.40. The den-
sity profile can then be deduced, employing Equation 2.4. Now, we can directly
compare our results to those from Voyager 2. It is important to note that, as we
can see in Figures 4.7 and 4.8, the RSS profiles probe an altitude interval that
overlaps our ground-based occultation altitude interval. This overlapping region
extends from the lowest probed point of the La Palma light curve, r = 1373 km
(20 km altitude), up to roughly the reference level, r = 1400 km (47 km altitude),
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Figure 4.15: Green crosses are the radio phase data after subtracting the B, base-
line polynomial shown in Figure 4.14, representing the effect of the atmosphere
alone. The green line is the smoothed version of this radio phase delay, con-
structed by Gurrola (1995). The red line is the phase delay that would be observed
at 3.6 cm from the retrieved density profile of La Palma at immersion (Figure 4.7).
The other phase delay profiles obtained from the inversion would be indistinguish-
able from this red line, and are, therefore, not plotted here. The black line is the
phase delay profile obtained from our template model.
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Figure 4.16: Close up view of the low atmosphere in the density profile of Fig-
ure 4.7. Several profiles derived from the RSS occultation are shown in green. The
dashed green line is the profile retrieved by Tyler et al. (1989), using B, to cor-
rect for the RSS phase instability. The thin solid green line is the profile retrieved
by Gurrola (1995), using B,, and the dotted green line uses B;. The thick solid
green line is the best model of Gurrola (1995), based on the B, profile. The other
coloured lines are the result from our inversion, using the same colour coding as in
Figure 4.7. The thin black line that connects to the surface is our template model.

at which point the RSS profiles become too noisy to be reliable, reaching a noise
factor of about two at this point.

Figure 4.16 shows that no significant difference in density is detected between
the two profiles, especially at the connection point, at » = 1373 km. It also shows
that the RSS density profile is insensitive to the solution, By, B,, or B3, chosen to

retrieve it.

Integrating the weight of the atmospheric column provides the RSS pressure
profile (Figure 4.8). However, this profile includes a contribution of the weight of
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Figure 4.17: Same as Figure 4.16 for the pressure profiles.

the layers above r = 1400 km, where the RSS data is very noisy. This is because
the integration of the atmospheric column starts from the top of the atmosphere,
and integrates as it decreases in altitude. This adds all the noise of the top of the
RSS data to the lower layers. Figure 4.17 shows that the B, pressure profile is
quite offset in slope with respect to the B, and Bj profiles. So, and contrarily to
the density profiles, the slope of log,,(p) vs. radius r is sensitive to the choice
of the polynomial baseline. Therefore, it is difficult to conclude if the break in
slope between the RSS profile and our ground-based results is real or not. The
conclusion that can be reached here, the only robust result from the RSS pressure
profile, is the difference of pressure between the surface and the lowest point of

the La Palma profile at » = 1373 km, pgutrss — P1373.rss = 9.82 ubar.

We decided to approach the search for the surface pressure for Voyager 2’s
data in a different way. The main result of the inversion from Equation 2.40 is the
density profile, and we can translate this into pressure, using an estimate of the
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surface temperature T, by employing the ideal gas law (Equation 2.38). Using
the preferred B, model, we obtain pg,srss = 13.6 ubar and pj373rss = 3.77 ubar
for Voyager 2, in 1989. We will now discuss how we arrived at the error bar on
Dsurtrss caused by the uncertainties on 7'gy¢.

The value pi373rss = 3.77 ubar that we find is 21% smaller than the value we
obtained for 2017 at the same level, 4.58 ubar. Propagating this 21% difference
to the 1400 km radius then yields pjsporss = 0.97 pbar. Estimating the error
bar for that value is difficult, because the RSS pressure depends on the pressure
values of the atmosphere above, as mentioned earlier. If we adopt the error bar
Dsurtrss = 14 £ 2 ubar of Gurrola (1995) and propagate it upward, this yields
Piaoorss = 0.97 £ 0.14 ubar.

A more robust way to estimate py,srss is to use the RSS density profile
alone. The caveat here is that we need an independent measurement of the sur-
face temperature T, in order to derive the pressure. These temperature mea-
surements (given below) are more accurate than the estimation by Gurrola (1995)
(Tsurt = 42 + 8 K) and thus reduce the +2 ubar uncertainty of the value of pgytrss
from Gurrola (1995). However, this approach is valid only if these temperature
measurements apply to the N, ice surface that the RSS experiment probed, and if
vapour pressure equilibrium between the N, ice and the gas is achieved.

Estimations of T, are given by various authors (see also Figure 4.18):
e 382 K (Conrath et al., 1989),

e 38" K (Tryka et al., 1993),

e the range 36.5-41 K (Grundy et al., 1993),

e and 37.5 £ 1 K (Merlin et al., 2018).

Adopting a value of ng,srss = 2.4 X 105 cm™ derived from the RSS phase delay
inversion (Figure 4.16), we find surface pressures of:

o 12.3%19 pbar,
o 12.3%0% pbar,
e the range 11.5-13.3 ubar,

e and 12.4 + 0.3 ubar,
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Figure 4.18: Close up view of the lower panel of Figure 4.9. The width of each
coloured box is Triton’s surface temperature (7,s), as estimated by the various
authors mentioned above the boxes. The heights of the boxes are the range of
surface pressures pgy-

respectively, for the four choices of surface temperatures. All these values are
consistent with a surface in vapour pressure equilibrium with the atmosphere, as
shown in Figure 4.18. This supports the hypothesis that the RSS surface den-
sity and the estimated surface temperatures are consistent with a pressure being

controlled by the N, surface ice sublimation.

From the surface temperatures given above, we estimate that a safe surface
pressure range of 12.5 + 0.5 ubar can be derived for the Voyager 2 epoch, fully
consistent with the analysis of Gurrola (1995), psufrss = 14 + 2 pbar. In our
analysis, the error bar essentially stems from the uncertainties of the temperatures.
Comparing this value with our own estimation of pg,s = 14.1 £ 0.4 ubar for
2017, and assuming a constant factor (12.5/14.1) throughout the profile, we obtain
Piaoo = 1.05 £ 0.04 pbar in 1989. This is consistent with our estimation made
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before, piaporss = 0.97 + 0.14 ubar. We, therefore, estimate a conservative range
of piaporss = 1.0 £ 0.2 pbar for the pressure at 1400 km in 1989. Comparing this
to our ground-based result from 2017, pi400 = 1.18 £ 0.03, as well as comparing
the surface pressures, we see no significant variations of pressure between the RSS
results of 1989 and the results derived from the ground-based occultation of 2017.

It is of important note that the RSS experiment still managed to provide new
information, after all these years, and after the science from this data was consid-
ered exhausted. In particular, it allowed for a direct comparison of the density, and
pressure, between the data obtained in 1989 and our results from 2017. This novel
result was crucial for this work, as it showed that Triton’s atmospheric pressure,
in 2017, is back at the Voyager 2 epoch level.

4.3 Other stellar occultation events analysed

Two other events, between 1989 and 2017, were analysed by the Lucky Star group.
They are described here in this Section.

We employed our template temperature profile (Table 4.3; black profile in
the upper panel of Figure 4.9) to fit the light curves obtained for each of these
events, using the ray-tracing approach to retrieve the pressure at the reference ra-
dius r = 1400 km, py4¢90. For these events, we vary pi40 to fit the synthetic light
curves to the data.

4.3.1 18 July 1997

This event involved one station in the USA and three stations in Australia. It was
a joint effort between two groups, and, therefore, both have access to the data.
The original analysis of this event was done by Elliot et al. (2000a), and they also
present more details on the observations.

The circumstances of observations are listed in Appendix A, and the geometry
of the event is displayed in Figure 4.19.

Here, we provide the results stemming from our own approach to constrain
P1a0o- As mentioned, we adopt the template temperature profile derived from the
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Figure 4.19: Geometry of the 18 July 1997 occultation, with the same conventions
as Figure 4.2.

2017 event (Table 4.3; black profile in the upper panel of Figure 4.9), and we vary
P1400 to fit the synthetic light curves to the data.

The (y?, Ap) map, resulting from this analysis is displayed in Figure 4.20. The
best fit of the light curves is shown in Figure 4.21. We obtain, for the 18 July 1997
event, a pressure at the reference radius of pago = 1.90*035 ubar, with x5, = 0.95,

indicating a satisfactory fit. Extrapolating down to the surface, using Equation 4.3,

4

we obtain py,,; = 22.8*3%

ubar.
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Figure 4.21: Simultaneous fits to the 18 July 1997 light curves. The panel covers
300 seconds. The light curves were shifted so that the mid-occultation times are
aligned. The red vertical marks indicate 10:10 UTC at the Brownsville station
(USA), and 10:18 UTC for the three Australian stations. The blue lines are the fit
to the data (black dots), using the best value found in Figure 4.20, pi400 = 1.9 ubar,
and the template temperature profile shown in Figure 4.9, and Table 4.3. The
green dots are the fit residuals. The upper dotted line is the normalised value
of the star + Triton flux, and the lower dotted line is the zero flux (no photons
received).
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Figure 4.22: Geometry of the 21 May 2008 occultation, with the same conventions
as in Figure 4.2.

4.3.2 21 May 2008

This event was observed from Namibia (two stations) and from the La Réunion
Island (two stations). The circumstances of observations are listed in Appendix A.
Given that each pair of stations are close together, only two effective chords have
been obtained, as shown in Figure 4.22.

These chords were grazing. In fact, two of the light curves only probed the
very edges of the atmosphere. Because of this, there is a strong correlation be-
tween the closest approach distances of the chords to Triton’s shadow centre and
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Figure 4.23: Same as Figure 4.13 for the 21 May 2008 occultation.

the retrieved reference pressure pi49, as evidenced in Figure 4.23. The best fit of
the light curves is shown in Figure 4.24. As a consequence, the value of pj4 is
poorly constrained at the 1o~ level. We obtained piago = 1.157;%3 ubar. At the 30
level, the value is so unconstrained that it does not bring any information on the
temporal evolution of the pressure.
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Figure 4.24: Simultaneous fits to the 21 May 2008 light curves. The same conven-
tions as for Figure 4.21 are used, except that the panel now covers 720 seconds.
The red vertical marks indicate 01:51 UTC for La Fournaise and Maido, and 01:41
UTC for Hakos. The synthetic light curve for La Fournaise is plotted in gray be-
cause it is not used in the fit, due to the high noise level.






Chapter 5

Triton’s atmospheric evolution and
structure

In this Chapter, I will put our findings in context with other works done, namely
the evolution of the atmospheric pressure of Triton. A Volatile Transport Model
obtained from our analysis by Bertrand et al. (2022) is described here as well.

The final approach to analysing the data will also be discussed. We used the
ray-tracing approach to fit the central flashes observed in some light curves, to
measure if there is a departure from the spherical shape in Triton’s deep atmo-
sphere. This fit also serves to reveal possible absorbing material (by comparing
the height of the central flash in stations that provided observations in different
wavelengths) along the line-of-sight.

5.1 Pressure evolution

After obtaining the pressures described in Chapter 4, I set out to search for other
studies that had their own derivation of the pressure, either at the surface, or at
r = 1400 km, a common radius of reference to infer Triton’s atmospheric pres-
sure. Because the original Voyager 2 value is derived only for the surface, we
extrapolated all other results (besides our own Voyager 2 analysis) assuming a
constant ratio (Equation 4.3). Table 5.1 lists the values obtained in this work, as
well as values found in the literature. Figure 5.1 plots the values of pi499 with
time, for a better visual of the evolution of the pressure at r = 1400 km over time.

I will now provide a discussion of the pressure evolution, comparing each

81
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Table 5.1: Atmospheric pressure on Triton.

Pressure Pressure Fit
Date at 1400 km  at the surface quality
P1aoo (ubar)  paus (ubar)®  x ﬁof
This work
25 August 1989 1.0+£0.2 125 £0.5 N/A
18 July 1997 190505 (22.8739) 0.95
21 May 2008 115708 (138+124 0,93

5 October 2017 1.18£0.03 (14.1+04) 0.85
Other works

25 August 1989  N/A 14+2 N/A
14 August 1995¢ 1.4 +0.1 17+1) N/A
18 July 19974 223+£0.28 (26.8+34) N/A

4 November 1997 1.76 £0.02 (21.1+0.2) N/A

“The values in parentheses were obtained using Equation 4.3.
bGurrola (1995).

¢Olkin et al. (1997).

“Elliot et al. (2000a, 2003).

¢Average over ingress and egress obtained by Elliot et al. (2003).

result to the value at the Voyager 2 epoch.

Starting with the value from 14 August 1995, by Olkin et al. (1997), we see
a 40% increase in the pressure between 1989 and 1995, but at a low significance
level of 1.80.

The 18 July 1997 event, with two analyses from different groups, and two
different approaches, has the values pis00 = 2.23 + 0.28 pbar from Elliot et al.
(2000a), and pyag0 = 1.90*93 ubar from our own study. The two results differ by a
factor of 0.85. This stems from the use of a different template temperature model.
This difference is at the 0.60 level and is, therefore, statistically insignificant.
Using our value for this event, it indicates a pressure increase by a factor of 1.9
between 1989 and 1997, but it remains at the 2.50 level, making it marginally
significant.

The point obtained on 4 November 1997, p400 = 1.76 = 0.02 ubar, by Elliot
et al. (2000a, 2003), has a very low error bar due to the light curve’s high signal-
to-noise ratio, as it was recorded by the Hubble Space Telescope. This implies an
increase in pressure by a factor of 1.76 between 1989 and 1997, at a level of 3.80.

However, it is not clear how the astrometry of this event was done. We do not
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Figure 5.1: Triton’s atmospheric pressure evolution. The values are presented
in Table 5.1. The points obtained from our analysis are in red, while points taken
from the literature are in blue. Because the event on 18 July 1997 has two different
values, from our analysis and from Elliot et al. (2000a), the value derived by Elliot
et al. (2000a) is plotted in a translucent blue colour, and the error bars are curved.
The thick error bars correspond to the 1o~ confidence levels. The thin error bars
relate to the 30~ confidence levels.

have access to this data as of yet, I am currently in contact with Michael Person
that is searching for the original data, so it is impossible to verify if this increase
would be present if we analysed it consistently with our methods.

Lastly, the 21 May 2008 event provided only two effective grazing chords, as
mentioned in Section 4.3, providing a 30 error bar that is too large, and gives
no new information here. Therefore, no firm conclusion in terms of change of
pressure between 1989 and 2008 can be made from this event.

To conclude, it seems that the surge of pressure reported in the literature during
the 1990s, when compared to the Voyager 2 epoch, is confirmed by our analysis.
However, considering the paucity of data points available, and the lack of a fully
consistent analysis of all the events, it shall remain generally unsolved. Despite
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this, the value of the pressure we obtained in 2017 is much more accurate and is
fully compatible with the one derived from the Voyager 2 RSS experiment. From
Figure 5.1, and Table 5.1, we can see that the 2017 point is within the 1o error
bar of Voyager 2’s. This means that there is no increase to be claimed between
the two data points. So, either there was no surge in pressure between 1989 and
2017, or if it did indeed occur, the pressure is back to its Voyager 2 level in 2017.

In this analysis, we used pressures from the literature that were derived from
stellar occultations, in an attempt to have a more consistent comparison. This
way, we were comparing the same type of measurements with each other. There
1s, however, one value found in the literature, not from a stellar occultation, that
is highly quoted to be the evidence for the increase of pressure in Triton’s atmo-
sphere. This point was obtained from high-resolution spectroscopy in July 2009,
by Lellouch et al. (2010). They obtained the first detection of CH,4 gas in Triton’s
atmosphere since Voyager 2, and the first CO gas detection. The analysis provided
a CH,4 gas number density at the surface that is 4.03:2 times larger than what was
inferred by Voyager 2 (Herbert and Sandel, 1991; Strobel and Summers, 1995).
Assuming that the N, pressure would follow a similar evolution, Lellouch et al.
(2010) estimated a 40 ubar global atmospheric pressure. This value, that does not
represent a direct measurement of the N, pressure, is clearly outside the 30 error
bar of the 21 May 2008 point in Figure 5.1 and Table 5.1. We may obtain no new
information from the 21 May 2008, as mentioned previously, but we are able to
use it to exclude the inference of this large 40 ubar pressure.

Bertrand et al. (2022) performed numerical simulations of N, and CH,4 volatile
transport on Triton, constraining it using the surface pressure derived from the
2017 stellar occultation presented here. In their simulations, they account for
a small amount of pure CH, at the surface, along with N,:CHy mixtures (Merlin
etal., 2018). In the simulation where this pure CH, ice is located at the South pole,
and covers 2% of the visible projected disk of Triton’s surface, they obtain a large
increase in the CH,4 gas abundance between 1990 and 2005, without observing
any change to the N, surface pressure.

Given that CH, is not completely mixed in with the N ice, this implies that
the large increase of the CH,4, when compared to Voyager 2, reported by Lellouch
et al. (2010) can be decoupled from the N, evolution. Therefore, the value re-
ported by Lellouch et al. (2010) does not represent a measurement of the global



Chapter 5. Triton’s atmospheric evolution and structure 85

pressure of Triton’s atmosphere.

5.1.1 Volatile Transport Model

Bertrand et al. (2022) used the values we obtained in this work to run simulations
with their Triton volatile transport model of the Laboratoire de Météorologie Dy-
namique (LMD). I will describe some of their work and how it is relevant to the
study we performed here.

The Triton volatile transport model is a 2D (latitude X longitude) surface
thermal model adapted from the LMD Pluto volatile transport model. For this
simulation, only the volatile cycle of N, (insolation, surface thermal balance,
condensation-sublimation; Bertrand and Forget, 2016), and the seasonal varia-
tion of the subsolar point (Forget et al., 2000) are taken into account. Much like
the Pluto volatile transport model, it was considered that Triton’s atmosphere is
thin and transparent. That implies that the atmosphere has negligible influence on
the surface’s thermal balance, besides condensation, sublimation, and exchanges
of latent heat. The atmospheric transport of N, is parametrized using a simple
global mixing function. The topography in the model is assumed to be flat.

These simulations are performed on a horizontal grid of 32x24 points, corre-
sponding to a grid-point spacing of 11.25° in longitude and 7.5° in latitude (around
270 km and 180 km at the equator, respectively). Performing these simulations
over around 10,000 years, fixing the artificially-prescribed N, ice reservoirs at the
poles, the evolution of surface pressure in the current season resulting from these
distributions of N, ice is analysed. N, is only allowed to sublime and condense
within these fixed reservoirs, with no interaction with the bedrock.

The N, cycle is very sensitive to the N, ice bond albedo, Ay,, and emissiv-
ity, ey,. The globally averaged energy balance for the N, ice on Triton can be
simplified to first order by the equation

F
en,oT* = (1 - Av) 7 5.1)
where F is the solar constant at Triton and o is the Stefan-Boltzmann constant.
This assumes a spatially uniform and isothermal ice with a flat topography, an

efficient global transport of N,, and neglects thermal inertia and the global average
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of latent heat exchanges. The result is that the N, ice equilibrium temperature, and

the N, surface pressure, depend on (1 — Ay,)/en,.

In these simulations, the emissivity is fixed to a high value gy, = 0.8, in
line with recent Pluto volatile transport model works (Bertrand and Forget, 2016;
Meza et al., 2019; Johnson et al., 2020), just above the estimated values from
Voyager 2’s data (0.7 < ey, < 0.77; Stansberry et al., 1992), and close to the upper
value estimated for Pluto from a surface energy balance model (0.47 < gy, <0.72;
Lewis et al., 2021). This would correspond to large centimetre sized N, ice grains
(Stansberry et al., 1996).

The N, ice albedo is adjusted to insure the surface pressure hits 14 ubar in
1989, the original result from Voyager 2 (Gurrola, 1995). A high seasonal thermal
inertia was assumed in the sub-surface for this ice, fixed at 1000 J s™1/2 m=2 K~!,
as has been suggested on Pluto (Bertrand and Forget, 2016; Johnson et al., 2020).
The diurnal thermal inertia for all ices was set to 20 J s7'/2 m~2 K~!. Even though
this value has never been measured on Triton, it was set in analogy to Pluto (Lel-
louch et al., 2011, 2016).

The surface pressure stays at ~5 pbar during the opposite season if a North
polar cap (acting as a buffer, see below) extends down to 60° N and if the South
polar cap extends up to 0°. The amplitude of the peak in the pressure is dampened
if the N, ice deposits remains between 30° S - 0°. This would happen because
these latitudes are dominated by condensation, and not sublimation, after the year
2000.

In these simulations, the surface pressure peak occurs just after the southern
summer solstice, happening between the years 2000-2010 (Figure 5.2). The sur-
face pressure results obtained are similar to those obtained by Spencer and Moore
(1992). They artificially maintained a permanent large southern cap of bright

N; ice (as shown in their Figure 7).

If the northern cap is large, it can serve as a condensation area and buffer the
N, sublimation in the southern hemisphere better than if it is small. This results

in a lower surface pressure peak, and it also occurs sooner.

These results suggest that a northern polar cap that extends down to at least
45° N - 60° N is required in 2017 to ensure that the surface pressure is at ~14 ubar,
back to the Voyager 2 level. If no northern cap is assumed, the modelled surface
pressure is higher than 16 pbar in 2017, but that is inconsistent with our observa-
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Figure 5.2: Surface pressure evolution on Triton, as simulated by the volatile
transport model. It assumes different fixed N, ice distributions on both hemi-
spheres. The blue lines refer to a southern cap extending up to the equator. The
pink lines refer to a southern cap extending up to only 30° S. The points are the
same as shown in Figure 5.1, and are presented in Table 5.1. Each of the lines are
marked with their corresponding values, and they refer to different extensions of
the northern cap: 45° N, 60° N, 75° N, and no cap.

tions. It is of note that a strong increase in surface pressure before 2000 cannot
be obtained if there is N, ice present between 30° S - 0°. Also important to refer
is that the surface pressure is always greater that 5 pbar, even during the opposite
season, when a permanent northern cap extending down to 45° N is simulated.
This implies that the permanent presence of both southern and northern caps is
preventing Triton’s atmosphere from collapsing during the southern winter.

5.2 Lower atmosphere

As I already mentioned in Section 4.1, a central flash was detected on the 5 Octo-
ber 2017 occultation. Among the 90 light curves observed, shown in Appendix B,
42 show evidence of the tell-tale sign of the stellar flux increase near the mid-
occultation point characteristic of a central flash, and 23 have good enough signal-
to-noise ratio that allows us to use them in the central flash modelling. Two of the



Chapter 5. Triton’s atmospheric evolution and structure 88

centre-most stations, Le Beausset and Felsina Observatory, were used in this fit,
despite of their lower signal-to-noise ratio, simply because their central flash is so
large, I deemed them important to study the deepest layers of Triton’s atmosphere.
This is a unique opportunity to study the lower atmosphere of Triton, as many data
points were obtained. The central flash passed over Europe along the lines shown
in black in Figure 4.1.

The results of our ray-tracing method show that the central flash is caused by
a layer with a thickness of about 2 km, and is located at around 8 km above Tri-
ton’s surface, or at a radius of ~ 1361 km. In this altitude range, and because
the secondary stellar image along Triton’s limb (Figure 4.12) becomes increas-
ingly significant, the Abel inversion method is not valid, as already mentioned in
Section 4.1.3. This invalidity becomes apparent at altitude levels of about 20 km,
which corresponds to the deepest layers probed by La Palma’s light curve. There-
fore, the central flash permits an analysis of some further ~ 12 km down (about
0.6 scale height), hitting the ~ 8 km altitude level, compared to the Abel inver-
sion. The ray-tracing method provides the refraction angle corresponding to each
image (primary and secondary), allowing to determine their positions along Tri-
ton’s limb at any time, and can then be projected onto its surface, as shown in
Figure 4.5.

In Figure 5.3, we see the reconstructed intensity map of Triton’s shadow for
the 2017 event, with a bright dot near the shadow centre, characteristic of a central
flash. It is apparent that the flux reaches a minimum of about 7% of the unocculted
flux inside the shadow and then increases rapidly at the centre of the shadow. To
provide a few examples, at Calar Alto, passing at about 300 km from the shadow
centre at closest approach, the increase of stellar flux is barely a bump, while at
Calern, passing at 29 km, the flux reaches the full unocculted stellar flux. At
Constancia, with a closest approach of 8.4 km, the maximum of the flash reaches
three times the unocculted stellar flux, and around 3.4 times at Le Beausset (the
closest of all stations, with a closest approach of 6.7 km). The central flashes,
along with their best fits, are shown in Figures 5.4-5.6.

5.2.1 Spherical fit

As I mentioned before, in Section 4.1.3, the first employment of the ray-tracing
code excluded the central flashes. This time, in order to study the lower atmo-
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Figure 5.3: Stellar flux in Triton’s shadow for the 5 October 2017 stellar occul-
tation, normalised to unity outside the body (light-blue area). The direction of
Triton’s rotation is indicated by the arrows. Its equatorial rotation velocity in an
inertial frame v,,, = 17 m s~! is also shown.

sphere, I have included them, assuming a transparent atmosphere. A departure
from sphericity of the layer responsible for the flash is now allowed (see Sicardy
et al., 2006 for more details). This layer was the source for the assumption that
two different template temperature models, one for the northern hemisphere and
one for the southern hemisphere, as already mentioned in Section 4.1.3. The error
was corrected when I noticed that the synthetic central flashes were too narrow,
and did not fit any of the light curves that probed this layer. Some tests were made
on the Abel inversion of the La Palma light curve, and another inversion was per-
formed, using the Helmos light curve. Finally, the Calern light curve was inverted

without the central flash layer to confirm the shape of the models.
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Figure 5.4: Simultaneous fits of the data (black dots) with the template temper-
ature model described in Table 4.3. The blue lines are the synthetic light curves
fitted to the data. The stations are sorted from left to right and top to bottom start-
ing at the northernmost station (Saint Caprais) to the southernmost station (Calar
Alto). Stations with exposure times smaller than 1 s were smoothed to have a
sampling time close to 1 s, to make for easier signal-to-noise ratio comparison of
all data sets. The green curves are the residuals of the fit. The lower and upper
dashed lines correspond to the zero-flux level and the total star + Triton unoc-
culted flux, respectively. Each panel has a duration of five minutes and is centred
around the time of closest approach of the station to Triton’s shadow centre. The
vertical red line marks the time 23:48 UTC, for reference.

With the template temperature model derived, we can now assume a spherical
flash layer, and we obtain the best simultaneous fits displayed in Figures 5.4-5.6.
The quality of the fit, 7 . = 0.80, is in line with that obtained without the central
flashes, x7.; = 0.85, showing that indeed there is no detection of a departure from
sphericity. A more detailed discussion on the upper limit of such a departure of the
sphericity is provided in Section 5.2.2. Taking a closer visual examination of the
residuals of the strongest flashes with the best signal-to-noise ratios does reveal
some minor and localised features, possibly atmospheric waves (Figures 5.7 and
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Figure 5.5: Continuation of Figure 5.4. In the case of Constancia, Le Beauset,
and Felsina Observatory, the light curves were not smoothed, and kept at their
original sampling time, so that the full resolution of their strong central flashes
are displayed here. These stations are plotted at a different vertical scale from the
others, to show their peak.

5.8), but no global deviation from the spherical model.

Doing a simultaneous fit to the central flashes alone, excluding the ingress
and egress portions of the light curves, yields another argument in support of the
sphericity of Triton’s atmosphere. The centre of Triton’s shadow, in this fit, co-
incides to within 0.1 km with the shadow centre determined by the global fit that
excluded the central flashes. This small offset is insignificant, especially when
taken into account that the atmosphere’s centre in the global fit has a typical 1o
error of 1 km cross-track (Fig. 4.13). This means that the centre we retrieved of
the central flash layer, sensitive down to the 8 km altitude level, matches very
well with the centre retrieved for the global shadow centre, sensitive only to the
60 km altitude level. It is possible that both of these atmospheric levels are near
sphericity, but displaced in the same way in relation to Triton’s centre, however,
this configuration seems less likely to be the case.
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Figure 5.6: Continuation of Figure 5.5. “JAVA.” is the abbreviation of Javalambre,
used so that the name of the station fits into the plot.
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Figure 5.7: More detailed view taken of the flash observed at Calern, with the
same setup as in Figures 5.4-5.6.

5.2.2 Atmospheric distortions and winds

Let us now discuss the possibility of a departure from sphericity in Triton’s lower
atmosphere. I shall restrict it to the simple model of a globally oblate central flash
layer. More complex shapes may be tested once Triton’s 3D Global Climate Mod-
els become available. Projected in the sky plane, an oblate layer appears to be an
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Figure 5.8: More detailed view taken of the flash observed at Constancia, with the
same setup as in Figures 5.4-5.6.

ellipse with apparent semi-major and semi-minor axes a’ and b’, respectively. The
centre of curvature of said ellipse forms a diamond shaped caustic curve (Fig-
ure 2.8) where strong flux variations can be observed, as shown, for example, in
Figures 5.9 and 5.10. The equation of the caustic (Elliot et al., 1977) is

(a/x)2/3 + (b/y)2/3 — (aIZ _ b/2)2/3’ (52)

where Oxy is a Cartesian reference system, with its origin O fixed at the ellipse
centre, and Ox (respectively Oy) is aligned with a’ (respectively b’). We have
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’

a’ ~ 1360 km, because the central flash layer is at ~ 8 km altitude. The orienta-
tions of the @’ and b’ axes are still to be specified.
The apparent oblateness of the central flash layer is defined as
r_ b
e=2"" (5.3)

al

We explored different values of € starting at zero (spherical central flash layer),
and tracked the variations of the y? for each from the simultaneous fits of the
central flashes. For this study, we considered only the central flashes from the
stations at Varages, Calern, Constancia, Le Beausset, and Felsina Observatory,
the stations whose light curves present the strongest central flashes. The other
stations cannot constrain € as they are too far away from centrality or have lower
quality. The four cusps of the diamond-shaped caustic curve extend up to ~ 2€'a
from the shadow centre, according to Equation 5.2. As upper limits of ~0.002
for € are obtained, we get 2€’a <~ 5 km for a ~ 1360 km. Therefore, only in
the vicinity of the shadow centre, less than ~ 20 km, is sensitive to any departure
from sphericity. Stations that are more distant essentially probe central flashes
that provide no information on the sphericity, as they are indistinguishable from a
spherical solution.

First, the semi-minor axis b’ is assumed to be aligned with Triton’s poles. This
corresponds to an oblate central flash layer that is being maintained by an axisym-
metric zonal wind regime. Said wind has a constant angular velocity around the
b’ axis. Using the x> < 2.+ 1 and y* < 2. + 9 criteria, we find the 1o-level
and 3o -level, respectively, upper limits of € < 0.0011 and € < 0.0014, respec-
tively, for the apparent oblateness of the central flash layer. This limit’s central
flash intensity map is displayed in Figure 5.9. This apparent oblateness can be
deprojected to retrieve the actual oblateness € through the relation

V(1 - €)? —sin’B %

e=1 ,
cos B cos?(B)

(5.4)
where B = 40.5° S is the sub-observer latitude (Table 4.1), and where the approxi-
mation holds for € < 1. Using the result obtained, € < 0.0011, yields a 1o-level
upper limit € < 0.0019 for the deprojected oblateness. This corresponds to a dif-
ference between the equatorial and polar radii, r, and r, respectively, of the layer
of re — r, ~ 3 km, using r, = a’ = 1360 km.
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Figure 5.9: Map of the central flash intensity. The 1o upper limit € = 0.0011
is adopted for the apparent oblateness of the central flash layer (corresponding to
a deprojected oblateness € = 0.0019). The numbers 1-4 along the iso-intensity
contours refer to the received stellar flux in units of its unocculted value. The
grey diamond-shaped feature around the centre is the caustic curve described by
Equation 5.2 and corresponds to € = 0.0011. The dash-dotted line indicates
the apparent direction of Triton’s poles. Neptune’s direction is determined from
the position angle 286° of Triton with respect to the planet at the moment of the
occultation.

Here, it is assumed that the central flash layer shape is entirely supported by
the zonal winds. In particular, we assume the absence of a horizontal tempera-
ture gradient, so that the isobar level also corresponds to the isopycnic (constant
density) level. The radius r of the central flash layer is given as a function of the
latitude ¢ by the equation (Hubbard et al., 1993; Sicardy et al., 2006):

ldr _ fcos(y) sin(so), 5.5)
rde 1 — fcos?(p)

where 5
rvi(e)
f —

~ GMycos(y) (5-6)
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This equation states that the isobar is locally perpendicular to the effective gravity
field, where both the gravity field of the body and centrifugal forces are accounted
for. Including in Equation 5.5 the polar equation of an oblate central flash layer,

rel
r=—— 2 : (5.7)
[r2 sin”(g) + r} cos?(¢)]'/2
it is obtained to lowest order in € = (r. — r,)/r, the velocity
2GM
v= e L cosp ~ 1450 Vecosp ms™', (5.8)
re

with the value of GM7 listed in Table 3.1. Using € < 0.0019, we obtain a 1o level
upper limit for the zonal wind at the equator of |v.| < 63 ms™!.

This motion can be prograde, represented with a positive sign in Equation 5.8,
or retrograde, represented with a negative sign, and it is measured in an inertial
frame. Therefore, having v, as the zonal wind in a frame rotating with Triton,

allowing for the measurement of the atmospheric circulation at that level, we have
Ve = Vé *+ Vot 5.9)

where v, = 17 m s7! is the equatorial velocity imposed from Triton’s rotation,
shown in Figure 5.3. A retrograde zonal wind regime (v, < 0) implies the 1o
limit to be [v| < 63 + 17 = 80 m s™!, and a prograde regime (v, > 0) implies

1, and 53 m s~! respectively, if

V. <63 —17 =46 ms™!. These values are 87 m s
we consider the 30~ upper limit.

In discussions with Tanguy Bertrand and Francgois Forget, who are analysing
the wind regime on Triton through simulations, we concluded on some informa-
tion obtained in 1989, by Voyager 2, about the atmospheric circulation. While
surface wind streaks suggested retrograde surface winds between the latitudes
15° S and 45° S (Hansen et al., 1990), the deflection of plumes hinted that in
the atmosphere above them, at 8 km, and near 49° S and 57° S, the wind was
actually prograde (Hansen et al., 1990; Yelle et al., 1995). From a purely theoret-
ical standpoint, Ingersoll (1990) suggested that this could stem from a contrast in
temperature between the cold frost-covered pole and the warm frost-free equator.

Vangvichith (2013) provided some Global Climate Models simulations, in-
cluding the N, condensation-sublimation cycle. Other simulations have been

made to explore the circulation on Pluto, relevant here because it is similar to
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Triton where it relates to rotation rate and atmospheric composition (Forget et al.,
2021 and references therein). These simulations show that if N, sublimes signifi-
cantly in the southern hemisphere, the circulation would be dominated by a retro-
grade wind resulting from the conservation of angular momentum of the flow, with
velocities that must be equal or lower than the rotation of the object (17 m s7!).
This, however, is much less than the upper limits that were derived from the ob-
servations.

As already mentioned, global retrograde winds were not observed by Voy-
ager 2. To obtain a prograde rotation in the mid-southern latitudes as indicated
by Voyager 2’s observations of Triton’s plumes, the inter-hemispheric conden-
sation must be weak. If that is the case, a thermal gradient can create a weak
prograde wind as suggested by Ingersoll (1990), reaching a few metres per sec-
ond in Global Climate Model simulations. However, models of Pluto suggest that
a regime of super-rotation (much like on Venus or Titan) may occur (Forget et al.,
2017). Super-rotation could explain the direction of the plumes on Triton. Such a
regime is thought to derive, initially, from the formation of a high-mid latitude jet,
resulting from the thermal balance between the warm equator and a colder pole, or
from the condensation flow from low latitudes to the pole. Barotropic waves can,
then, transport angular momentum to and from the equator and accelerate the en-
tire atmosphere. In their Pluto Global Climate Model, Forget et al. (2017) found a
mean equatorial zonal wind of up to 15 m s™!. This, however, could be dependent
on the model used. Therefore, it is not an easy task to set a theoretical limit to this
possible super-rotation. The upper limit obtained in 2017 on the prograde wind
near 50 m s~! provides a constraint for this hypothetical super-rotation.

I studied other orientations for the central flash layer, as projected in the sky
plane, in order to analyse if there is an asymmetry along the »" axis. This is
done by relaxing the condition that 4" should be aligned with Triton’s pole. We
decided to do such an analysis because this might be the case if there are other
causes of distortion other than zonal winds, such as tidal forces from Neptune or
Triton’s potential anomalies. These orientations provide stricter upper limits for
the apparent oblateness €’ since the cusps of the caustic are allowed to get closer
to the paths of the central-most stations (Figure 5.9). As an example, rotating
the caustic by 45° imposes the 1o~ upper limit of € < 0.00074, instead of 0.0019.
This requires an equatorial wind of ~ 40 m s~!, still much larger than the values



Chapter 5. Triton’s atmospheric evolution and structure 99

6

4
Normalized stellar flux

-20

—40

40 20 0 -20 —40
f (km)

Figure 5.10: Same as Figure 5.9, adopting the oblate solution € = 0.042 found by
Elliot et al. (1997) from the shape of a central flash observed during the 14 Au-
gust 1995 occultation.

of ~ 10 m s7!

expected from Global Climate Models, and therefore, the value
we obtained is not a constraining limit as far as the Global Climate Models are

concerned.

I searched the literature for other solutions found for €, and uncovered the
value obtained by Elliot et al. (1997) from a single cut inside the central flash
region during the 14 August 1995 occultation. Two solutions are considered by
the authors, an oblate central flash layer with € = 0.042 and a prolate central flash
layer with € = —0.032. Adopting the € = 0.042 value, the map of the central
flash intensity in Figure 5.10 is extracted. This value implies that the five stations
analysed here, shown in the map, would cross the caustic, and present strong flux
variations at those crossings that are not observed in the data, as shown in Fig-
ures 5.7 and 5.8, for instance. A similar conclusion is obtained if the prolate value
€ = —0.032 of Elliot et al. (1997) 1s adopted. It is of note that the closest approach
distance to the shadow centre for the observation of 1995 was about 100 km, well
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outside the diamond-shaped caustic displayed in Figure 5.10. Therefore, caustic
crossings could not be tested for the observations in 1995.

The problem with these large oblateness values is that they require unrealis-
tically high wind velocities in order for the atmosphere to maintain these strong
distortions. As an example, € = 0.042 results in an equatorial wind velocity
of v ~ 300 m s™!, more than double the sonic velocity near Triton’s surface
(~ 130 m s! at ~ 40 K) and is a much larger result than those predicted by Global
Climate Models, as mentioned previously. One possibility, provided by Elliot
et al. (1997), is that Triton’s atmospheric distortion was local and not global, be-
ing restricted only to the mid-latitude regions. This allows for lower wind speeds,
110-170 m s~!, depending on which solution, prolate or oblate, is considered.
Such velocity is still supersonic, or very close to it, and is, again, not expected
in Global Climate Models. Also, this distortion would have been detected in our
data set, that sampled the central flash region quite heavily, but it was not found
in our observations.

Another explanation proposed by the authors is that the presence of hazes, that
absorbed part of the stellar flux at some locations along the limb, would change
the shape of the central flash. However, according to the authors, neither the
optical depth obtained for the hazes at the corresponding altitude levels, nor their
wavelength dependence, were consistent with the results from Voyager 2. T will
discuss hazes further in Section 5.2.3.

The shape of Triton’s solid body, as observed by Voyager 2, indicates an
oblateness no larger than 0.0014 (Thomas, 2000), too small to explain the incred-
ibly large distortions by Elliot et al. (1997). Non-radial components of Triton’s
inner gravitational field may also cause atmospheric distortions. Such distortions
would be permanent, and therefore, should have been present and observable in
2017.

Taking all this discussion into consideration, we reached the conclusion that
the large oblatenesses reported by Elliot et al. (1997) are both theoretically unex-
pected and inconsistent with our observations.

We think that the differences between the flash models and its observation in
1995 (as well as small departures from our spherical model in Figures 5.7 and 5.8)
could be caused by small local corrugations of the flash layer induced by gravity
waves. These atmospheric waves present themselves as small fluctuations, with
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little effect on the overall light curve shape, and therefore, were not studied in
detail. Given that the caustic is the focus point of the limb centre of curvatures,
its shape is very sensitive to local (but small) corrugations of that layer. Exam-
ples of these effects have been investigated to explain flash shapes, deviating from
sphericity, in stellar occultations by Neptune (Hubbard et al., 1988) and Titan
(Sicardy et al., 2006). The study of these corrugations was not performed for
Triton, as it was for Titan (Sicardy et al., 2006), however, we know that these
fluctuations are much smaller than 300 m, as we do not see the same type of fea-
tures that Titan presents. As long as zonal wind and gravity wave regimes are not
available for Triton’s lower atmosphere, this is as far as we can go in this study
regarding this topic.

5.2.3 Hazes and clouds

Throughout my work, we assumed that Triton’s atmosphere is clear, transpar-
ent, free of absorbing material. However, Voyager 2’s observations revealed both
hazes and clouds in the lower atmosphere, two types of absorbing features. They
were detected in the visible wavelengths through the mission’s imaging system
(Rages and Pollack, 1992), as well as during the ultraviolet occultation experi-
ment (Krasnopolsky et al., 1992, 1993; Krasnopolsky and Cruikshank, 1995).

Yelle et al. (1995) reviewed Voyager 2’s observations. They explain that the
hazes were detected up to an altitude of about 30 km, observed around the entirety
of Triton’s limb, except for a small region near east longitude 280° and between
latitudes 4° and 18° S. These features should also be present during the occulta-
tion event of 5 October 2017, unless a drastic change occurred, pertaining to the
formation of the hazes. The cloud feature is observed closer to the surface when
compared to hazes. They stay below an altitude of ~ 8 km. Unlike hazes, clouds
exhibit a patchier distribution along Triton’s limb.

Absorbing material should be detected best in the central flash structures,
caused by a layer at about 8 km altitude, because of their lower altitudes, and
since the central flash probes to about that altitude level. Estimations of the
hazes’ integrated, down to Triton’s surface, vertical optical depth at 0.47 um is
Tyis = 0.005 £ 0.001, with a typical scale height of H;, ~ 12 km (Krasnopol-
sky et al., 1993; Rages and Pollack, 1992). Therefore, the integrated vertical
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optical depth down to the 8 km altitude level should be reduced by a factor of
exp(—8/Hy) ~ 0.5. Together with a factor of V27R7/H;, ~ 27 due to the amplifi-
cation of the slant (along the line-of-sight) optical depth, we obtain a slant optical
depth of the hazes at 8 km in the order of

27R -8
0.005 /=L exp|—] ~ 0.07. (5.10)
H, H;

Consequently, the slant optical depth of the hazes at the central flash layer is ex-
pected to be in the range 0.05-0.10, a reduction of the flash amplitude by 5-10%,
if no changes occurred since 1989.

Clouds are much denser features than hazes. Their vertical optical depth down
to the surface is 0.1 or higher. Cloud particles have a vertical distribution with a
scale height H. comparable to or larger than the atmospheric scale height of about
20 km. Therefore, the slant optical depth of the clouds at 8 km should be in the
order of

H. H,
or larger. This corresponds to a decrease of the flash amplitude by a factor of 4 or

2R _3
0.1 2251 exp(—) ~ 14 (5.11)

more.

It is expected that hazes have a mild effect on the overall height of the central
flashes, with an expected reduction of only 5-10%. As shown in Section 5.2.1, we
do not see any departure from the template temperature model, assumed as spher-
ical, on the highest central flash observations from the 5 October 2017 event. We
also do not detect any trends on the observed central flash amplitudes regarding
different wavelengths. For example, the central flash at Constancia, in Figure 5.8,
observed at an effective wavelength of ~0.6 um and agrees with the template tem-
perature model at the same satisfaction level as the Varages central flash, observed
at ~1.3 um, in Figure 5.5. A study in different wavelengths is also possible at
Calar Alto, a station with two simultaneous observations used in our fits, one in
the visible (0.4-1.0 um) and another in the near-infrared (1.0-1.7 um), shown in
Figure 5.6 and Appendix A. A central flash is observed at this station, however, it
is too faint to uncover a difference between the two observations. There is another
station that made two observations that were used in the fit, Kryoneri, in the R and
I bands, but this station was too far away from the centre to exhibit a central flash.
It does not show any significant differences in the fit of the synthetic light curve
(Appendix B).
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Figure 5.11: Comparison between the temperature profiles obtained from the in-
version of La Palma and Helmos’ light curves (using the same colour coding as in
Figure 4.7) and ALMA observations of CO (black curve) by Gurwell et al. (2019).

These results seem to indicate that the hazes have no detectable effect on our
central flash shapes. This result is also true for the cloud features, since they
would reduce the central flash amplitudes by a factor of at least 4, something not
observed in the data. Meaning that our template temperature model consistently
explains all observations, including the central flashes, using a clear, transparent,
atmosphere.

There is, however, a caveat. The height of the central flash actually depends on
the assumed template temperature model. In order to separate the haze from the
temperature effects, independent information on the thermal profile of the lower
atmosphere is required. Gurwell et al. (2019) compared their temperature profile
to ours, and they are consistent with each other (Figure 5.11), meaning that our
template temperature model should be sound.
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5.2.4 Troposphere

It is important to mention that Yelle et al. (1991) inferred a troposphere from
the Voyager 2 observations of geysers and clouds. We do not observe such a
troposphere, as our deepest layer probed, at the central flash level, coincide with
the expected altitude of the tropopause. Therefore, our model is consistent with
our central flashes, as discussed in Section 5.2.1, and we saw no real need to
include a troposphere to accommodate for the data. However, this of course does
not mean that we can exclude a troposphere as we do not have information down

to this part of the lower atmosphere.



Chapter 6

Conclusions

Triton possesses a thin atmosphere, that is in vapour pressure equilibrium with the
satellite’s surface. As a possible captured Trans-Neptunian Object, Triton may
provide insight into the region beyond Neptune, including the study of its twin
atmosphere of Pluto. The knowledge of this atmosphere is yet underdeveloped,
as theoretical models are only now being developed for Triton. While Global
Climate Models are not fully developed, observational constraints are being col-
lected, and will be used to test and validate these models.

To probe Triton’s atmosphere, I took advantage of the stellar occultation tech-
nique, where I analysed data from 1989 up to 2017. In this work, I:

e Derived 18 light curves obtained during the Triton stellar occultation on
5 October 2017;

e Analysed the data from the 90 positive observations obtained during this
event, using the Abel inversion and ray-tracing direct methods;

o Studied the central flash feature present in 42 light curves from this event,
to study the atmosphere’s sphericity and distortion;

e Performed a novel analysis of the Voyager 2 data, obtained on 25 Au-

gust 1989, in order to compare directly those results to ours;

e Used the template temperature model derived from the Abel inversion to fit
the light curves obtained from two other stellar occultations;

e And analysed the evolution of Triton’s atmospheric pressure.

105
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The main results are summarised in this Chapter.

6.1 Findings

The 5 October 2017 Triton stellar occultation event was the most recorded event of
this type to ever observe the satellite. The event crossed Europe, northern Africa,
and eastern USA. It yielded 90 positive observations, with 42 presenting a central
flash feature.

After performing the photometry of three of the best light curves in terms of
signal-to-noise ratio, an Abel inversion method was used to retrieve the density,
pressure, and temperature profiles. Further study was required at this step, as
there seemed to be a problem with the calibration of the best light curve. Using
independent observations, as well as using the other two light curves’ inversion
to confirm the result, I was able to obtain the final version of the template model.
This template model is a synthetic and smoothed model of the results derived in
this process and it extrapolates the density, pressure, and temperature down to the
surface.

There is a hint of a mild negative temperature gradient (reaching —0.2 K km™")
at the deepest part probed by these stations, below the altitude of ~30 km. This in-
dicates the presence of a mesosphere just above an expected positive temperature
gradient, a stratosphere, that connects the atmosphere to the cold surface.

Using the template temperature model obtained from the Abel inversion, a
ray-tracing method was then used to perform a global fit of 52 light curves, where
a pressure pgo0 = 1.18 + 0.03 ubar at radius 1400 km was obtained.

A novel analysis of the Voyager 2 radio experiment was made, where 1 was
able to retrieve useful information extracted from the surface up to ~ 1400 km.
This shows that the pressure obtained in the 2017 event is consistent with the
pressure obtained in 1989. And it provides a new way to directly compare results
obtained from ground-based stellar occultations, as occultations derive the pres-
sure at a standard reference radius of 1400 km, while Voyager 2’s results were,
historically, only of the surface pressure.

A survey of pressure values obtained between 1989 and 2017, from stellar
occultations, was conducted. The two past occultations, from 1997 and 2008, re-
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analysed using our template temperature model, indicate that the surface pressure
reported in the 1990s is real, but it remains debatable due to the scarcity of high
signal-to-noise ratio light curves and the lack of a fully consistent analysis of all
past occultations.

The pressure obtained from the 2017 event is consistent with the results re-
trieved from the Voyager 2 data, meaning that the pressure in 2017 was back to
the level of 1989. The Volatile Transport Models explored do not support a strong
increase of the surface pressure occurring between 1989 and 2017, and seem to
point to a modest increase. These Volatile Transport Models also show that a
strong increase in surface pressure before 2000 cannot occur if N, is present be-
tween latitude 30° S - 0°, and that a northern polar cap should extend down to at
least 45° N - 60° N in 2017 in order for the pressure to be back at Voyager 2 epoch
levels.

Central flash analysis does not show evidence of atmospheric distortion nor
the presence of hazes near the 8 km altitude level. The atmosphere appears to
be globally spherical, with a 1o~ upper limit of 0.0011 for its apparent oblateness
near the 8 km altitude. This corresponds to a global difference of less than 1.5 km
between the largest and smallest atmospheric radii at that altitude, much smaller
than values reported in the literature.

6.2 Perspectives

On 6 October 2022, another stellar occultation by Triton will take place (Fig-
ure 6.1), the first since 2017. The path is expected to cross most of Asia, with a
bright star being occulted. This occultation will be extremely important, as it will
add one more data point in the atmospheric pressure evolution of this satellite.
There is the possibility to plan a “picket-fence” approach and dual observations
of the central flashes, in order to obtain more information regarding hazes and the
lower atmosphere as a whole.

Once Global Climate Models are fully developed, testing using these findings
will also be possible. It will allow us to tackle in depth the presence (or absence)
of hazes and of a troposphere just above Triton’s surface, as well as the possible
detection of gravity waves. An analysis of the possibility of a troposphere is worth
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Triton, *GaiaER3+pmGaiaER3, DE440NEP095 Offset: 0.0mas 0.0mas
updated: 2021-03-24 by Lucky Star
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Figure 6.1: Prediction of Triton’s stellar occultation occurring on 6 October 2022,
crossing most of Asia.

an effort for future studies of our central flash data. We can also test haze models,
when available.

There has been several proposals for new spacecraft missions to visit the Nep-
tunian system, after Voyager 2. Recently, the Trident concept mission for a flyby
was submitted, as part of the Discovery 15 and 16 in NASA’s Discovery Pro-
gram. Thus far, however, no proposal has been approved. A new concept mission,
Neptune Odyssey, for an orbiter and entry probe, is currently under development,
with Dr. Abigail Rymer as the principal investigator (Rymer et al., 2020). It is
expected to incorporate NASA’s 2023-2032 Planetary Science and Astrobiology
Decadal Survey. The launch proposal is in 2033, with an arrival at the Neptunian
system in 2049, and a mission length of five years.
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Circumstances of observations

In this Appendix the circumstances of observations for all stations that attempted
an observation for the occultation events studied are presented.

Tables A.1-A.6 list the stations from the 5 October 2017 event that were used
in the simultaneous fit to the template temperature model.

Tables A.7-A.11 list the stations from the 5 October 2017 event that were not
used in the fit, either because the light curves had insufficient signal-to-noise ratios
to provide relevant contribution to the fit, or they were provided to us too late to
be included.

Tables A.12-A.14 list the stations from the 5 October 2017 event that could not
gather data due to bad weather or technical problems, but were otherwise involved
in the campaign.

Table A.15 lists all the stations from the 18 July 1997 event.

Tables A.16 and A.17 list all the stations from the 21 May 2008 event.

109



110

Appendix A. Circumstances of observations

Table A.1: Circumstances of observations for the 5 October 2017 event.
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Appendix A. Circumstances of observations

Table A.2: Circumstances of observations for the 5 October 2017 event - continu-

ation.
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Appendix A. Circumstances of observations

Table A.3: Circumstances of observations for the 5 October 2017 event - continu-

ation.
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Appendix A. Circumstances of observations

Table A.4: Circumstances of observations for the 5 October 2017 event - continu-

ation.
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Appendix A. Circumstances of observations

Table A.5: Circumstances of observations for the 5 October 2017 event - continu-

ation.
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Appendix A. Circumstances of observations

Table A.6: Circumstances of observations for the 5 October 2017 event - continu-

ation.
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Table A.9: Circumstances of observations for the 5 October 2017 event - continu-

ation.
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Table A.10: Circumstances of observations for the 5 October 2017 event - contin-

uation.
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Table A.11: Circumstances of observations for the 5 October 2017 event - contin-

uation.
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Table A.13: Circumstances of observations for the 5 October 2017 event - contin-

uation.
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Table A.14: Circumstances of observations for the 5 October 2017 event - contin-

uation.
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Table A.17: Circumstances of observations for the 21 May 2008 event - continu-

ation.
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Appendix B

Fit to the light curves from the 5
October 2017 event

All 90 occultation light curves from the 5 October 2017 event are presented here.

Figures B.1-B.5 correspond to the light curves that were used in the simultane-
ous fit to the template temperature model. Figures B.6-B.9 correspond to the light
curves that were not used in the fit, either because they had insufficient signal-to-
noise ratios to provide relevant contribution to the fit, or they were provided to us
too late to be included. The best synthetic models expected for these light curves
are fully consistent with the observations, in the limit of the noise level.

For all images, the black dots correspond to the data, and the green dots are the
residuals of the fits. The lower and upper horizontal dotted lines mark the zero-
flux level and the total star + Triton unocculted flux, respectively. For reference,
the vertical red lines mark 23:48 UTC for the European and African stations, and
23:55 UTC for the US stations (Newark, Ithaca, and Dark Sky Obs.).

Each panel has a duration of five minutes and is centred around the time of
closest approach, the mid-occultation time, of the station to Triton’s shadow cen-
tre. The stations with exposure times smaller than 1 second have been smoothed
to have a sampling time close to 1 second, allowing a direct visual comparison
of signal-to-noise ratio of the various data sets. Constincia, Le Beausset, and
Felsina Obs. are plotted at a different vertical scale to accommodate the presence
of a strong central flash. The stations are sorted from left to right and top to bot-
tom from the northern-most track (Newark) to the southern-most track (Athens),
projected on Triton in the sky plane (Figure 4.2).
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Figure B.1: The data (black dots) have been fitted simultaneously with synthetic
light curves, represented by the blue lines. The central flash regions have been
excluded from the fit, so that we obtain a global fit that is not influenced by the
deepest atmospheric layers.
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Figure B.2: Continuation of Figure B.1.
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Figure B.3: Continuation of Figure B.2. “JAVA.” is the abbreviation of Javalam-
bre, used so that the name of the station fits into the plot.
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Figure B.4: Continuation of Figure B.3.
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Figure B.5: Continuation of Figure B.4.
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Figure B.6: Same as Figures B.1-B.5, but for stations that were not used in the
simultaneous fit. The synthetic light curves are now represented by gray lines.
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Figure B.7: Continuation of Figure B.6.
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Figure B.8: Continuation of Figure B.7.
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Figure B.9: Continuation of Figure B.8.






Appendix C

Articles

This Appendix features the Marques Oliveira et al. paper that was submitted to
the journal Astronomy & Astrophysics. It has been accepted to be published, and
is currently under editing. This paper summarizes the findings in Chapters 4 and
5.

Meza et al. (2019) is my first contributed paper, and is the second article in
this Appendix.

Bertrand et al. (2022) is my second contributed paper, and is the third article
in this Appendix. It is accepted to be published in the journal Icarus.

There are other studies currently under way where I am contributing, but no
other is published/accepted as of yet.
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ABSTRACT

Context. A stellar occultation by Neptune’s main satellite, Triton, was observed on 5 October 2017 from Europe, North Africa, and USA. We
derived 90 light curves from this event, 42 of them yielding a central flash detection.

Aims. We aim at constraining Triton’s atmospheric structure and the seasonal variations of its atmospheric pressure since the Voyager 2 epoch
(1989). We also derive the shape of the lower atmosphere from central flash analysis.

Methods. We used Abel inversions and direct ray-tracing code to provide the density, pressure, and temperature profiles in the altitude range
~ 8 km to ~ 190 km, corresponding to pressure levels from 9 ubar down to a few nbar.

Results. (i) A pressure of 1.18 + 0.03 ubar is found at a reference radius of 1400 km (47-km altitude). (i) A new analysis of the Voyager 2 radio
science occultation shows that this is consistent with an extrapolation of pressure down to the surface pressure obtained in 1989. (iii) A survey
of occultations obtained between 1989 and 2017 suggests an enhancement in surface pressure as reported during the, 11:?(%9%111%@ l?i%gelabfbg
debatable, due to very few high SNR light curves and data accessible for reanalysis. The Volatile Transport Model ana yse support a‘moderate
increase in surface pressure, with a maximum value around 2005-2015 no higher than 23 ubar. The pressures observed in 1995-1997 and 2017
appear mutually inconsistent with the Volatile Transport Model presented here. (iv) The central flash structure does not show evidence of an
atmospheric distortion. We find an upper limit of 0.0011 for the apparent oblateness of the atmosphere near the 8-km altitude.

Key words. methods: data analysis, observational — planets and satellites: atmospheres, physical evolution — techniques: photometric
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1. Introduction

The large satellite Triton was discovered in 1846, only 17 days
after the discovery of its planet, Neptune. An atmosphere was
first speculated by Cruikshank & Silvaggio (1979), with the
claimed detection of gaseous CHy spectral signature, although
in retrospect the features were due to methane ice on the surface.
In any case, the presence of this volatile ice did suggest the exis-
tence of an atmosphere. This was to be confirmed ten years later,
as the NASA Voyager 2 (V2) spacecraft flew by the Neptunian
system in August 1989. During this flyby, Triton’s tenuous atmo-
sphere (mainly nitrogen N;) was detected during the Radio Sci-
ence Subsystem (RSS) occultation, providing its surface density,
pressure and temperature (Tyler et al. 1989). These results were
later improved by Gurrola (1995) (G95 herein), who derived a
surface pressure of py,s = 14 + 2 ubar. These studies using RSS
data did not provide, however, a thermal profile. Dynamical as-
pects, such as wind regimes, were studied using V2 images of
plumes near Triton’s surface (Yelle et al. 1991), as well as verti-
cal profiles of methane and hazes using V2’s UV images (Strobel
et al. 1990; Herbert & Sandel 1991; Krasnopolsky et al. 1993;
Krasnopolsky 1993; Krasnopolsky & Cruikshank 1995; Strobel
& Summers 1995).

Triton is currently experiencing a rare “extreme southern sol-
stice”, a configuration that occurs every ~ 650 years (Fig. 1). In
particular, the sub-solar latitude on the satellite reached about
50° S in 2000. The various measurements of Triton’s atmo-
spheric pressure using occultations bracket that epoch, from the
RSS results in 1989 to the ground-based stellar occultation of
2017 discussed here. In this context, it is interesting to look
for ongoing seasonal effects (if any) occurring in Triton’s at-
mosphere, especially large pressure variations in the last three
decades. Such seasonal variations (or its absence) can then con-
strain Global Climate Models (GCMs) and Volatile Transport
Models (VTMs) that account for volatile transport induced by
insolation changes.

Since 1989, only a handful of Earth-based stellar occulta-
tions have been observed, as well as spectroscopic studies with
the detection of CO and CHy4 in the near-IR (Lellouch et al. 2010)
and CO and HCN with ALMA in the mm (Gurwell et al. 2019).
As discussed later, the deepest layers accessible during Triton
Earth-based occultations (when a central flash! is observed) lie
at typically 8 km altitude (~ 9 ubar pressure level). Conversely,
the best light curves can provide information up to an altitude of
about 190 km, corresponding to a few nanobars.

Here, we report on results obtained from the 5 October 2017
ground-based stellar occultation. This rare event was attempted
from more than 100 sites in Europe, Northern Africa, and East-
ern USA. We extracted 90 occultation light curves from this
campaign, among which 42 show a central flash. This is by far
the most observed stellar occultation by Triton ever monitored
(and among the most observed event of its kind, all solar system
objects combined) both in terms of latitudinal coverage of the
satellite and central flash sampling.
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! A central flash is a sharp increase in the intensity of the stellar light
observed during a stellar occultation. It is observed near the central path
of the occultation shadow and produced by the refraction of light in the
atmosphere of the occulting object.
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Fig. 1. Upper panel: The sub-solar latitude on Triton vs. time during the
last millennium. The blue part corresponds to the period from the V2
encounter (August 1989) to the 5 October 2017 stellar occultation. It
shows that during this interval, Triton experienced an extreme summer
solstice in its southern hemisphere, with a minimum sub-solar latitude
of 50° S in 2000. Lower panel: Close up view of the upper panel around
the year 2000. The black points correspond to occultations observed,
distinguishing from the black triangle (V2 RSS experiment). The larger
symbols are from the data that we use in this paper.

Our goals are to (1) provide Triton’s atmospheric profiles
(density, pressure, temperature) derived from this event, (2) com-
pare the results with those obtained from previous occultations,
including the V2 RSS experiment, (3) constrain the seasonal
variations of Triton’s atmosphere, (4) compare the results with
current GCMs, (5) and derive the shape of the central flash layer.

The 5 October 2017 event is discussed in Section 2. The
methods used are given in Section 3, and in Section 4 we present
the results. We reanalyse previous events, including a new ap-
proach to retrieve new information from the V2 experiment in
Section 5. In Section 6 we discuss the atmospheric seasonal
variations, using pressure values from our work and from other
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works. Section 7 focuses on the analysis of the central flashes.
We mention some issues that are to be addressed at a future date
in Section 8. Concluding remarks are provided in Section 9.

2. The 5 October 2017 stellar occultation
2.1. Prediction

In the past two decades, Neptune has been crossing regions with
low surface-density of stars. In the early 2010s, faint star surveys
up to R = 19 were made using the Wide Field Imager attached to
the 2.2 m Max-Planck ESO telescope (Assafin et al. 2010, 2012;
Camargo et al. 2014). They provided many candidates for occul-
tations by Pluto, large Trans-Neptunian Objects and Centaurs,
but no suitable Triton events for 2008-2015.

Predicting occultations by Triton is problematic for two rea-
sons: (1) Neptune’s orbit may have systematic errors, causing
a systematic shift of Triton’s position with respect to the stars;
(2) Triton’s neptunocentric orbit may have systematic errors due
to the large brightness and colour differences between Neptune
and Triton, and also from changes in Neptune’s magnitude, mak-
ing their relative colour variable (Schmude et al. 2016). Both
points affect differently the ground-based measurements of Tri-
ton and Neptune, resulting in a distorted neptunocentric orbit for
the satellite. A way to overcome these problems is to use R or I
filters to minimise differential refraction during observations and
distribute Triton observations evenly along its orbit around Nep-
tune. Triton’s path is then set by the average ephemeris offsets
found for right ascension (@) and declination (0).

In this context, we gathered more than 4700 CCD images
of Triton in R between 1992 and 2016 with the 0.6-m B&C
and 1.6-m P&E telescopes at Pico dos Dias Observatory (OPD)
in Brazil (IAU code 874). The observations were reduced with
the best available astrometric catalogue at that time, the UCAC4
(Zacharias et al. 2013), following the same procedures described
in Gomes-Junior et al. (2015). From the average ephemeris off-
sets of many nights, and after sigma-clipping, we found an over-
all offset (Aa cos 6, Ad) = (+1 £45, —16 + 45) milliarcsec (mas),
with error bars at 1o level, with respect to the DE435/NEP081
JPL ephemeris. Applying this offset and searching for post-
2015 events, we uncovered the promising occultation by Triton
of a relatively bright star with V=12.7, G=12.2 (UCAC4 410-
143659; Gaia DR2 2610107911326516992) that was to occur
on 5 October 2017, crossing all Europe, northern Africa, and
reaching eastern USA.

Closer in time to the event, a dedicated 8-night run on the
OPD 1.6 m telescope was conducted between 15 and 23 Septem-
ber 2017 to further improve the accuracy of the prediction, in
particular to pin down the path of the central flash. The field of
view of the images was 6.1” X 6.1’ with a pixel scale of 180
mas/pixel. At that point, digital coronography (Assafin et al.
2009; Camargo et al. 2015), that mitigates Neptune’s scattered
light, proved to be unnecessary. Chromatic refraction corrections
to Triton’s position were carried out, but proved to be negligi-
ble too, as the observations were made in I band. Observations
from two nights were discarded due to bad weather, but we were
able to cover a complete orbit of Triton around Neptune (about
6 days) with more than 1000 images.

Prior to the Gaia DR2 release in April 2018 (Gaia Collab-
oration et al. 2016, 2018), the Gaia team?® released a prelim-
inary Gaia subset DR2 with 431 stars (R = 12-17) surround-
ing Triton’s path in the sky plane during the 8 nights of our

2 https://www.cosmos.esa.int/web/gaia/news_20170930
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Fig. 2. Average offsets in (@, 6) mas of the 8 nights of OPD observations
using the preliminary Gaia DR2 catalogue for the astrometric reduction.
Positions in lighter colours were not accounted for to compute the aver-
age offset, due to lower quality associated with poor weather conditions.
The lower panel refers to the number of images taken for each night.

run. The main improvement with respect to DR1 is the inclu-
sion of the stars’ proper motions, leading to mas-level accuracy
of stellar positions at epoch. Using these reference stars and the
PRAIA package (Assafin et al. 2011), we obtained a mean off-
set (A cos 6, Ad) = (+7.8 £ 5.4,—17.6 £ 2.6) mas with respect
to the JPL DE435/NEPO81 ephemeris. The corresponding pre-
diction uncertainty was about 60 km cross-track and 8 seconds
in time. Fig. 2 displays the mean offset (Aa cosd, Ad) for the 8
nights, using the Gaia DR2 catalogue. This is a large improve-
ment from a prediction using only the Gaia DR1 catalogue, shift-
ing the shadow path about 370 km to the south in the sky plane,
or some 500-700 km when projected on Earth, depending on the
station considered, as well as reducing the offsets uncertainties
by factors of about 1.5 and 2.2, respectively. Since the run cov-
ers a full synchronous revolution/rotational period of Triton, the
average offset reflects an error in Neptune’s heliocentric position
rather than a neptunocentric error in Triton’s ephemeris.

The +60 km cross-track uncertainty on the prediction was es-
sential for better planning observations of the central flash, keep-
ing in mind that the width of the region where that central flash
is significant (say more than 20% of the unocculted stellar flux,
see Figs. 23-24) spans typically =100 km in the sky plane.

Combining the pre-event Triton’s ephemeris offset with the
geocentric astrometric Gaia DR2 position of the occulted star?,
we obtained the parameters describing the nominal prediction
listed in Table 1. This updated prediction was promptly released
to the scientific community before the event* and the corre-
sponding map of the shadow track on Earth is displayed in Fig. 3.

2.2. Observations of the occultation

The event was attempted from over one hundred stations in Eu-
rope, northern Africa and eastern USA, resulting in a total of 90
occultation light curves. Fig. 4 displays the corresponding occul-
tation chords and Table 5 lists the circumstances of observations
for the respective sites.

The first part of this table lists the stations that were eventu-
ally used in a simultaneous fit to a Triton’s atmospheric template
model. The second part of the table lists other stations that were

3 https://www.cosmos.esa.int/web/gaia/news_20170523
4 https://www.cosmos.esa.int/web/gaia/iow_20171005
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Table 1. Occultation prediction using the Gaia DR2 position for the star and JPL DE435/NEPOS81 for Neptune’s and Triton’s ephemerides and the

additional offset deduced from the OPD observations (see text for details).

Occultation circumstances (5 October 2017)

Predicted time of geocentric closest approach

23h51m38.0s + 8§ s UTC

Predicted geocentric closest approach Triton-star 196 mas
Position angle between Triton and star at closest approach ~ 347.51 deg
Geocentric shadow velocity at closest approach 16.80 km s~

Retrieved time of geocentric closest approach
Retrieved geocentric Triton-star closest approach

23h51m28.92s + 0.02 s UTC
196.58 + 0.05 mas

Occulted Star (from Gaia DR2)

Star source ID (stellar catalogue) 2610107911326516992

Geocentric star position (ICRF) at epoch a = 22h54m18.4364s + 0.2 mas, 6 = —08°00’08.318” + 0.2 mas
G-mag / RP mag 12.5/12.0

Stellar diameter projected at Triton’s distance’ 0.65 km

Notes. V) Using van Belle (1999)’s formulae and magnitudes B= 13.305, V= 12.655 (AAVSO photometric survey) and K= 11.080 (2mass) for

the star, see http://vizier.u-strasbg.fr/viz-bin/VizieR

not used because the light curves had insufficient signal-to-noise
ratios (SNR) to provide relevant contribution to that fit. The last
part of the table provides information on the sites that were in-
volved in the campaign, but could not gather data due to bad
weather or technical problems.

The rule we used for deciding to include or not a light curve
in the global fit is as follows. The SNR was first estimated by cal-
culating the standard deviation o of the flux outside the occulta-
tion. The resulting SNR 1/0 per data point was then re-calculated
for a fixed time interval of one second. Assuming a gaussian

noise, this implies a multiplicative factor of 4/1/exposure time
to be applied to the SNR obtained above. Finally, the noise level

must be compared to the ‘useful’ information, i.e. the actual drop
of signal caused by the occultation, not the total signal. This im-
plies a new multiplicative factor of A¢ applied to the SNR per
second obtained above, where A¢ is the flux drop observed dur-
ing the occultation. Consequently, some light curves were elim-
inated due to a low contrast caused by light contamination from
Neptune, see for instance the Abington, Caserta, Agerola 50 cm
or Catania 28 cm light curves in Figs. B.6-B.9.

The normalization described above then allows us to com-
pared consistently the various data sets. We used a normalized
SNR cut-off of ten prior to the global fit. There are a few excep-
tions to that rule for light curves containing a strong central flash,
see for instance the Le Beausset and Felsina data in Fig. B.3.
They have a poor overall SNR, but we have kept them in the
global fit (without flash, Section 4.2) to test the effect of the cen-
tral flash inclusion, see Fig. 23 and Section 7.2. This approach
allowed us to ensure that the central flashes provide a shadow
centre witch is consistent with, but more accurate than the one
given by the global fit, see Section 7.2.

This said, the cut-off of ten remains somehow arbitrary. We
have tested other cut-off values, and we did not obtain any sig-
nificant changes in the results of the fits presented in the rest of
the paper.

The analysis of the light curves (as described in the next Sec-
tion) allowed us to reconstruct the geometry of the event by pro-
viding Triton’s position with respect to the occulted star, see Ta-
ble 1. The reconstructed geometry of the occultation implies a
shift of (Aa@cosd,Ad) = (=7.2,+0.6) mas of Triton’s position
with respect to the latest prediction described in the previous
Section. This means that the occultation occurred about 9 s ear-
lier than expected, and that the shadow centre was 12 km north
of the predicted path in the sky plane.

This mismatch between observation and prediction is at a
~1.30-level, and is thus insignificant at our accuracy level. It
shows in particular that the Gaia DR2 astrometry was crucial in
getting an accurate prediction that allowed the detection of the
central flash at various stations.

2.3. Occultation light curves

All our occultation light curves are displayed in Figs. B.1-B.5
and Figs. B.6-B.9. As was done in Table 5, the first group of
figures corresponds to light curves that had sufficient SNR to be
used in Triton’s atmospheric fit, while the second group is for
light curves with lower SNR that were not used in the fit. Note,
however, that the best synthetic models expected for those light
curves (plotted in grey in Figs. B.6-B.9) are fully consistent with
the observations, in the limit of the noise level.

Among those light curves, three were used for obtaining at-
mospheric profiles from an Abel inversion procedure, see Sec-
tion 4. Two of them (La Palma and Helmos) are displayed in
Fig. 5, and the third one (Calern) is shown in the upper panel of
Fig. 25.

3. Retrieving Triton’s atmospheric structure
3.1. Methodology

We first adopt a boot-strap method to retrieve the molecular den-
sity n(r), pressure p(r), and temperature 7(r) of Triton’s atmo-
sphere as a function of the distance to Triton’s centre, r. To do
so, one approach is the Abel inversion of our refractive occulta-
tion light curves that have the highest SNR. Its primary result is
the density profiles n(r), from which the p(r) and T'(r) profiles
are derived by using the hydrostatic and ideal gas equations.
The other approach is a direct one. It is used once the inver-
sion procedures have provided the density profiles n(r). These
profiles are smoothed and parameterised according to physical
arguments (discussed later). Then, a ray-tracing scheme gener-
ates synthetic light curves that are fitted to the occultation light
curves, thus describing the global structure of Triton’s atmo-
sphere, as illustrated in Fig. 4. One product of this fit is the lo-
cation of Triton’s centre, that is used iteratively with the Abel
inversion, thus improving the accuracy on the altitude scale. The
other product of our approach is the value of the pressure at a
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Fig. 3. Triton’s shadow path on 5 October 2017. The black dots are
spaced by one minute, the arrow indicating the direction of motion of
the shadow. The northern and southern limits of the solid body assum-
ing a radius of 1353 km are also represented, with the predicted path
as the white lines, and the effective path as the blue lines. The grey
area represents night on Earth (dark grey for full astronomical night
and light grey for twilight). Stations with a successful observation, that
have been used in our fit, are represented by blue dots, while the ones
that were not used are shown as red dots. The white dots are the sta-
tions that attempted observation, but were clouded out or had technical
difficulties. Upper panel: Overview of all observing stations. The larger
black dot along the black line corresponds to the closest approach of
the shadow centre to the geocentre, at around 23h52 UTC (see Table 1).
Lower panel: Closer look at the central flash path across Europe. The
grey lines around the centre-most line correspond to a spacing of 50 km
(corresponding to about 2.5 mas), once projected in the sky plane.

prescribed radius for comparison with previous results, aimed at
detecting possible long-term seasonal effects.

The final approach is to fit the central flashes observed in
some light curves, to measure the departure (if any) from the
spherical shape of Triton’s deep atmosphere, eventually used to
constrain its wind regime. The other goal of this fit is to reveal
possible absorbing material (by comparing the height of the cen-
tral flash in stations that provided observations in different wave-
lengths) along the line of sight, such as hazes just above Triton’s
surface.

Technical details on the inversion technique are given in Va-
pillon et al. (1973), ray-tracing schemes and central flash fitting
are described in Sicardy et al. (1999), and applications to Pluto’s
atmosphere are presented in Dias-Oliveira et al. (2015) (DO15
hereafter), and Meza et al. (2019). Numerical values used in both
our inversion and ray-tracing codes are summarised in Table 2.
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Fig. 4. Geometry of the 5 October 2017 stellar occultation by Triton, as
seen in the sky plane. The J2000 celestial north (N) and east (E) direc-
tions and the scale are indicated in the upper right corner. Triton’s radius
is fixed at Ry = 1353 km and the grey arrow near the equator shows the
direction of rotation of the satellite. The (Neptune-facing) prime merid-
ian is drawn as a thicker line compared to the other meridians, and the
south pole is marked by the label S. The inclined lines are the trajecto-
ries of the star relative to Triton (or “occultation chords™) as observed
from various stations, with the black arrow indicating the direction of
motion. We have gathered a total of 90 occultation light curves, 52 of
them (corresponding to the blue colour, as in Fig. 3) having sufficient
SNR to be included in a global atmospheric fit, and 38 of them (red
colour) with lower SNR, that are not included in the fit.

3.2. Assumptions

Our inversion and ray-tracing schemes assume that:
(1) The atmosphere is composed of pure N,. The next most abun-

Table 2. Adopted physical parameters for Triton and its atmosphere

Triton’s body
Mass/’ GMr = 1428 x 10" m? s2
Radius’ Ry = 1353 km

Triton’s geometry on 5 October 2017

Triton pole position? ap=20h 09m 29.40s
(J2000) op=20° 25" 34.2"

Sub-solar latitude 40.0° S
Sub-observer latitude 40.5° S
Sub-observer longitude  169.9° E
N. pole position angle®  305.7°

Geocentric distance D = 4.3506 x 10° km

Triton’s atmosphere parameters

N, molecular mass u=4652x 10" kg

N, specific heat ¢y, =1.04x10° TK ' kg™!
at constant pressure
N, molecular
refractivity

(visible bands?)
Refractivity at 3.6-cm®
Boltzmann constant

K=1.091x%x10"%

+(6.282 x 1072°/22 )

cm?® molecule™!

K =1.0945 x 10723 cm® molecule™!
kg = 1.380626 x 1022 JK~!

Notes. (V McKinnon et al. (1995), where G is the constant of gravita-
tion. @ On 5 October 2017, using Davies et al. (1996), with corrections
available at ftp://ftp.imcce.fr/pub/iauwg/poles.pdf. @ Position angle of
Triton’s north pole projected in the sky plane. Counted positively from
celestial north to celestial east. ® Washburn (1930). © G95.
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LA PALMA
2.00m tel.
>720 nm

Normalized Triton + star flux
0.5
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UT time (seconds after 00:00:00 5 October 2017)

HELMOS
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Fig. 5. The best two light curves obtained during the Triton occultation of 5 October 2017, at La Palma and Helmos stations (see details in Table 1).
Both telescopes were equipped with the same E2V CCD 47-20 detector with quantum efficiency peaking at 600 nm and reaching zero near 300 and
1000 nm, respectively. Left panel: full resolution light curve (cycle time 0.635 s) for the La Palma station. Right panel: the same for the Helmos
station (cycle time 0.674 s). The spectral ranges used for each instrument are indicated in the figures (I+z at La Palma and V+R at Helmos). The
blue lines are the best simultaneous fits obtained with our ray-tracing approach, see Section 4.

dant species (CH,) has a volume mixing ratio (hereafter referred
to as mixing ratio) [CH4/N,] of less than 1073 (Strobel & Sum-
mers 1995; Lellouch et al. 2010). Our ray-tracing code shows
that such abundance causes a fractional change of the synthetic
flux of about 10> near the half-light level, these effects are neg-
ligible considering the noise level of the data.

(2) The atmosphere is transparent. The deepest layers reached
during Earth-based occultations are those that cause the central
flash, at an altitude of about 8 km, see Section A. The validity of
this assumption will be discussed in Section 8.

(3) The upper atmosphere is globally spherical. This hypothesis
is supported by the fact that the observed central flashes are con-
sistent with a spherical shape (Section 7). Small departures from
the spherical model, however, are observed in some central flash
shapes, and are discussed in Section 7.

The limitations of our approach described above are pre-
sented in Appendix A.

4. Results
4.1. Inverted profiles

We used the three data sets with highest SNR to perform our in-
version method, more precisely the light curves from La Palma
(2-m Liverpool telescope, Spain), Helmos (2.28-m Aristarchos
telescope, Greece) and Calern (1.04-m C2PU telescope, France),
see Table 5. At half-light times (where the star flux has been
reduced by 50%) and for ingress and egress, each of these sta-
tions probe different locations in Triton’s atmosphere. The corre-
sponding latitudes, longitudes, and local solar times of the sub-
occultation points are provided in Table 3. The paths of the stel-
lar images over Triton’s surface as seen from these stations are
plotted in Fig. 6.

The results of the inversions are displayed in Figs. 7-9. We
also plot in these figures the profiles retrieved from our analy-
sis of the RSS occultation (see Section 5.1 for more details, as
well as a discussion on the connection of these profiles with our
results). Noteworthy features are:

1. All six n(r) and p(r) inverted profiles are very similar, show-
ing that the stations at La Palma, Helmos and Calern probed
essentially identical atmospheric layers at their ingress and
egress points. No significant variations vs. local time and lat-
itude are observed.

2. In their common range of probed altitudes, our density pro-
files and the RSS profile coincide, to within the noise level of
the RSS experiment (the noise level in our retrieved profiles
being much smaller).

3. The pressure profiles from RSS and from our inversions are
also close to each other. However, contrary to the density
profile, some small differences appear. This is discussed in
Section 5.

4. The general positive gradient in the upper parts of our re-
trieved thermal profiles is a mere result of the choice of our
initial conditions. This is intended to match the general tem-
perature profiles obtained independently by Strobel & Zhu
(2017) which were constrained by the RSS occultation data
taken in 1989, see Appendix A.

5. However, all of our six retrieved thermal profiles show a
marked turning point in their deepest parts, where the tem-
perature gradient becomes negative. This gradient is always
well below (in absolute value) the local dry adiabatic gra-
dient, so that the atmosphere is convectively stable in those
parts (Fig. 9).

4.2. Ray-tracing approach

For all the data sets used here, we employed the same procedure
as in DO15 which consists of simultaneously fitting the refrac-
tive occultation light curves with synthetic profiles generated by
the ray-tracing code. For each station, a least-squares fit is per-
formed to adjust the synthetic light curve to the observation. Due
to the uncertainties in the determination of ¢ (the fraction of the
flux attributed to Triton, see Appendix A) for some stations, and
the lack of calibration for most of them, we considered ¢ as a
free parameter when performing these fits. Note that this adds
one degree of freedom per station to the fit, and thus increases
the error bars on the retrieved atmospheric parameters.
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Table 3. Local circumstances at the three stations (ingress and egress) used for the Abel inversion analysis.

Site Time (UT)!  Location on surface  Local solar time?
La Palma, ingress 23:48:27 251°E, 10°N 06:36 (sunrise)
La Palma, egress 23:50:52 18°E, 46°S 22:08 (sunset)
Helmos, ingress 23:45:38 254°E, 7°N 06:24 (sunrise)
Helmos, egress 23:47:58 12°E, 47°S 22:32 (sunset)
Calern, ingress 23:46:28 228°E, 32°N 08:08 (sunrise)
Calern, egress 23:49:15 50°E, 30°S 19:00 (sunset)

Notes. (V) UTC time at half-light level, 5 October 2017 ® One “hour” corresponds to a 15° rotation of Triton. A local time before (resp. after)
12.0 h means morning (resp. evening) limb.

night side

Latitude (deq)

210 310 50 100

0
East longitude (deg)

Fig. 6. Tracks of the primary (red dots) and secondary (blue dots) stellar images above Triton’s surface, as seen from Constancia, plotted every
0.1 s. The junctions between the red and blue paths correspond to ingress (left) and egress (right) points for the Constéancia station. The arrows
show the direction of the stellar images’ path. The regions probed by the central flash are those where the dots are more spaced. All the other
stations probed essentially the same path (or part of it), with the primary and secondary images being swapped (as well as their directions of
motion), depending on whether the station probed north or south of the shadow centre. Since the Earth and the Sun are angularly close (~ 1°) to
each other as seen from Triton, the stellar paths essentially mark Triton’s terminator, the night side extending above the terminator in this figure.
The two yellow symbols are for La Palma station, with ingress plotted as a star and egress plotted as a diamond. The two green symbols are the
same for Helmos station, and the two white symbols for Calern station, see Table 3 for the corresponding values of the latitudes and longitudes.
The background image is a global colour map of Triton, produced using V2 data and orange, green, and blue filter images in order to obtain
an approximation of Triton’s natural colours. Background image credits: Image selection, radiometric calibration, geographic registration and
photometric correction, and final mosaic assembly were performed by Dr. Paul Schenk at the Lunar and Planetary Institute, Houston, Texas. Image
data from Voyager 2 (NASA, JPL).

Our ray-tracing method is mainly sensitive to the half-light
level. It corresponds to a radius of about 1415 km in Triton’s
atmosphere (altitude ~60 km) and a pressure level of ~0.55 ubar.
For a prescribed temperature profile 7'(r), this method returns
two best fitting parameters. One parameter is the pressure p.r at
a reference radius, here rf = 1400 km. This particular choice
stems from the fact that this reference radius has been used in
previous works (e.g. Olkin et al. 1997; Elliot et al. 2000b), thus
allowing consistent comparisons.

To proceed forward, we have defined a template 7(r) pro-
file that matches the inverted profiles obtained at the station with
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the best SNR (La Palma). It has the same functional variation
with altitude as in Dias-Oliveira et al. (2015), where it was ap-
plied to Pluto’s atmosphere, except for the upper branch which
is not isothermal, but rather has a constant thermal gradient that
connects the lower atmosphere to an upper thermosphere. The
adopted parameters for the template profile 7'(r) are provided in
Appendix A.2.

The lower part of the profile has been adjusted so as to fit the
central flashes, see Appendix A.2 for details. That adjustment
provides constraints on the thermal profile between the lowest
inverted point of La Palma (~20 km altitude) down to the central
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Fig. 7. Upper panel: Density profiles of Triton’s atmosphere as a func-
tion of radius r (the distance to Triton’s centre), retrieved by inverting
three light curves obtained during the 5 October 2017 occultation and
from the V2 radio phase delay at 3.6-cm. The colour codes are indicated
in the upper right part of the plot. The same codes are used in Figs. 8-9
and Figs. 12-13. The thin black curve is a smooth synthetic density pro-
file that fits the inverted profiles and is extrapolated down to the surface.
It is derived from the smooth temperature profiles shown in Fig. 8. The
solid horizontal line marks Triton’s surface (at radius Ry = 1353 km),
the dashed line indicates the central flash layer (near 1360 km), while
the dotted horizontal line marks the reference radius rs = 1400 km.
Lower panel: the corresponding pressure profiles.

flash level (~8 km altitude). Finally, below 8 km, the profile has
been connected to the surface’s temperature at 38 K. This is a
“blind part” of the profile, as it does not contribute significantly
to the refracted stellar flux received on Earth.

The resulting synthetic temperature profile is shown as a thin
black line in Fig. 8. Starting from the surface, the profile first has
a strong positive temperature gradient of 5 K km~'. This gra-
dient decreases rapidly (Fig. 9) and the temperature reaches a
maximum value of about 50 K at » = 1363 km (10 km altitude),
thus implying an average gradient of 1.2 K km™! in that lower
part. Our data show a hint of a mesosphere with a negative gra-
dient (also seen in Elliot et al. 2003) that reaches —0.2 K km™!
at r = 1375 km (23 km altitude), before connecting with the
general positive gradient of the upper branch.

1450 1500
——

Radius r (km)

1400

1350
T

20 40 60 80

Temperature T (K)

0.1

Pressure p (ubar)

10
T

20 40 60 80

Temperature T (K)

Fig. 8. The temperature profiles as a function of radius (upper panel)
and pressure (lower panel). The oblique dotted line in the lower panel is
the wet adiabat, i.e. the vapour pressure equilibrium line for N,, taken
from Fray & Schmitt (2009).

The strong surface temperature gradient at the surface de-
rives from the need to connect our inverted profiles to the surface
at 38 K. Since we do not have information in this lower portion
of the atmosphere, we employed the simple hyperbolic form of
DO15 to connect our profile to the surface, so that our surface
gradient does not necessarily reflect the real value at that level.

This said, the general positive gradient can be achieved by
considering the heating by CH,4 stemming from near IR absorb-
ing bands. For instance, we estimate that a CH4 mixing ratio of
0.0004 yields T = 52 K at 1363 km, and thus could explain
our result. Strobel & Zhu (2017) ran their model for discrete
values of the CH4 mixing ratios not included in their paper and
found that a CH4 surface mixing ratio ~ 0.00015 would suffice
to support a temperature rise ~ 9 K, and a CHy surface mixing
ratio ~ 0.0004 a temperature rise ~ 12 K, in the first 10 km.
Because CHy is photochemically destroyed in the lower atmo-
sphere, its scale height is roughly half the N, scale height and
in terms of CH4 column density one needs a higher surface CHy
mixing ratio to compensate for its smaller scale height. For re-
mote sensing observations it is the column density that is impor-
tant and not just the surface mixing ratio that is relevant. Note
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Fig. 9. The temperature gradient corresponding to the upper panel of
Fig. 8. The dot-dashed line is the dry adiabatic temperature gradient
I' = —g/c,, i.e. the limit of convective instability, where c,, is the specific
heat at constant pressure for N, and g = GMr/ r? is the acceleration due
to gravity.

that the 0.0004 value is smaller than, but roughly consistent with
the range found by Lellouch et al. (2010) for the CH4 mixing
ratio, 0.0005-0.0010. Moreover, some complications may arise,
like the existence of a troposphere.

The troposphere on Triton has been shown to be controlled
by turbulent mixing above the surface, and to be sensitive to
surface thermal contrasts between N, ice and the volatile free
bedrock (due to different surface albedo or thermal inertia,
Vangvichith 2013). On Pluto, climate models showed that the
sublimation of cold N, ice and subsequent transport of the cold
N air in the impact basin Sputnik Planitia yield a km-thick cold
troposphere as observed by New Horizons Forget et al. (2017);
Hinson et al. (2017).

The negative gradient in the mesosphere, reminiscent of
the more extended mesosphere on Pluto (Lellouch et al. 2017,
Young et al. 2018), calls for the existence of a coolant. It must
cool the atmosphere above its peak temperature of ~ 50 K, as
well as radiate away the downward thermal heat flux from the
upper atmosphere where 7' ~ 100 K. There are a few candidates
for this coolant: haze particles and/or influx of dust particles that
may either be pure H,O ice or with silicate cores and coated with
H,O ice (see Ohno et al. 2020 for more details).

The pressure at any level can then be deduced by using the
temperature template described above. In particular, the surface
pressure pgys can be obtained by the relation pgys = 12.0X py400.
This ratio will be used to extrapolate pi400 from pgy or vice
versa. The other fitted parameter is Triton’s DE435/NEP081
ephemeris offset perpendicular to its apparent motion projected
in the sky, Ap. Note that the ephemeris offset along Triton’s mo-
tion is decoupled from that fit, see DO15 for details.

Error bars are obtained from the classical function
X2 = XV [(@iobs — Bisyn)/0i]?, which reflects the noise level
o; of each of the N data points, where ¢;ops and @i gy, are the
observed and synthetic fluxes at the i data point, respectively.

We simultaneously fitted a selected pool of 52 light curves
obtained during the 5 October 2017 occultation. Other light
curves were not considered at this stage because they are affected
by higher or non-normal noise that would degrade the global fit.
In a first step, we excluded from the fit the parts of the light
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Fig. 10. The x> map for the simultaneous fit of 52 light curves obtained
during the occultation of 5 October 2017, using the ¢, corresponding to
the temperature profile in Fig. 8. The inner green line contour is the 1o
limit of the fit, while the outer green line is the 30 limit.

curves where a strong central flash is present. This is to avoid
giving too much weight to those parts, while they reflect only the
properties of the deepest atmospheric layers. So, the goal of this
fit is to get the global properties of the atmosphere, and in par-
ticular, to constrain pi400 and the location of the shadow centre
with respect to the occultation chords. In a second step, we in-
cluded the central flashes in the fit to assess the shape of Triton’s
atmosphere and to check if the central flash location coincides
with the centre found by the global approach.

After exploring a grid of values for Ap and pi400, We ob-
tained the y*(Ap, p14go) map displayed in Fig. 10. A satisfac-
tory fit should provide a minimum value sznin close to N — M,
where M is the number of fitted parameters. Besides pi400 and
Ap, we considered Triton’s contribution to the light curve (¢)
as a free parameter for all light curves. This is because no sat-
isfactory values of ¢y have been obtained for any of the light
curves, see Appendix A.2. Thus, the fitted parameters are the
values of Ap and pi499, plus the 52 values of the ¢y, i.e. a to-
tal of M = 54 fitted parameters. On the other hand, we used
N = 68446 data points. We then obtain a global value of x? per
degree of freedom, y3 . = x2. /(N — M) = 0.85, indicating a
satisfactory global fit to the data. An examination of values of
/\(ﬁof for individual light curves also show values near unity for
all of them. Thus, none of our light curves show significant dis-
crepancies when compared to the synthetic light curves derived
from the synthetic density model shown in Fig. 7. This confirms
the spherical symmetry of Triton’s atmosphere on a global scale.

Without considering Ap, the marginal distribution® for 1o
and 30 error contours on py4go are estimated by tracing the iso-
levels Xﬁn ot 1 and szni .9 respectively, as shown in Fig. 1.0.
The best-fitting value of pjag, its 1o~ error bar and the quality
of the fit, Xgof’ are listed in Table 4. The best-fitting value of Ap

(-359.3+1 km, Fig. 10) is used to retrieve the closest geocentric

5> The marginal distribution is used when we wish to find the proba-
bility of specific variables of a subset without consideration of other
variables.
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approach distance between Triton and the star (projected in the
sky plane) and its corresponding time, see Table 1.

Finally, the best simultaneous fit corresponding to the mini-
mum of y? is displayed in Figs. B.1-B.5. For the sake of com-
pleteness, Figs. B.6-B.9 show the synthetic light curves superim-
posed on the light curves that have not been included in the fit.
Although they have poorer SNR, they all confirm that our global
model satisfactorily fits these data.

5. Reanalysis of results from previous events
5.1. The Voyager 2 radio occultation

During its Triton flyby on the 25 August 1989, the V2 spacecraft
sent its radio signal (RSS experiment) back to Earth as it passed
behind the satellite. Details on the gathering of the V2 RSS data
are given in G95.

The main product of this observation was the temperature
and pressure at Triton’s surface. However, although it becomes
quite noisy above the 20-km altitude level, the RSS phase delay
still provides useful constraints on Triton’s lower atmosphere,
with some science left to explore. Here, we give a summary of
Gurrola’s work, and describe how we use the V2 phase delay to
retrieve Triton’s atmospheric structure in the 10-20 km above the
surface.

The V2 high gain 3.7-m antenna transmitted to Earth two
radio signals at 3.6 and 13 cm (X-band and S-band, respectively).
The phases in these bands are related to one another by

121 3

A¢: E((px_ ﬁ

¢s)s ey
where, ¢, is the phase in the X-band, ¢, is the phase in the S-
band, and A¢ is the corrected radio phase corresponding to the
neutral atmosphere at the X-band wavelength. This calculation
is done to remove plasma effects on the phase.

Due to problems in fitting the ingress data, as there seemed
to be sudden changes in slope, G95 used only the egress data for
his analysis.

Gurrola provided us with the corrected phase delay A¢(r) vs.
altitude above Triton’s surface, as well as the results from his
models to obtain only the “pure atmosphere phase delay”. This
corresponds to the phase delay once a general polynomial trend
has been subtracted from A¢ to account for thermal noise and
instabilities in the frequency reference on board V2. These poly-
nomials, referred to as baselines in G95, were designated as By,
B,, and Bj3. B is the linear baseline used by Tyler et al. (1989),
determined using 120 km of the data obtained. G95 considered
this insufficient to reliably estimate the drift of the instrument
over the atmosphere, as it did not extrapolate from high enough
altitudes (so that the atmosphere is too thin to affect the signal
phase) downwards toward Triton’s surface. On the other hand,
baselines B, and B3 used about 700 km of the data, and are, re-
spectively, the second and third-order polynomials of G95’s best
fit at egress. The preferred solution of this author is B,. The re-
sulting A¢(r) is displayed in green in Fig. 11.

Using the B, solution, we derive the profiles displayed as
green curves in Fig. 7. In order to compare this result to ours, we
generated for comparison the phase delay at 3.6-cm that would
be observed with our best profiles n(r) (the black line in Fig. 7)
as if it were obtained by V2:

2.
AG(r) = fKasz, ®)

where A is the wavelength (3.6-cm), K is the corresponding
molecular refractivity of N, (see Table 2), and o, (r) is now
the column density stemming from our best model. The result-
ing A¢(r) profile is shown in black in Fig. 11, together with the
phase delays deduced from the inversions of La Palma and Hel-
mos’ light curves (in colours).

Conversely, we used the V2 corrected X-band radio phase to
retrieve the refractivity profile from the Abel inversion

=gk [T AR [ L,
T 2), dR g_p2 2i2J)y RdR

3

using the auxiliary variable [ = VR? — r? to calculate the inte-
gral. Finally, the density profile n(r) = v(r)/K can be deduced.

With this, we can directly compare our results to those of V2.
Note that the RSS profiles probe altitude interval levels that over-
lap our ground-based occultation levels. This overlapping region
extends from the lowest inverted points of the La Palma station,
r = 1373 km (20 km altitude), up to roughly the reference level,
r = 1400 km (47 km altitude), at which point the RSS profiles
become too noisy to be reliable, reaching a factor of about two
at that level.

The examination of the upper panel of Fig. 12 shows that no
significant difference in density is detected between the 1989 and
2017 profiles, especially at the “junction level” at r = 1373 km.
Note that the RSS density profile is rather insensitive to the par-
ticular solution By, B, or B3 chosen to retrieve n(r).

Integrating the weight of the atmospheric column provides
the RSS pressure profile (lower panel of Fig. 7). However, this
profile includes a contribution of the weight of the layers above
r = 1400 km, where the RSS phase delay is very noisy. Note that
the B, pressure profile is quite offset in slope with respect to the
B, and Bj solutions (lower panel of Fig. 12). So, and contrarily
to the density profiles, the general slope of log,,(p) vs. radius r
is quite sensitive to the particular choice of the polynomial base-
line. In this context, it is difficult to conclude if the break in slope
between the RSS profile and our ground-based results of 2017 is
real or not.

Using the preferred B, model, and using the Abel inversion
(Eq. 3), we obtain Psurf RSS = 13.6 ubar and PI1373RSS = 3.77 ubar
as of 1989. The main result of the inversion is the density pro-
file; to translate this into pressure, we need an estimate of the
surface temperature Ty¢. The error bar on pgy,srss caused by
the uncertainties on 7'+ Will be discussed next.

In any instance, our results are consistent with the analysis
of G95, psurrss = 14 + 2 ubar. This is also fully consistent with
our estimation of the surface pressure as of 2017, 14.1 +0.3 ubar
(Table 4). Thus, no significant variations of surface pressure is
found when comparing the RSS results of 1989 and the results
derived from the ground-based occultation of 2017.

The value pj373rss = 3.77 ubar that we find is 21% smaller
than the value we obtained in 2017 at that level, 4.58 ubar. Prop-
agating this 21% difference to the 1400 km radius then yields
Praoorss = 0.97 ubar. Estimating the error bar on that value is
difficult, because the RSS pressure depends on the (noisy) pres-
sure values obtained above, as mentioned earlier. If we adopt the
error bar pgyfrss = 14 +£2 ubar of G95 and propagate it upward,
this yields P1400RSS = 0.97 £ 0.14 ubar.

Another, more robust way to estimate pgufrss is to use
the RSS density profile alone. The counterpart is that we
need an independent measurement of the surface temperature
Tt in order to derive the pressure from the ideal gas equa-
tion peurfrss = MsufrsskpTsure. These temperature measure-
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Fig. 11. Left panel: The radio phase delay observed during the egress of the V2 RSS occultation on the 25 August 1989, in the 3.6-cm X-band
(adapted from G95). The crosses are the data and the three solid lines (labelled By, B, and B3) are three polynomial modellings of the phase
delay baseline. As discussed by G95, the preferred baseline solution is B,. Right panel: Green crosses: the radio phase after subtraction of the B,
baseline polynomial shown in the left panel, thus representing the effect of the atmosphere only. Green line: the smooth version of that radio phase
delay, as constructed by G95. The red profile is the phase delay that would be observed at 3.6-cm from the retrieved density profile of La Palma at
immersion, see Fig. 7. Other phase delay profiles obtained from La Palma (emersion) and Helmos would be indistinguishable from the red profile,
and are not plotted here for sake of clarity. The black profile is the phase delay obtained from our best model of Triton’s atmosphere, see text for

details.

ments (given below) are more accurate than G95’s estimation
(Tsuef = 42 £ 8 K) and thus reduce the +2 pbar uncertainty of
G95’s value of pgytrss. However, this approach is valid only if
these temperature measurements apply to the N ice surface that
the RSS experiment probed, and if the vapour pressure equilib-
rium between the N ice and the gas is achieved.

Estimations of T,s are given by various authors (see also
Fig. 13): 38*3 K (Conrath et al. 1989), 38*2 K (Tryka et al. 1993),
the range 36.5-41 K (Grundy et al. 1993) and 37.5 + 1 K (Merlin
et al. 2018). Adopting a value of ngurss = 2.4 X 10" cm™
derived from our RSS phase delay inversion (Fig. 12), we
find surface pressures of 12.33:(3) pbar, 12.3f8§ pbar, a range
11.5 — 13.3 ybar and 12.4 + 0.3 ubar, respectively, for the four
choices of surface temperatures. Note that all these values are
consistent with the surface being in vapour pressure equilibrium
with the atmosphere, as shown in Fig. 13. This supports the hy-
pothesis that the reported temperatures are indeed representative
of the N, ice surface.

In summary, we estimate from the surface temperatures
given above, a safe surface pressure range of 12.5 + 0.5 ubar
can be derived at the V2 epoch. In this case, the error bar essen-
tially stems from the uncertainties on the temperatures. Compar-
ing this value with our estimation pg,s = 14.1 £0.4 ubarin 2017
(Table 4), and assuming a constant factor (12.5/14.1) through-
out the profile, we formally obtain pj490 = 1.05 + 0.04 ubar
in 1989. This is consistent with our estimate made above,
Piaoorss = 0.97 =+ 0.14 ubar. We thus estimate a conserva-
tive range of puagorss = 1.0 = 0.2 ubar for the pressure at
1400 km in 1989.
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5.2. The 18 July 1997 stellar occultation

This campaign involved one station in the USA and three sta-
tions in Australia. It was a joint effort between two groups, and,
therefore, both have access to the data. The circumstances of ob-
servations are listed in Table 5 and the geometry of the event is
displayed in Fig. 14. More details on these observations and their
analysis are given in Elliot et al. (2000a).

Here we provide the results of our own approach to constrain
P140o- In particular, we adopt the same temperature profile 7'(r)
as for 2017 (see Fig. 8), but varying pj4o to fit the synthetic light
curves to the data. The (y?, Ap) map is displayed in Fig. 15 and
the best fit is shown in Fig. 16. This yields pi40 = 1.9070% ubar

-0.30
and Xﬁof = 0.95, indicating a satisfactory fit.

5.3. The 21 May 2008 stellar occultation

This event was observed from Namibia (two stations) and from
La Réunion Island (two stations), see Table 5. Given that each
pair of stations are close together, only two effective chords have
been obtained, see Fig. 17. Moreover, these chords being graz-
ing, there is a strong correlation between the closest approach
distances of the chords to Triton’s shadow centre and the re-
trieved reference pressure pj409, see Fig. 18. The best fit is also
shown in Fig. 19. As a consequence, the value of pj4go is poorly
constrained at the 1o~ level, pisp0 = 1.15739 pbar. At the 30
level, the value is so unconstrained that it does not bring any
information on the temporal seasonal variations of the pressure
(Fig. 20).
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Fig. 12. Upper panel: close up view of the upper panel of Fig. 7. Various
profiles derived from the RSS occultation are shown in green. Dashed
line: the profile retrieved by Tyler et al. (1989), using a polynomial ex-
trapolation B; to correct for the RSS phase instability. Thin solid line:
the profile retrieved by G95, using the polynomial extrapolation B,.
Dotted line: the same by G95, but using the polynomial extrapolation
B;. The thick solid line is the best model of G95, based on the B, profile.
Lower panel: The same for the pressure profiles.

6. Atmospheric seasonal variations
6.1. Occultation results

Table 4 lists our values of pj499 at various epochs, as well as val-
ues taken from other works. Extrapolations to the surface have
also been included, assuming a constant ratio psyr/pi4o0 = 12.0.
The corresponding seasonal variations of pj490 with time is dis-
played in Fig. 20.

The value of Olkin et al. (1997) indicates a 40% increase of
pressure between 1989 and 1995, but at a low significance level
of 1.80. From the 18 July 1997 event, Elliot et al. (2000a) ob-
tained pig00 = 2.23 = 0.28 pbar, whereas with the same data
set, we obtain pig00 = 1.90”:8:‘3‘(5) ubar. The difference between
the two results amounts to a factor of 0.85 and stems from the
use of a different template model 7' (r). This said, this difference
remains at the 0.60 level and is statistically insignificant. Using
our value of pj490 for 1997 indicates a pressure increase by a fac-

Conrath et al. 1989
Gurrola 1995
: Grundy et al. 1993

Pressure (ubar)

s Merlin et al. 2018

10
T

30 35 40 45 50 55

Temperature (K)

Fig. 13. A close up view of lower panel of Fig. 8. The width of each
coloured box is Triton’s surface temperature (7,¢), as estimated by the
various authors mentioned just above the boxes, see text for details. The
heights of the boxes are the range of surface pressures pq,s, using the
ideal gas 1aw pyut = Ngut rsska Tsut> Where nguerss = 2.4 x 1015 cm™3 is
the surface molecular nitrogen density derived from our inversion of the
RSS data, see text. Note that all the boxes intersect the vapour pressure
equilibrium plotted as a dotted line. This shows that the RSS surface
density and the estimated surface temperatures are mutually consistent
with a pressure being controlled by the N, ice sublimation.

Fig. 14. Geometry of the 18 July 1997 occultation, with the same con-
ventions as in Fig. 4.

tor of 1.9 between 1989 and 1997, but at a marginally significant
2.50 level only.

The 4 November 1997 value obtained by Elliot et al. (2000a,
2003), p1aoo = 1.76 £ 0.02 ubar, has a much lower error bar due
to the high SNR of the light curve, obtained with the Hubble
Space Telescope. Taken at face value, this implies an increase
of pressure by a factor 1.76 between 1989 and 1997, at a 3.80
level. However, this observation was a single-chord event, and a
model was used to retrieve the astrometry of this event. Conse-
quently, there is an uncertainty that was not accounted for. Since
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Fig. 15. Same as Fig. 10 for the 18 July 1997 occultation.
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Fig. 16. Simultaneous fits to the 18 July 1997 light curves. The panel
covers 300 seconds in time. All the light curves have been shifted
so that the mid-occultation times are aligned. The red vertical tick
marks indicate 10:10 UTC at the Brownsville station (USA), and
10:18 UTC for the three Australian stations. The blue lines are simulta-
neous fits to the data (black dots), using the best value found in Fig. 15,
Piaoo = 1.9 pbar, and the temperature profile shown in Fig. 8. The
green dots are the fit residuals. For each light curve, the upper dotted
line is the normalised value of the star + Triton flux, and the lower dot-
ted line is the background flux. Note that the data from the Brownsville
station has been normalised during the event, as shown in Elliot et al.
2000a.

we do not have access to this data, it is impossible for us to verify
their result using our own methods, and therefore, confirm this
increase.
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Fig. 18. Same as Fig. 10 for the 21 May 2008 occultation.

Finally, the 21 May 2008 event provided only two grazing
chords, bringing no new information, so that no firm conclusion
can be drawn on any change of pressure between 1989 and 2008.

In summary, we estimate that the surge of pressure reported
in the 1990s (compared to the V2 epoch) seems to be confirmed
by our own analysis, but it remains debatable considering the
paucity of data points available, and the lack of a fully consis-
tent analysis of all the observed events. Note that the 2017 data
rules out the concept of a monotonic increase in Triton’s pressure
over time, but does not rule out the observed increase in 1995-
1997. Regardless, the much more accurate value of p409 that we
obtain in 2017 is fully compatible with that derived from the V2
RSS experiment. If we consider the 30 level, Fig. 20 shows that
no increase can be claimed between the two measurements. So
either no surge occurred between 1989 and 2017, or if it hap-
pened, the pressure has been back to its V2 value in 2017.
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Fig. 19. Fit to the 21 May 2008 light curves. The same conventions
as for Fig. 16 are used, except that the panel now covers 720 seconds
in time. The synthetic light curve for Piton Lacroix is plotted in grey
because it is not used in the fit, due to the high noise level. The red
vertical tick marks indicate 01:51 UTC for Piton Lacroix and Maido,
and 01:41 UTC for Hakos.

From high-resolution spectroscopy in July 2009, Lellouch
et al. (2010) obtained the first detection of methane gas in Tri-
ton’s atmosphere since V2, and the first CO gas detection. Their

Table 4. Atmospheric pressure on Triton

Pressure Pressure Fit
Date at 1400 km  at the surface  quality?
P1aoo (ubar)  peur (ﬂbar)] Xﬁof
This work
25 August 1989° 1.0+0.2 125+0.5 N/A
18 July 1997 1.9Oj8:‘3‘(5) (22.83:‘6‘) 0.95
21 May 2008 1.15’:8:2? (13.8’;'1?4'4 0.93
5 October 2017 1.18+0.03 (14.1+04) 0.85
Other works
25 August 19897 N/A 14+2 N/A
14 August 1995° 1.4+0.1 17«1 N/A
18 July 1997° 2.23+0.28 (26.8+34) N/A
4 November 19977  1.76 +0.02 (21.1+0.2) N/A

Notes. ) The values in parentheses assume a constant ratio of 12.0
between the pressures at the surface and at 1400 km, as derived from
our best model (Fig. 8). @ See discussion in Section 4.2. ® Using
our own inversion of the V2 RSS phase delay profile, see text. ¥ G95.
©) QOlkin et al. (1997). @ Elliot et al. (2000a, 2003) ” This value is the
average over ingress and egress obtained by Elliot et al. (2003).

Pressure at 1400 km (pbar)

1990 2000

n 1 n n
2010 2020

Earth years

Fig. 20. Triton’s atmospheric pressure seasonal variations with time, us-
ing the values from Table 4. Our results are in red, values taken from
other works are plotted in blue. For better viewing, the value derived
by Elliot et al. (2000a) from the 18 July 1997 occultation is plotted in
a semi-transparent blue colour, using the same data set as we are using
here for that date, and providing our red diamond-shaped point just be-
low it. For all points, the thick error bars correspond to 1o~ confidence
levels. Note that for the 4 November 1997 and 5 October 2017 values,
the 1o error bar is smaller than the diamond-shaped symbol, and there-
fore is not visible. For the 18 July 1997 and 21 May 2008 events, we
have also plotted for information our 3¢ error bars as thinner lines, see
text for discussion.

analysis yielded a CH4 gas number density at the surface 4.0%3
larger than inferred from V2 (Herbert & Sandel 1991; Strobel
& Summers 1995). Assuming that the N, pressure would qual-
itatively follow a similar seasonal variation, they estimated a
40 ubar pressure in 2009. This value (which did not represent
a direct measurement of the N, pressure) is clearly at odds with
the picture shown in Fig. 20, in particular with the 21 May 2008
point.

6.2. Climatic context from numerical volatile transport
modelling

The climatic context of Triton is described and analysed in detail
in a recent paper by Bertrand et al. (2022). Bertrand et al. (2022)
employed the volatile transport model (VITM) of Triton, devel-
oped at the Laboratoire de Météorologie Dynamique (LMD), to
investigate the long-term and seasonal volatile cycles of N, and
CH, on Triton. Their simulations are constrained by the surface
pressure derived from the stellar occultations presented in this
paper. In this Section, we summarise the main results of this pa-
per that are relevant for the interpretation of our observations.
In VIM simulations, the surface pressure peak occurs
slightly after the southern summer solstice (2000) between years
2000-2010 (see Fig. 21). The surface pressure seasonal varia-
tions obtained by Bertrand et al. (2022) is similar to that obtained
by Spencer & Moore (1992), when they artificially maintained
a permanent large southern cap of bright N, (see their Fig. 7).
The larger the northern cap, the more it can serve as a condensa-
tion area and buffer N, sublimation in the southern hemisphere,
which results in a lower and earlier surface pressure peak. The
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Fig. 21. Surface pressure cycle on Triton as simulated with the VTM as-
suming different fixed N, ice distribution in both hemispheres. A ther-
mal inertia of 1000 J s71/2 m~2 K~! (SI) was assumed. Bertrand et al.
(2022) include more simulations in their paper, and their Fig. 9 show
cases with different thermal inertias. It is of note that their simulations
show that a lower thermal inertia would delay the peak of the surface
pressure, in opposition with the occultation data points. The blue lines
refer to a southern cap extending to the equator, while the pink lines are
for a southern cap extending to 30° S. Each line, marked with its cor-
responding value, refer to a different extension of the northern cap: 45°
N, 60° N, 75° N, and no cap.

amplitude of the surface pressure peak is strongly attenuated if
N, ice remains between 30° S - 0°, because condensation will
dominate over sublimation between the years 1980-2020.

According to the model, Triton’s atmospheric surface pres-
sure will remain at 5 pbar during the next solstice season if the
North polar cap extends to 60° N and the South polar cap ex-
tends to 0°. The amplitude of the pressure peak is attenuated if
N; ice deposits remain between 30° S - 0° because these latitudes
are dominated by condensation rather than sublimation after the
year 2000.

These results suggest that a northern cap extending down to
at least 45° N — 60° N is needed in 2017 to restore the surface
pressure back to the V2 measured value ~ 14 ubar. Otherwise,
the surface pressure will remain higher than 16 ubar in 2017 with
no northern cap. A strong increase in surface pressure cannot oc-
cur before 2000 if N, ice remains between 30° S - 0°. To ensure
that the surface pressure remains greater than 5 ubar during the
opposite season (southern winter) a permanent northern cap ex-
tending down to 45° N is required.

In their simulations, Bertrand et al. (2022) also investigated
the CHy cycle by taking into account a small amount of pure
CHy, ice at the surface in addition to the N,-rich mixture (Mer-
lin et al. 2018). In the case where this pure CHy ice is placed at
the South pole of Triton, covering 2% of the surface of the vis-
ible projected disk, they obtain a large increase in the CHy gas
abundance from 1990 to 2005, without any significant change in
N, surface pressure. Since CHy is not completely mixed with N,
ice, it implies that the large increase of CH4 (with relation to V2)
reported by Lellouch et al. 2010 could be decoupled from the N,
seasonal variations and, therefore, does not necessarily represent
a measurement of the global pressure of the atmosphere.

For more details on the N, and CH, seasonal variations as
simulated by the VTM, the reader is referred to Bertrand et al.
(2022).

7. Triton’s lower atmosphere: central flash

The detection of a central flash during the 5 October 2017 occul-
tation offered a unique opportunity to study Triton’s lower atmo-
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sphere. Our ray-tracing code shows that the flash is caused by a
layer having a typical thickness 2 km, lying at about 8 km above
Triton’s surface (radius of 1361 km). In that altitude range, the
Abel inversion method is no longer valid, due to the co-existence
of two stellar images along Triton’s limb, see Fig. A.2. This
problem arises at altitude levels of about 20 km, corresponding
to the deepest layers probed by the light curve obtained at La
Palma. Consequently, the central flash allows us to gain about
12 km downward (about 0.6 scale height) compared to the inver-
sion method. The explanation for this is shown in Fig. A.1 and
further detailed in Appendix A.2.

7.1. The central flash: observations

The central flash swept Europe along the lines shown in grey in
Fig. 3. Among the 90 light curves shown in Figs. B.1-B.5 and
Figs. B.6-B.7, 42 show evidence of a stellar flux increase near
mid-occultation, and 23 of them have enough SNR to be used in
the central flash modelling.

Fig. 22 displays the reconstructed intensity map of Triton’s
shadow, with in particular the presence of a bright dot (central
flash) near the shadow centre.

2

1000

Normalized stellar flux

g (km)
o]
1

-1000

1000 o
f (km)

—1000

Fig. 22. The stellar flux in Triton’s shadow for the 5 October 2017
event, normalised to unity outside the body (light-blue region). The
flux reaches a minimum of about 7% of the unocculted flux inside the
shadow, and then rises sharply at the shadow centre. The direction of
Triton’s rotation is indicated, as well as the equatorial rotation velocity
Vit = 17 m s7! (in a inertial frame), using the parameters of Table 2.

At Calar Alto, which passed at about 300 km from the
shadow centre at closest approach (C/A), the increase of stel-
lar flux is barely noticeable (Fig. 24), while it reaches the full
unocculted stellar flux at Calern, which passed at 29 km from
the centrality. At Constancia (C/A 8.4 km), the maximum of the
flash peaks at three times the unocculted stellar flux, and about
3.4 times the unocculted flux at Le Beausset (C/A 6.7 km, the
closest of all stations), see Figs. 23 and 25.

The fit of the central flash is described in Section 4.2, except
that we now allow a departure from sphericity of the layer re-
sponsible for the flash (see Sicardy et al. 2006 for details). Note
that the ray tracing code accounts for both the primary and sec-
ondary stellar images. Thus, we are not restricted in using this
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code as would be the case for the Abel inversion scheme (Sec-
tion A.3).

7.2. The central flash: spherical fit

Assuming a spherical flash layer, we obtain the best simultane-
ous fits (now including the central flashes) displayed in Figs. 23-
24. The quality of the fit (,\/ﬁof = 0.80) is comparable to the qual-

ity obtained without the flashes (,\/ﬁof = 0.85), showing that no
departure from sphericity is detected. A more quantitative as-
sessment for the upper limit for such departure (some 1.5 km
along the limb, as projected in the sky plane) is provided in the
next subsection. A closer visual examination of the residuals for
the strongest flashes with best SNR reveal, however, some mi-
nor and localised features, possibly due to atmospheric waves
(Fig. 25), but no global departure from the spherical model.
There is another argument supporting the spherical nature
of Triton’s atmosphere. The centre of Triton’s shadow, as deter-
mined by the simultaneous fit to all the flashes, while exclud-
ing the ingress and egress parts of the light curves, coincides to
within 0.1 km with the shadow centre determined by a global
fit to all 52 light curves, by excluding the central flashes but in-
cluding the ingress and egress parts. This 0.1-km offset is not
significant, considering that the global fit centre has a typical 1o
error of 1 km cross-track (Fig. 10). In other words, the centre
of the central flash layer, which is sensitive to the §-km altitude
level, coincides with the global shadow centre, which is sensi-
tive to the 60-km altitude level. It could be that both atmospheric
levels are close to spherical, but displaced in the same way with
respect to Triton’s centre, but this configuration seems unlikely.

7.3. The central flash: limit on atmospheric distortions and
winds

We now assess a possible departure of Triton’s lower atmosphere
from sphericity, restricting ourselves to the simple model of a
globally oblate flash layer. Testing more complex shapes will
be performed once Triton’s 3D GCMs are available, something
which is beyond the scope of this paper. Once projected in the
sky plane, an oblate layer appears as an ellipse with apparent
semi-major and semi-minor axes a’ and b’, respectively. The
centres of curvature of that ellipse form a diamond-shaped caus-
tic curve where abrupt flux variations are observed, see examples
in Fig. 26. The equation of the caustic is (Elliot et al. 1977):

(a/x)2/3 + (b/y)Z/S — (a/z _ b’2)2/3, (4)
where Oxy is a Cartesian reference system whose origin O is
fixed at the ellipse centre, and where Ox (resp. Oy) is aligned
with a’ (resp. b’). Since the flash layer lies at ~ 8 km altitude,
we have a’ ~ 1360 km. Note that the orientations of the a’ and
b’ axes are still to be specified.

We define the apparent oblateness of the flash layer as
€ = (a’ —-D")/a’. We have explored values of € from zero
(i.e. a spherical flash layer) to some maximum value, and tracked
the corresponding variations of y? stemming from a simultane-
ous fit to central flashes. In this study, only the central flashes
of Varages, Calern, Constancia, Le Beausset, and Felsina Obs.
have been considered. The other stations are too far away from
centrality and/or with lower quality to usefully constrain €. This
is because the four cusps of the diamond-shaped caustic curve
extend up to ~ 2€’a from the shadow centre according to Equa-
tion 4. As we obtain upper limits of ~0.002 for € (see below),

we have 2¢’a <~ 5 km for a ~ 1360 km. Thus, only the imme-
diate vicinity of the shadow centre (typically less than 20 km) is
sensitive to departures from sphericity. More distant stations es-
sentially probe flashes that are indistinguishable from a spherical
solution.

We first assume that the semi-minor axis b’ is aligned with
Triton’s pole. This corresponds to an oblate flash layer main-
tained by an axisymmetric zonal wind regime that has a constant
angular velocity around that axis. By using the y? < Xﬁ]in +1
(resp. x* < Xﬁ]in + 9) criterion, we find 1o-level (resp. 30--level)
upper limits of

€ <0.0011 (resp. € < 0.0014),

for the apparent oblateness of the flash layer. The flash inten-
sity map corresponding to this limit is displayed in Fig. 26. This
apparent oblateness must be “deprojected” to obtain the actual
oblateness € through the relation

’ )
(1 —€)? —sin° B ¢

cos B " cos2(B)’

where B = 40.5° S is the sub-observer latitude (Table 2), and
where the approximation holds for ¢ <« 1. Using €’ < 0.0011,
this yields a lo-level upper limit € < 0.0019 for the depro-
jected oblateness. This corresponds to a difference between the
equatorial and polar radii r, and r, of the layer, respectively, of
re —1p ~ 3 km, using 7, = a’ = 1360 km.

We assume that the flash layer shape is entirely supported by
zonal winds. In particular, we assume the absence of a horizontal
temperature gradient, so that the isobar level also corresponds to
the isopycnic (constant density) layer. The radius  of the flash
layer is given as a function of the latitude ¢ by the equation (Hub-
bard et al. 1993; Sicardy et al. 2006)

1dr
rd<p_

e=1-

_ _feos(p)sin(p)
1= feos(g) ’

where f = rv*(¢)/GM cos*(¢). This equation states that the iso-
bar is locally perpendicular to the effective gravity field, where
both the gravity field of the (spherical) body and centrifugal
forces are accounted for. Introducing in that expression the polar
equation of an oblate flash layer:

Telp

r= s
[r2 sin(p) + r2 cos2()]'/2

we obtain to lowest order in € = (. — rp)/r, the velocity

2GM
V= Ve, ;. L cos ~ 1450 Vecosp ms™!,
€

the value of GM7 is listed in Table 2. Using € < 0.0019, this
provides a 1o-level upper limit for the zonal wind at the equator
of [ve] < 63 ms!.

Note that this motion can be prograde (positive sign) or retro-
grade (negative sign), and that it is measured in an inertial frame.
Thus, noting v, the zonal wind in a frame rotating with Triton
(which thus measures the atmospheric circulation at that level),
we have ve = V + Vo, Where vy = 17 m s7! is the equatorial
velocity stemming from Triton’s rotation, see Fig. 22. Conse-
quently, a retrograde zonal wind regime (v, < 0) implies a 1o
limit || < 63+ 17 = 80 m s™!, while a prograde regime (v., > 0)
implies v, < 63 — 17 = 46 m s~!. Those values are respectively
87 ms~! and 53 m s~! if the 30~ upper limit is considered.

&)
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Fig. 23. Simultaneous fits of the data (black dots) by synthetic light curves (blue lines), based on the temperature profile displayed in Fig. 8 (black
line) and the pressure boundary condition pj490 = 1.18 ubar (Table 4). The green curves are the residuals of the fits. The lower and upper horizontal
dotted lines mark the zero-flux level and the total star+Triton unocculted flux, respectively. Note also that the three bottom light curves are plotted
at a different vertical scale from the others, to accommodate for the presence of a strong central flash. The stations are sorted from left to right and
top to bottom from the northernmost track (St Caprais) to the southernmost track (Calar Alto, see next figure). Each panel has a duration of five
minutes and is centred around the time of closest approach (or mid-occultation time) of the station to Triton’s shadow centre, as indicated under
the lower left panel in each block of six light curves. For reference, the vertical red line marks the time 23:48 UTC. The stations with exposure
times smaller than 1 s have been smoothed to have a sampling time as close as possible close to 1 s, for easier SNR comparison of the various data
sets. Note that in this approach, the sampling of the Constancia, Le Beausset and Felsina Observatory light curves (0.64 s) is kept at its original
value, so that full resolution versions of the corresponding strong flashes at those stations are displayed here. The same kind of plots showing all
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the stations, but with the flashes excluded from the fits, are displayed in Figs. B.1-B.5.
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Fig. 24. Continuation of Fig. 23. NB. “JAVA." is the abbreviation of Javalambre, used so that the name of the station fits into the plot.

Information on the atmospheric circulation of Triton was ob-
tained in 1989 by V2: while surface wind streaks suggested east-
ward surface winds between latitudes of 15° S and 45° S (Hansen
et al. 1990), the deflection of plumes showed that in the atmo-
sphere above, at 8 km near 49° S and 57° S, the wind was west-
ward and prograde (Hansen et al. 1990; Yelle et al. 1995). On
the basis of theoretical consideration, Ingersoll (1990) proposed
that this could result from a temperature contrast between the

cold frost-covered pole and the warm unfrosted equator. More
realistic GCMs simulations, including the N, condensation-
sublimation cycle, have been reported in Vangvichith (2013),
and additional relevant simulations have been performed to ex-
plore the circulation on Pluto, which is similar to Triton in terms
of rotation rate and atmospheric composition (see Forget et al.
2021 and reference therein). These models show that if N; sig-
nificantly sublimes in the southern hemisphere and condenses in
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Fig. 25. More detailed views taken of the flashes observed at Calern
(top panel) and Constancia (bottom panel), with the same setup as in
the previous figure.

the northern hemisphere, the circulation should be dominated by
a retrograde circulation resulting from the conservation of angu-
lar momentum of the flow, with velocities that cannot be higher
than the rotation of the planet (17 m s~!). This is significantly
less than the upper limits that we derive from our observations.
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In any case, as mentioned above, global retrograde winds were
not observed in 1989: to get prograde rotation in the mid south-
ern latitude as suggested by the V2 plume observations, the inter-
hemispheric condensation must be weak. In that case a thermal
gradient could create a weak prograde wind as suggested by In-
gersoll (1990), reaching a few metres per second in GCM simu-
lations. However, modelling Pluto suggests that in some condi-
tions a regime of super-rotation (like on Venus or Titan) could
occur (Forget et al. 2017). This could explain the plume direc-
tion on Triton. Such a superrotation is thought to initially re-
sult from the formation of a high-mid latitude jet (due to ther-
mal balance between a warm equator and a colder pole, or con-
densation flow from low latitudes to the pole). Then barotropic
waves can transport angular momentum to and from the equa-
tor and seriously accelerate the entire atmosphere. In their Pluto
GCM, Forget et al. (2017) found mean equatorial zonal wind up
to 15 m s~!. However this could be model-dependant. It is not
easy to set a theoretical limit to such a superrotation. Our upper
limit on prograde wind near 50 m s~! provides a constraint for
such a hypothetical superrotation in 2017.

We have considered other orientations for the central flash
layer, as projected in the sky plane, by relaxing the condition that
b’ should be aligned with Triton’s pole. This might be the case
if other causes of distortion than zonal winds are at work, e.g.
tidal forces from Neptune or Triton’s potential anomalies. Those
orientations provide more stringent upper limits of the apparent
oblateness € because the cusps of the caustic can then get closer
to the paths of the central-most stations (Fig. 26). For instance,
rotating the caustic by 45 degrees imposes the more stringent 1o
upper limit, € < 0.00074 (instead of 0.0019). This requires an
equatorial wind of ~ 40 m s~!, which is still quite larger than
the values ~ 10 m s~! expected from GCMs, and thus not a con-
straining limit as far as GCMs are concerned.

‘We now compare our upper limit for the deprojected oblate-
ness of the central flash layer (e < 0.0024) with the value ob-
tained by Elliot et al. (1997) from a single cut inside the central
flash region during the 14 August 1995 occultation. Two solu-
tions are considered by those authors, an oblate flash layer with
€ = 0.042 and a prolate one with € = —0.032. Adopting the
€ = 0.042 value, we obtain the central map displayed in the right
panel of Fig. 26. This would imply the crossing of the caustic
by the five stations shown in the map, and result in strong flux
variations at those crossings that are not observed in the data,
see Fig. 25. A similar conclusion would be drawn by adopting
the prolate value € = —0.032 of Elliot et al. (1997). Note that the
closest approach distance to the shadow centre during the central
observation flash of 1995 was about 100 km, i.e. well outside the
diamond-shaped caustic displayed in the right panel of Fig. 26.
Thus, caustic crossings could not be tested at that epoch.

The main problem of the large oblateness values obtained
by Elliot et al. (1997) is that they imply unrealistically large
wind velocities to maintain such distortions. For instance, taken
at face value, € = 0.042 results in an equatorial wind velocity of
Ve ~ 300 m s™!, more than twice the sonic velocity near Triton’s
surface (~ 130 m s~! at ~ 40 K), and much larger than predicted
by GCMs, see above. A possibility considered by Elliot et al.
(1997) was that Triton’s atmospheric distortion was restricted to
mid-latitude regions, i.e. were local rather than global. This per-
mits lower values of wind speeds (110-170 m s~') depending on
whether prolate or oblate solutions are considered. This is still
essentially supersonic and not expected from circulation mod-
els. Moreover, this distortion would also be detected in our data
set which densely sampled the central flash region.
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Fig. 26. Left panel: The map of the central flash intensity, adopting the 1o~ upper limit € = 0.0011 for the apparent oblateness of the flash layer
(corresponding to a deprojected oblateness € = 0.0019), see text for details. The black labels along the iso-intensity contours (in curves) indicate
the received stellar flux in units of its unocculted value. The grey diamond-shaped feature near the centre is the caustic curve described by Eq. 4
and corresponding to €’ = 0.0011. In the case considered here, the flash layer is assumed to be aligned with the apparent direction of Triton’s
poles, indicated by the dash-dotted line. Neptune’s direction is determined from the position angle 286° of Triton with respect to the planet at the
moment of the occultation. Right panel: The same, adopting the oblate solution € = 0.042 found by Elliot et al. (1997) from the shape of a central

flash observed during the 14 August 1995 occultation.

An alternative explanation proposed by Elliot et al. (1997)
is the presence of hazes that absorbed part of the stellar flux at
some specific locations along Triton’s limb, thus altering the cen-
tral flash shape. However, according to those authors, neither the
optical depth obtained for those hazes at the corresponding alti-
tude levels, nor its dependence with wavelength, were consistent
with the V2 results. The haze problem is discussed in more detail
in Section 8.

Finally, the shape of Triton’s solid body as observed in V2
images indicates an oblateness smaller than 0.0014 (Thomas
2000), which is too small to explain the claimed distortions.
Moreover, non-radial components of Triton’s inner gravitational
field might also cause atmospheric distortions, but they would
then be permanent and thus, should be observed also in 2017.

From all this, we conclude that the large oblatenesses re-
ported by Elliot et al. (1997) are both theoretically unexpected
and inconsistent with our observations.

At this point, we think that the mismatches between the flash
models and its observation in 1995 (as well as small departures
from our spherical model in Fig. 25) could be caused by small lo-
cal corrugations of the flash layer induced by gravity waves. As
the caustic is the locus of the limb centre of curvatures, its shape
is very sensitive to local (but small) corrugations of that layer.
Examples of such effects have been investigated for explaining
flash shapes in the cases of stellar occultations by Neptune (Hub-
bard et al. 1988) and Titan (Sicardy et al. 2006). As mentioned
earlier, this approach remains beyond the scope of this paper, as
long as zonal wind and gravity wave regimes are not available
for Triton’s lower atmosphere.

8. Pending issues
8.1. Hazes

In the present work, we assumed that Triton’s atmosphere is
clear, i.e. free of absorbing material. However, V2 observations
in 1989 revealed two kind of absorbing features in the lower at-
mosphere: hazes and clouds. These features were detected in the
visible through the imaging system (Rages & Pollack 1992) and
during the UV occultation experiment (Krasnopolsky et al. 1992,
1993; Krasnopolsky & Cruikshank 1995).

The general picture that emerges from the V2 observations is
reviewed in Yelle et al. (1995) and is described as follows: hazes
are detected up to an altitude of about 30 km, they were observed
around the entire Triton’s limb, except for a small clear region
near east longitude 280° and between latitudes 4 and 18° S. Thus,
unless drastic changes in haze formation occurred, they should
also be present during our observation of 5 October 2017. Clouds
are observed closer to the surface compared to hazes, i.e. below
an altitude level of about 8 km. Contrary to hazes, they exhibit a
more patchy distribution along the limb.

Due to their low altitudes, absorbing materials should be
best detected in the central flash structures, caused by a layer
at about 8 km altitude. Estimation of the integrated (down to
the surface) vertical optical depth of the hazes at 0.47 um is
Tyis = 0.005 + 0.001, with a typical scale height of H,, ~ 12 km
(Krasnopolsky et al. 1993; Rages & Pollack 1992). Thus, the in-
tegrated vertical optical depth down to the 8 km altitude level
should be reduced by a factor of exp(—8/Hy) ~ 0.5. Moreover,
the slant (along the line-of-sight) optical depth is amplified by a
factor of v2nRy/Hy ~ 27, yielding a slant optical depth of hazes
at 8 km in the order of 0.005 V2nRr/Hy exp(—8/Hp) ~ 0.07,
and a reduction of the flash amplitude by 5-10% if no changes
occurred since 1989.
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Clouds are much denser than hazes, with vertical optical
depth to the surface of 0.1 or higher. Cloud particles have a
vertical distribution with a scale height H. comparable to or
larger than the atmospheric scale height (about 20 km). Thus,
the slant optical depth of clouds at 8§ km should be in the order
of 0.1 V2nRy/H, exp(—8/H.) ~ 1.4 or larger, corresponding
to a decrease of the flash amplitude by a factor of 4 or more.

To summarize, hazes are expected to have a mild effect on the
central flash heights, with an expected reduction of only 5-10%.
We do not see any departure from the model at that level on the
best flash profiles. Moreover, we do not detect trends on the ob-
served flash amplitudes vs. wavelength. For instance, the strong
flash at Constancia (Fig. 25) observed at an effective wavelength
of ~0.6 um agrees with the model at the same satisfaction level
as the Varages flash, observed at ~1.3 ym (Fig. 23). The same is
true with the Calar Alto observation, that was made simultane-
ously in the visible (0.4-1.0 um) and the near IR (1.0-1.7 um),
see Fig. 24 and Table 5. A flash is observed at that station, but
it is too faint to reveal a difference between the two channels.
Finally, the dual observation made at Kryoneri (R and I bands)
was too far away from the centre line to show a central flash, but
does not show significant differences anyway in the fits by the
synthetic light curve (Fig. B.5).

Taken at face value, these results indicate that hazes have no
detectable effect on the flash shapes. This result is true a fortiori
for the clouds, that would reduce the flash amplitudes by a factor
of 4 or greater which is not observed in the data. In other words,
our model consistently explains all the flashes using a clear at-
mosphere.

However, a difficulty arises at this point since the height of
the flash actually depends on the assumed template temperature
profile. In order to disentangle the haze vs. temperature effects,
independent information on the thermal profile of the lower at-
mosphere is required. This requirement could be met with the
ALMA results reported by Gurwell et al. (2019). This issue re-
mains, for the moment, beyond the scope of the present paper.

8.2. Troposphere

Yelle et al. (1991) inferred a troposphere from the V2 observa-
tions of geysers and clouds. We do not observe this, as our deep-
est layer probed, at the central flash level, which coincides with
the expected altitude of the tropopause. Therefore, our model is
consistent with our central flashes, as discussed in Section 7, and
there is no need to include a troposphere to accommodate for the
data. However, this does not mean that we can exclude a tropo-
sphere as we do not have information down to this part of the
lower atmosphere.

The absorption, caused by hazes and clouds, impacts our data
and the model. For a troposphere to be included, we need inde-
pendent measurements of the lower atmosphere.

8.3. Gravity waves

In Section 7 and Fig. 25 we mention that the residuals in these
light curves show minor features that are probably attributed to
atmospheric waves. They present themselves as small fluctua-
tions, with little effect on the overall light curve shape, and there-
fore we did not study them in detail. This topic needs further
analysis that is beyond the scope of the present paper.
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8.4. ¢y of inverted profiles

The determinations of the baseline levels ¢y used for inverting
the profiles of La Palma and Helmos remain an open issue, as
they provide inconsistent results in the deepest parts of the 7'(r)
profiles (Appendix A.2). This matter must be analysed further
and needs independent results, in particular from ALMA, to con-
firm which ¢, should be used.

9. Concluding remarks

In this paper, we present results obtained from the ground-based
stellar occultation by Triton observed on 5 October 2017. The
main goals were (i) retrieve the general structure of Triton’s
atmosphere between altitude levels of ~8 km (~9 ubar) and
~190 km (few-nanobar level) and (if) compare these results with
other ground-based occultations and the Voyager 2 radio occul-
tation, to assess a pressure seasonal variation in the last three
decades.

The 2017 event yielded 90 positive observations, 42 show-
ing a central flash. We used Abel inversions to retrieve density,
pressure, and temperature profiles from our three best SNR light
curves. We find a hint of a mild negative temperature gradient
(reaching -0.2 K km™") at the deepest part of our profiles, i.e.
below the altitude ~30 km. This constitutes a mesosphere just
above an expected stratosphere with a positive temperature gra-
dient that connects the atmosphere to the cold surface.

A ray-tracing approach was used to a global fit to the best
52 light-curves, providing a pressure pi400 = 1.18 +0.03 wubar at
radius 1400 km. It also provides a synthetic and smoothed model
to extrapolate the density, pressure, and temperature down to the
surface.

A new analysis of the V2 radio experiment, with useful infor-
mation extracted from the surface up to around 1400 km, shows
that the pressure retrieved in the 2017 event is consistent with
the pressure obtained in 1989.

A survey of pressure values obtained between 1989 and 2017
was conducted. The two past occultations (in 1997 and 2008),
reanalyzed using our methods, indicate that the surface pressure
reported in the 1990’s is real, but remains debatable due to the
scarcity of high SNR light curves and the lack of a fully consis-
tent analysis of the best data sets used by other teams.

The pressure that we obtain from the 2017 occultation is
consistent with that derived from the Voyager radio experiment,
meaning that the pressure is back to its level of 1989. Results
from a volatile transport model (VIM) of Triton, described in
detail in a paper by Bertrand et al. (2022), do not support a
strong increase of surface pressure in the last decades, but in-
stead a modest increase with a surface pressure reaching up to
20 wubar in the intervening 28 years. The VIM simulations also
suggest that (1) a strong increase in surface pressure before 2000
cannot be obtained if N2 is present between latitude 30° S - 0°,
and (2) a northern polar cap should extend down to at least 45° N
- 60° N in 2017 to have the surface pressure back at the V2 level
of 1989.

Finally, the central flash analysis does not reveal any evi-
dence of an atmospheric distortion. The atmosphere appears as
globally spherical, with a 1o upper limit of 0.0011 for its ap-
parent oblateness near the 8 km altitude. This corresponds to a
global difference of less than 1.5 km between the largest and
smallest atmospheric radii at that altitude. This is much smaller
than values reported in the literature. In particular, this does not
support the existence of supersonic winds previously claimed by
Elliot et al. (1997).
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Open issues, requiring a more specific analysis of our data
set, will be addressed elsewhere. This includes the possible pres-
ence (or absence) of hazes and of a troposphere just above Tri-
ton’s surface, as well as the possible detection of gravity waves.
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Appendix A: Retrieval of atmospheric structure

Here we discuss some limitations and caveats associated with
the approach mentioned in the main text.

Appendix A.1: Upper and lower limits of probed atmosphere

The density n(r) is reliably retrieved up to the level where the
flux standard deviation o due to photometric noise is compara-
ble to the drop of stellar flux caused by the occultation (DO15).
This corresponds to a density of

(o H3
o~ e\ 2

where K is the molecular refractivity of N, H = —n/(dn/dr) is
the scale-height and D is Triton’s geocentric distance.

Using the values of K and D listed in Table 2, considering
that H ~ 30 km around r = 1500 km, and taking o ~ 0.011
for our best data set (La Palma station), we find that reliable
density values cannot be obtained above rypper ~ 1540 km, where
n ~4x10'"" cm=3, corresponding to pressures of a few nanobars.

The relative error on n(r) reduces as exp[—(r — ryp)/H] when
deeper levels are probed. In practice, only the inversion of the
best light curves provide useful retrieved profiles. In our case,
this concerns the light curves from La Palma and Helmos sta-
tions, providing the profiles displayed in Figs. 7-9.

The deepest layers probed when inverting an occultation
light curve are those corresponding to the closest approach of
the observing station to Triton’s shadow centre. In our case, La
Palma’s light curve provides data down to a radius of about
r = 1375 km (i.e. just above the 20 km altitude level). How-
ever, the central flashes provide constraints that go further down,
typically just under the 8-km altitude level, see Section 7.

(A.1)

Appendix A.2: Constructing the temperature profile template

A difficulty encountered during the inversion of the light curves
is the assessment of Triton’s contribution to the total flux. Let us
define ¢g = Fr/(Fs + Fr), where Fr (resp. Fy) is the flux com-
ing from Triton (resp. the unocculted star). Thus, ¢ corresponds
to the zero stellar flux level in the normalised occultation light
curves. Changing its value mainly changes the deepest parts of
the retrieved profiles, see Fig. A.1.

Measuring ¢ relies on images where Triton and the star are
angularly separated. It is generally a difficult task, since a pho-
tometric accuracy of better that 1% is necessary to bring useful
constraints. To mitigate differential chromatic effects (as the star
and Triton have different colours), images were taken at the same
elevation as for the occultation, either during the same nights or
during nights before or after the event. As a sanity check, it is
also desirable to use another reference star with flux Fg, and
see if the sum of the ratios Fs/Fg and Fr/Fg outside the event
matches the ratio (Fs + Fr)/Rg during the event. Mismatches
may then reveal possible variabilities in any of the objects in-
volved (the target and reference stars, and/or Triton), and serve
as an estimator of systematic sources of errors.

Such calibration images were acquired at the La Palma and
Helmos sites, which provided the best data sets in terms of SNR.
The focal lengths of those two telescopes are large enough to
clearly resolve Triton from Neptune and from the occulted star,
and avoid in particular flux contamination from the planet in the
occultation light curve.

The calibration results are self-consistent for
instruments, with small internal error bars on ¢,

both
ie.

¢o = 0.3445 + 0.0003 for La Palma and ¢p = 0.360 + 0.013
for Helmos. Note that there is no reason why the ¢, should be
the same for the two stations, as different filters were used: I+z
(>720 nm) at La Palma and V+R at Helmos. Also, different
observing conditions were prevailing at the two stations. In
particular, the different airmasses (1.3 and 2.4 at La Palma and
Helmos, respectively) may also affect the flux ratios star/Triton.
However, the different values of ¢, at La Palma and Helmos are
mutually inconsistent (to within error bars) in the sense that they
provide significantly different bottom parts for the 7'(r) profiles.

This is particularly problematic for La Palma, where we ob-
tain a temperature profile that peaks at 7 ~ 58 K just above
the flash layer, using the value ¢9 = 0.3445 derived from the
calibration (Fig. A.1). This imposes a strong inversion layer in
order to connect the temperature profile 38 K at the surface, see
Fig. 13 and associated discussion. When used in our ray trac-
ing code, this profile yields inconsistent synthetic central flashes
when compared with observations (Figs. 23-24). In particular, it
is not possible to fit simultaneously the flashes lying north and
south of the shadow centre.

We have no satisfactory explanations for the inconsistencies
induced by the photometric calibration, i.e. by the retrieved val-
ues of ¢p. It could stem from unaccounted light contamination
from Neptune, although the biggest telescopes should be free
of this problem, as mentioned above. We have tested the effect
of digital coronography to remove such possible contamination.
However, no significant changes of ¢y are obtained with and
without the use of coronography. Possible variations of Triton’s
flux due to rotational light curves of the satellite have also been
considered. However, considering the low amplitude of those ro-
tational curves (Buratti et al. 2011), and the fact that calibrations
were made about 90 minutes before the occultation at La Palma,
Triton’s flux variation should be well below the 1% level, and
thus have a negligible effect on the retrieved value of ¢y.

In these conditions, we have opted for another approach. We
have varied the value of ¢ for the best data set, i.e. the La Palma
light curve. For each value, we have inverted the light curve to
obtain 7(r), and then derived a template temperature profile us-
ing the Dias-Oliveira et al. (2015) modelling, except that the up-
per branch of T(r) is not isothermal, but has a constant gradient
dT/dr ~ 0.1 K km™! to account for the general temperature in-
crease (thermosphere) described in Strobel & Zhu (2017).

Each particular value of ¢, provides a set of prescribed T (r)
boundary conditions (the green dots in Fig. A.1). Then it is
possible to interpolate those prescribed values for any ¢ using
smooth polynomial functions, and finally get a one-parameter
family of T'(r) profiles depending only on ¢y.

The main goal here is to find the value of ¢ that best matches
all the central flashes, thus constraining the deepest part of the
T (r) profile. The best T'(r) profile (with ¢y = 0.35885) is shown
as a thicker line in the upper panel of Fig. A.1, and is adopted
throughout this paper every time we use our ray tracing code.
An example of an output of our tracing code is displayed in the
lower panel of Fig. A.1.

Using the notations of Dias-Oliveira et al. (2015), the T(r)
profile is constructed by adopting the parameters of Table A.1.
Note that although both the T and dT'/dr profiles are continuous,
the d>T/dr? profile is not. This is evident in Fig. 9 at the inflex-
ion point labelled “3” in Fig. A.1. The discontinuity of @>T/dr?
creates a very small kink at the corresponding point in the syn-
thetic light curve, see lower panel of Fig. A.1. This kink is well
below the noise level of all the observed light curves, and thus,
has a negligible effect on the fit to the data.
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Fig. A.1. Upper panel: Thin black lines: six template temperature pro-
files obtained taking values ¢y = 0.370, 0.365, 0.360, 0.355, 0.350 and
0.3445 (from left to right) of Triton’s contribution to the normalised
occultation light curve at La Palma. The right-most profile (correspond-
ing to ¢y = 0.3445) is the profile obtained from the calibration images
taken before the event. Exploring ¢, with small incremental steps, we
find a best fit to the central flash for ¢y = 0.35885, see the thicker black
template profile, where the green dots labelled 1 to 4 are prescribed par-
ticular points in the Dias-Oliveira et al. (2015) model, as specified in
Table A.1. Note that all the profiles go through the boundary condition
T =54.5K at r = 1453 km (100 km altitude, upper green dot). The in-
verted profiles for La Palma corresponding to ¢y = 0.35885 are shown
in red (ingress) and blue (egress). The horizontal dotted line marks the
altitude of the central flash layer. Lower panel: The result of the ray
tracing code, using the best T'(r) profile of the upper panel, and the best
fit value of pi490 = 1.18 ubar (Table 4). The normalised stellar flux is
plotted against the distance to Triton’s shadow centre. The green curve
represents the flux if only one stellar image is present, and the green dots
show the correspondence with the points labelled 1 to 4 in the upper
panel. The black curve is the sum of the fluxes from two stellar images,
i.e. the sum of the green curve and its mirrored version with respect to
the z = 0 axis. This black curve is then used to fit the observations.

Admittedly, there is not a unique way to find a template 7'(r)
model that best fits the flashes. However, our solution should
capture the main properties of the real profile, with a tempera-
ture maximum reached just above the central flash layer, and a
mesosphere with a mild negative temperature gradient above that
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Table A.1. Parameters of the temperature template profile.

r, T],dT/dl"(}"l)
r, T
r3, T3
ra, T4, dT/dr(r4)

1353 km, 38 K, 5 K km™ (surface)
1363 km, 49.8 K (“elbow”)

1375 km, 48.2 K (inflexion point)
1403 km, 49.3 K, 0.105 K km™!
(upper branch, thermosphere)

temperature peak. Note that the inversion layer connecting the
profile to the surface at 38 K (i.e. below the temperature peak)
has a vanishing effect on the synthetic light curve as the surface
is approached, thus defining a “blind zone” as far as our data are
concerned.

Appendix A.3: The secondary stellar image issue

The Abel inversion assumes that only one stellar image (the near-
limb, or primary refracted image) contributes to the recorded
flux. In reality, Triton’s atmosphere also produces a far-limb
(secondary) stellar image whose flux is added to the light curve®.
This is a source of error, especially in the central flash re-
gion, where the primary and secondary images have comparable

fluxes, see for instance the lower panel of Fig. A.1.

We have performed tests to assess this effect on La Palma’s
light curve. At closest approach, the station was at about 685 km
from the shadow centre, providing information down to the
~20 km altitude level (Fig A.2). A smooth T'(r) profile is used to
generate synthetic light curves at this station, one with the flux
of the primary image only, and one with the sum of the fluxes of
the primary and secondary images.

As expected, the inversion of the one-image light curve
correctly retrieves the temperature at the 0.2 K accuracy level
(Fig A.2), and the density and pressure profiles at the 0.1% ac-
curacy level. Conversely, the inversion of the two-image light
curve correctly retrieves the upper parts of the profiles, but it
fails in reproducing the lower parts. For instance, at the deep-
est point reached by La Palma’s light curve, the primary flux is
0.061 (normalizing the unocculted stellar flux to unity), while
the secondary flux is 0.0072, about 8.5 times fainter than the pri-
mary flux. At that point, the temperature is retrieved to within
0.9 K and the pressure at the 1% level, a satisfactory result at our
accuracy level.

However, this discrepancy rapidly increases as deeper levels
are probed. For instance at r = 1362 km (9 km altitude level,
where the temperature locally reaches a maximum, see upper
panel of Fig. A.2), the discrepancy between the original and re-
trieved temperature is about 3 K. Note also that in this case, the
retrieved temperature profile has an unrealistic behaviour as it
extends below Triton’s surface. Although the pressure profile is
satisfactorily retrieved even if the secondary image is present, it
suffers nevertheless the same unrealistic behaviour as T'(r), as it
also extends below Triton’s surface (lower panel of Fig. A.2).

In summary, the inversion procedure cannot provide reliable
results below the 20-km altitude level. In particular the central
flash region cannot be used in the inversion procedure. Note
however that the direct (ray-tracing) approach does include the
primary and secondary fluxes, and as such, it can be used to con-
strain the atmospheric profiles in the central flash region.

® More images can be produced in the central flash region for a non-
spherical atmosphere.
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Fig. A.2. Upper panel: Retrieving the temperature profiles: effect of the
secondary stellar image on the inversion results. The smooth black line
connects these profiles to the surface at 38 K, where the pressure is set
to 14 pbar. The resulting density profile is used to generate synthetic
light curves that feed the Abel inversion procedure. Solid green line:
the retrieved T'(r) profile with only the primary image accounted for.
Green dotted line: the retrieved profile where the primary and secondary
images have been added. The profiles obtained from the inversion of La
Palma’s light curve at ingress and egress (in red and blue, respectively)
are shown for comparison, see also Figs. 7-9. Black horizontal solid and
dotted lines: Triton’s surface and reference radius (1400 km). Lower
panel: The same with the pressure profiles.

Appendix B: Fit to the data
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Fig. B.1. The data (black dots) have been fitted simultaneously with synthetic light curves (blue lines), based on the temperature profile displayed
in Fig. 8 (black line) and the pressure boundary condition pj40 = 1.18 ubar (Table 4). The green dots are the residuals of the fits. Note that
the central flash regions have been excluded from the fit, so that we obtain a global fit that is not influenced by the deepest atmospheric layers.
The stations with exposure times smaller than 1 s have been smoothed to have a sampling time close to 1 s, allowing a direct visual comparison
of SNR of the various data sets. The lower and upper horizontal dotted lines mark the zero-flux level and the total star+Triton unocculted flux,
respectively. Note that the three central-most stations (Constancia, Le Beausset and Felsina Obs., in Fig. B.3) are plotted at a different vertical
scale to accommodate the presence of a strong central flash. Each panel has a duration of five minutes and is centred around the time of closest
approach (or mid-occultation time) of the station to Triton’s shadow centre. The stations are sorted from left to right and top to bottom from the
northern-most track (Newark) to the southern-most track (Athens, see Fig. B.5), projected on Triton in the sky plane (Fig. 4). For reference, the
vertical red lines mark 23:48 UTC for the European and African stations, and 23:55 UTC for the US stations (Newark, Ithaca, and Dark Sky Obs.).
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Fig. B.2. Continuation of Fig. B.1.
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Table 5. Circumstances of Observations

and previous observations

Site Coordinates Telescope aperture (m) Exp. Time/Cycle (s) Observers
Altitude (m) Instrument/filter
Observations that provided light curves that are used in Triton’s atmospheric fit
Agerola 4037262 N 0.28 0.86/0.86 L. Morrone
Ttaly 143350.6 E CCD/clear
660.0
Albox 372420.0 N 0.41 2.00/3.34 J. L. Maestre Garcia
Spain 0209 07.0 W  CCD/clear
485.0
Alcantarilha 3707 58.8 N 0.36 0.33/0.64 F. Marques Dias
Portugal 0821540 W  CCD/red
65.0
Algiers 3647 52.1 N 0.81 0.04/0.04 D. Baba Aissa,
Algeria 0301562 E video/clear Z. Grigahcene
331.0
Ariana 365303.0 N 0.20 0.50/0.60 S. Kamoun
Tunisia 101142.0 E CCD/clear
5.0
Athens 375806.8 N 0.40 1.00/3.50 K. Gazeas,
Greece 234700.1 E CCD/clear E. Karampotsiou,
250.0 L. Tzouganatos
Belesta 4326394 N 0.30 0.64/0.64 P. André,
France 0148 58.6 E video/clear M. Llibre,
235.0 F. Pailler
Boissettes 4831410 N 0.30 0.50/0.50 M. Irzyk
France 023728.0 E CCD/clear
75.0
Calar Alto 3713247 N 1.23 VIS: 0.063/0.063 R. Hueso,
(2 channels) 0232449 W  SCMOS/VIS: (0.4-1.0 um) SWIR: 0.11/0.11 S. Pérez-Hoyos,
Spain 2160.0 SWIR: (1.0-1.7 ym)) A. Sanchez-Lavega
Calern 4345 13.2 N 1.04 0.10/0.11 J. Ferreira, P. Machado,
France 0655224 E CCD/I P. Tanga, J.-P. Rivet
1268.0
Catania 3741358 N 0.80 0.80/1.70 G. Leto,
Italy 145829.1 E CCD/clear R. Zanmar Sanchez,
1725.0 P. Bruno, G. Occhipinti
Clanfield 505619.2 N 0.61 0.16/0.16 D. Briggs,
England 0101 10.6 W  video/clear S. Broadbent
155.0
Constancia 392941.6 N 0.51 0.64/0.64 R. Gongalves,
Portugal 0819252 W  video/clear M. Ferreira
147.0
Cotes de Meuse 4900072 N 0.83 0.06/0.06 S. Renner,
France 0541 06.6 E EMCCD/clear M. Kaschinski
284.0
Cuq les Vielmur 4429050 N 0.20 2.00/4.00 A. Cailleau,
France 015505.0 E CCD/clear V. Pic,
300.0 L. Granier
Dark Sky Obs. 361509.6 N 0.36 1.50/2.50 J. Pollock,
United States 812501.2 W  CCD/clear D. B. Caton
960.0 V. Kouprianov
Elvas 385047.6 N 0.27 0.30/0.30 W. Beisker
Portugal 0712274 W  CCD/clear
285.0
Felsina Obs. 4421220 N 0.40 0.64/0.64 R. Di Luca,
Italy 110909.0 E video/clear D. Alboresi
652.0
Forcarei 4236 38.4 N 0.51 0.64/0.64 R. Iglesias-Marzoa,
Spain 0822 15.1 W  video/clear H. Gonzilez
673.0
Hartley Wintney 5118232 N 0.36 1.00/3.31 G. Thurston

Continued on next page
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Altitude (m) Instrument/filter
England 0054449 W  CCD/Johnson V
65.0
Helmos 375908.1 N 2.28 0.60/0.674 E. M. Xilouris, I. Alikakos,
Greece 2211546 E CCD/V+R A. Gourzelas,
2323.0 V. Charmandaris
Hornchurch 5133064 N 0.24 0.64/0.64 P. Denyer
England 0011388 E video/clear
14.0
Ithaca 4227294 N 0.60 0.20/0.36 J. Lloyd,
United States 7623055 W  CCD/clear M. El Moutamid,
530.0 C. Lamarche
Javalambre Astrophysical 4002 30.6 N 0.40 Tx40 CCD/clear 2.00/2.50 R. Iglesias-Marzoa,
Observatory (2 telescopes) 010057.6 W  0.28 Excalibur CCD/clear  2.00/3.00 J. Abril Ibafez,
Spain 1955.0 M. Chioare Diaz Martin
Kryoneri 375819.0 N 1.20 0.19/0.20 E. M. Xilouris,
(2 channels) 223707.0 E sCMOS/R and | A. Liakos,
Greece 930.0 V. Charmandaris
La Palma 2845432 N 2.00 0.6/0.635 J. Marchant,
Spain 175239.3 W Liverpool Tel. B. Sicardy
2340.0 CCD/I+Z
La Carolina 381627.0 N 0.64 0.15/0.15 S. Alonso,
Spain 0336550 W  CCD/clear A. Roman Reche
595.0
La Roche-Sur-Yon 4632484 N 0.40 0.20/0.20 J. Desmars,
France 0119378 W  CMOS/clear R. Tanguy,
48.0 J. David
Le Beausset 4311 38.1 N 0.25 0.64/0.64 S. Lisciandra,
France 0548059 E video/clear J. F. Coliac
197.0
Marrakech 3135162 N 0.60 2.5/5.5 A. Daassou, K. Barkaoui,
Morocco 0800469 W  CCD/clear Z. Benkhaldoun,
494.0 M. Guennoun, J. Chouqar
Nancy 483951.6 N 0.25 1.50/2.10 D. Lavandier,
France 0609 28.7 E CCD/luminance D. Walliang
284.0
Newark 4300237 N 0.25 0.53/0.53 B. Timerson
United States 7707 06.5 W  video/clear
165.0
Oukaimeden 311223.0 N 0.50 2.00/6.80 C. Rinner
Morocco 075159.0 W  CCD/clear
2727.0
Paris 4852170 N 0.15 0.25/0.25 R. Chauvet
France 022307.0 E CCD/clear
92.0
Pic du Midi Obs. 425612.0 N 0.60 0.05/0.05 D. Berard
France 0008 31.9 E EMCCD/visible
2862.0
Puimichel 435853.1 N 0.60 0.10/0.10 S. Moindrot
France 0602 10.0 E EMCCD/visible
714.0
Reading 513023.8 N 0.30 0.64/0.64 T. V. Haymes
England 0048 58.1 W video/red
80.0
Sabadell 413300.2 N 0.50 0.16/0.16 A. Selva,
Spain 020524.8 E video/clear C. Perello,
224.0 V. Cabedo
Saint Caprais 4352259 N 0.20 CCD/Johnson V 1.00/1.58 A. Klotz,
(2 telescopes) 0143058 E 0.94 SWIR/clear 0.05/0.08 Y. Rieugnie,
France 185.0 A. N. Klotz
Seysses 433006.3 N 0.31 0.32/0.32 M. Boutet
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Site Coordinates Telescope aperture (m) Exp. Time/Cycle (s) Observers
Altitude (m) Instrument/filter
France 0117203 E video/UV-IR block
183.0
Sierra Nevada 370351.0 N 1.50 0.04/0.04 J. L. Ortiz,
Spain 032305.0 W  video/clear P. Santos-Sanz,
2925.8 V. Casanova
Southampton 5055189 N 0.40 0.25/0.25 N. J. Haigh
England 012228.1 W  CMOS/clear
16.0
Sternwarte Stuttgart 4846 56.7 N 0.41 0.64/0.64 A. Eberle
Germany 0911474 E video/clear K. Rapp
346.0
Steyning 505316.0 N 0.28 2.00/4.00 N. Quinn
England 001957.0 W  CCD/luminance
20.0
Tournefeuille 4334 58.8 N 0.32 0.25/0.25 M. Delcroix
France 0119354 E CCD/clear
163.0
UCL Observatory 513647.6 N 0.35 1.00/2.38 S. J. Fossey,
London 0014323 W  CCD/luminance C. Arena
England 82.0
Valencia 395642.0 N 0.50 1.00/2.50 V. Peris,
Spain 0106054 W  CCD/clear O. Brevia
1280.0
Varages 433644.6 N 0.50 2.30/2.30 F. Jabet
France 055749.1 E InGaAs/RG1000
300.0 (effective A=1.3 um)
Observations that provided light curves that are not used in Triton’s atmospheric fit
Abingdon 513753.1 N 0.30 0.16/0.16 J. Talbot
England 0116552 W  video/clear
59.0
Agerola 4037 26.2 N 0.50 0.50/0.50 A. Noschese,
Italy 143350.6 E CMOS/clear A. Vecchione
660.0
Calar Alto 37132477 N 0.36 1.00/1.00 J. F. Rojas,
Spain 0232449 W  CCD/clear A. Sanchez-Lavega
2160.0 SWIR
Caserta 4116113 N 0.24 2.00/2.46 L. Cupolino
Italy 1356289 E CCD/clear
407.0
Catania 373024.0 N 0.28 0.64/0.64 C. Scalia,
Italy 1505355 E video/clear R. Lo Savio,
50.0 G. Giardina
Charles Fehrenbach 500501.5 N 0.36 0.28/0.30 P. Morel
Observatory, La Biette 034634.4 E CCD/clear
France 191.0
Glyfada-Athens 375233.6 N 0.35 1.00/1.15 E. I. Kardasis,
Greece 2346 12.0 E CCD/clear A. Christou
100.0
Guirguillano 4242422 N 0.31 2.56/2.56 1. Ordonez-Etxeberria,
Spain 0151543 W  video/clear P. Martorell,
595.0 J. Salamero
Hamsey Green 5119094 N 0.28 1.00/1.00 M. Jennings
England 000401.4 W video/clear
170.0
Houten 5201593 N 0.36 0.41/0.41 J. Sussenbach
Netherlands 0509442 E CCD/
2.0 685 nm long pass
La Hita Observatory 393406.8 N 0.77 CCD/luminance 1.00/3.55 N. Morales, J. L. Ortiz,
(2 telescopes) 031109.5 W  0.40 video/clear 0.30/0.30 F. Organero, L. Ana,
Spain 695.0 F. Fonseca, P. Santos-Sanz
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Altitude (m) Instrument/filter
Lamandine 4412350 N 0.30 0.06/0.06 M. Miniou
France 014201.7 E CCD/clear

297.0
La Sagra Observatory 375858.1 N 0.36 each 1.00/3.79 (tetral) N. Morales,
(4 telescopes) 023405.1 W  tetral, tetra2: CCD/clear 1.00/3.56 (tetra2) J. L. Ortiz,
Spain 1530.0 tetra3, tetra4: video/clear 0.20/0.20 P. Santos-Sanz
Leeds 535015.6 N 0.20 1.28/1.28 A. Pratt
England 013627.8 W  video/IR-UV block

113.0
Lias 4333333 N 0.40 0.13/0.13 F. Metz,
France 0106344 E CCD/clear D. Erpelding,

300.0 J.-P. Nougayrede
Louargat 483216.7 N 0.30 0.20/0.20 B. Reginato,
France 0321305 W CMOS/L E. Reginato

196.0
Massa 4401172 N 0.20 5.12/5.12 (1% half) P. Baruffetti
Italy 1007 56.7 E video/clear 2.56/2.56 (2" half)

30.0
Montigny le Bretonneux 4845540 N 0.28 0.50/0.51 O. Dechambre
France 020052.0 E CCD/clear

168.0
Mount Agliale Observatory 43 5943.1 N 0.50 1.50/3.23 F. Ciabattari
Italy 103053.8 E CCDy/clear

750.0
Nerpio 380956.0 N 0.32 1.00/16.11 E. Briggs
Spain 0219350 W  CCD/clear

1650.0
Neutraubling 485923.1 N 0.28 0.16/0.16 B. Kattentidt
Germany 1212573 E video/clear

333.0
Nice 4343329 N 0.13 2.00/2.00 M. Conjat
France 0717594 E video/clear

350.0
Observatoire de Biscarmiau 43 08 40.4 N 0.31 0.64/0.64 G. Vaudescal
France 0003 31.8 E video/clear

488.0
Observatoire des 442429.7 N 0.80 2.00/2.00 M. Bretton
Baronnies Provengales 0530544 E CCD/clear
France 820.0
Observatoire Monplaisir 4340583 N 0.28 1.03/1.49 J. Ardissone
France 04 38 32.6 E CCD/clear

5.0
Orcemont 483528.0 N 0.10 10.00/10.15 P. Delay
France 014845.0 E CCD/IR cut

165.0
Overath 5057114 N 0.20 0.32/0.32 B. Klemt
Germany 071453.1 E video/clear

200.0
Pfiinz 48 53260 N 0.28 1.00/1.20 B. Gihrken
Germany 111623.0 E CCD/clear

488.0
Pic du Midi Obs. 4256 12.0 N 1.05 0.10/0.10 F. Colas
France 0008 31.9 E sCMOS/clear

2862.0
Rosenfeld-Brittheim 48 1717.8 N 0.80 0.40/0.40 S. Kowollik,
Germany 0840389 E CMOS/UV-IR block R. Bitzer

700.0
Saint Chéron 4832 16.6 N 0.18 0.08/0.08 J. Berthier
France 0207 51.7 E video/clear

160.0
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Saint-Maurice-Navacelles 4350393 N 0.21 0.64/0.64 J. Lecacheux
France 0333473 E CCD/clear
583.0
Saint Michel 4354233 N 0.60 0.05/0.05 E. Meza,
France 0543347 E EMCCD/clear O. Labrevoir
564.0
Selztal Obs. 495000.0 N 0.51 0.8/0.8 G. M. Piehler
Friesenheim 08 1500.0 E CMOS/clear
Germany 110.0
Seysses 4330063 N 0.23 0.32/0.32 J. Sanchez
France 0117203 E video/UV-IR block
183.0
Sierra Nevada 370351.0 N 0.90 1.00/3.33 J. L. Ortiz,
Spain 032305.0 W  CCD/clear P. Santos-Sanz,
2925.8 V. Casanova
Valle d’ Aosta 454723.1 N 0.81 0.2/0.2 D. Cenadelli,
Italy 0728423 E EMCCD/clear J.-M. Christille,
1675.0 B. Sicardy
Stations with technical or weather problems that provided no light curves
Bilbao 431543.6 N 0.5 S. Pérez-Hoyos,
Spain 0256546 W  CCD/clear A. Sanchez-Lavega
47.0
Buthiers 4817300 N 0.59 0.10/0.10 J. L. Dauvergne
France 0226 18.0 E CMOS/L
87.0
Cavarc Observatory 44 40352 N 0.50 J. Rudelle,
France 003743.1 E CMOS/clear B. Tregon
100.0
Comthurey 5315578 N 0.18 K. Guhl
Germany 1311246 E
74.0
Emmendingen 4806142 N 0.18 3.00/3.33 K.-L. Bath
Germany 075128.6 E CMOS/clear
210.0
Eppstein-Bremthal 5008174 N 0.25 0. Klos
Germany 0821504 E video/clear
256.0
Gnosca 4613532 N 0.40 S. Sposetti
Switzerland 0901265 E
260.0
Grapfontaine 4948542 N 0.28 F. Van Den Abbeel
Belgium 0523575 E video/clear
445.0
Hamburg-Bergedorf 532850.0 N 0.60 V. Perdelwitz
Germany 101429.0 E CCDy/clear
25.0
Handeloh 5314064 N 0.35 K. von Poschinger
Germany 094946.7 E CCDy/clear
60.0
Observatory Hoher List 500942.0 N 1.00 M. Miller, G. Herzogenrath,
Eifel 0650550 E CCD/clear D. Frangenberg, L. Brandis,
Germany 549.0 L. Piitz
Labastide-Murat 4438432 N 0.20 0.32/0.32 E. Frappa
France 0134139 E video/clear
445.0
Lauenbriick 531226.6 N 0.50 M. Kretlow
Germany 093436.1 E CCDy/clear
31.0
Malvilliers 4701585 N 0.30 L. Falco
Switzerland 065203.0 E CCD/clear R. Leiva
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845.0
EXPO Observatory 5215450 N 1.12 0.04/0.04 P. Riepe,
Melle 082012.0 E video/clear E. Bredner
Germany 185.0
Meudon 48 48 18.3 N 1.00 T. Widemann, W. Thuillot,
France 021351.6 E CMOS/clear D. Hestroffer,
157.6 E. Lellouch
Ondfejov 4954338 N 0.50 0.04/0.04 M. Jelinek,
Czech Republic 1446529 E EMCCD/R J. Strobl
530.0
Saint-Luc 4613418 N 0.30 E. Bouchet,
Obs. F.-X. Bagnoud 073645.6 E CCDy/clear M. Cottier
Switzerland 2200.0
Saulges 4759020 N 0.25 0.20/0.20 T. Midavaine
France 0024 30.0 W video/clear
97.0
TRAPPIST-North 3112220 N 0.60 E. Jehin
Oukaimeden 07 5159.0 W  CCD/clear
Morocco 2751.0
Uranoscope 4844320 N 0.28 video/clear 0.25/0.25 A. Leroy,
(2 telescopes) 0244320 E 0.36 CMOS/clear 0.25/0.25 S. Bouley
France 110.0
Valée de Joux 46 37 06.0 N 0.61 1.00/1.15 R. Barbosa,
Switzerland 061310.0 E CMOS/clear R. Behrend
1145.0 M. Spano
Vierzon 4713237 N 0.25 L. Rousselot
France 020309.8 E CMOS/clear
97.0
Zurich 4724278 N 0.50 2.00/4.00 S. Gallego,
Switzerland 083039.5 E CCD/Johnson R L. Tortorelli
553.0
Previous occultations
18 July 1997
Brownsville 2558409 N 0.35 0.5/0.5 W. B. Hubbard,
United States 973211.3 W  CCD/clear H. J. Reitsema,
9.0 R. Hill
Bundaberg 2456375 S 0.48 0.33/0.33 E. Hummel, M. Moy,
Australia 15222354 E CCD/clear I. Pink, R. Walters
10.0
Ducabrook 2353550 S 0.35 0.66/0.66 L. Ball,
Australia 14726 40.0 E  CCD/clear G. Neilsen
320.0
Lochington 2356425 S 0.35 0.66/0.66 W. Beisker,
Australia 1473124.8 E  CCD/clear S. Hutcheon
270.0
Observations that provided data that are not used in Triton’s atmospheric fit
Ballandean 2849 05.0 S 0.48 K. Lay
Australia 15148 36.0 E  Visual
710.0
Ipswich ~2738 S 0.30 10 B. Downs
Australia ~15245 E CCD/clear grazing
~40
The Gap 2727423 S 0.40 P. Anderson
Australia 1525558.0 E  Visual
176.0
21 May 2008
Hakos 231411.0 S 0.5 0.67/1.49 K.-L. Bath
Namibia 1621415 E CCD/clear
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1825.0
Hakos 231411.0 S 0.45 0.84/1.0 B. Sicardy
Namibia 1621415 E CCD/clear

1825.0
Maido 2104155 S 0.23 2.56/2.56 J. Lecacheux
La Réunion Island 5523142 E CCD/clear T. Payet
France 2200.0
Tivoli 2327402 S 0.35 1.48/1.48 H.-J. Bode
Namibia 180101.2 E CCD/clear

1344

Observations that provided light curves that are not used in Triton’s atmospheric fit
Piton Lacroix 2112544 S 0.28 2/2 E. Frappa
La Réunion Island 5538 38.5 E CCD/clear
France 2330.0
Stations with technical or weather problems that provided no light curves

Griinau ~2744 S 0.30 clouded out W. Beisker
Namibia ~1823 E

~1100
Hakos 231411.0 S 0.28 2? C. Boissel
Namibia 1621415 E Iocn A. Doressoundiram

1825
Les Makes 21115740 S 035 clouded out B. Payet
La Réunion Island 5524 34.5.0 E CCD/clear
France 972
Maido 2104155 S 0.30 wind shaking J. Francoise
La Réunion Island 5523142 E video/clear B. Mondon
France 2200.0
Piton Lacroix 2112520 S 0.28 moisture A. Peyrot
La Réunion Island 5538350 E CCD/clear J.-P. Teng-Chuen-Yu
France 2350.0
Springbok 2939403 S 0.30 clouded out T. Widemann
South Africa 1752589 E CCD/clear

951
Sutherland 3222438 S 1.0 outside shadow G. Blanchard
South Africa 2048 42.0 E CCD/clear M. Castets

1760 F. Colas
Tivoli 2327402 S 0.27 2? B. Thome
Namibia 180101.2 E CCD/clear

1344
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ABSTRACT

Context. The tenuous nitrogen (N,) atmosphere on Pluto undergoes strong seasonal effects due to high obliquity and orbital eccen-
tricity, and has recently (July 2015) been observed by the New Horizons spacecraft.

Aims. The main goals of this study are (i) to construct a well calibrated record of the seasonal evolution of surface pressure on Pluto
and (ii) to constrain the structure of the lower atmosphere using a central flash observed in 2015.

Methods. Eleven stellar occultations by Pluto observed between 2002 and 2016 are used to retrieve atmospheric profiles (density,
pressure, temperature) between altitude levels of ~5 and ~380 km (i.e. pressures from ~10 ubar to 10 nbar).

Results. (i) Pressure has suffered a monotonic increase from 1988 to 2016, that is compared to a seasonal volatile transport model,
from which tight constraints on a combination of albedo and emissivity of N, ice are derived. (ii) A central flash observed on 2015
June 29 is consistent with New Horizons REX profiles, provided that (a) large diurnal temperature variations (not expected by current
models) occur over Sputnik Planitia; and/or (b) hazes with tangential optical depth of ~0.3 are present at 4-7 km altitude levels; and/or
(c) the nominal REX density values are overestimated by an implausibly large factor of ~20%; and/or (d) higher terrains block part of
the flash in the Charon facing hemisphere.

Key words. methods: observational — methods: data analysis — planets and satellites: atmospheres — techniques: photometric —
planets and satellites: physical evolution — planets and satellites: terrestrial planets

* Partly based on observations made with the Ultracam camera at the  under program ID’s 079.A-9202(A), 075.C-0154, 077.C-0283, 079.C-
Very Large Telescope (VLT Paranal), under program ID 079.C-0345(F), 0345, 088.C-0434(A), 089.C-0356(A), 090.C-0118(A) and 091.C-
the ESO camera NACO at VLT, under program IDs 079.C-0345(B), 0454(A), the Laboratério Nacional de Astrofisica (LNA), Itajubd —
089.C-0314(C) and 291.C- 5016, the ESO camera ISAAC at VLT under MG, Brazil, the Southern Astrophysical Research (SOAR) telescope,
program ID 085.C-0225(A), the ESO camera SOFI at NTT Paranal, and the Italian Telescopio Nazionale Galileo (TNG).
under program ID 085.C-0225(B), the WFI camera at 2.2m La Silla, T Deceased.
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1. Introduction

The tenuous atmosphere of Pluto was glimpsed during a ground-
based stellar occultation observed on 1985 August 19 (Brosch
1995), and fully confirmed on 1988 June 9 during another occul-
tation (Hubbard et al. 1988; Elliot et al. 1989; Millis et al. 1993)
that provided the main features of its structure: temperature,
composition, pressure, and density; see the review by Yelle &
Elliot (1997).

Since then, Earth-based stellar occultations have been a
highly efficient method to study the atmosphere of Pluto. They
yield, in the best cases, information from a few kilometers
above the surface (pressure ~10 wbar) up to 380 km in alti-
tude (~10 nbar). As Pluto moved in front of the Galactic center,
the yearly rate of stellar occultations dramatically increased dur-
ing the 2002-2016 period, yielding a few events per year that
greatly improved our knowledge of the atmospheric structure and
evolution of this planet.

Ground-based occultations also provided a decadal monitor-
ing of the atmosphere. Pluto has a large obliquity (~120°, the
axial inclination to its orbital plane) and high orbital eccentricity
(0.25) that takes the dwarf planet from 29.7 to 49.3 AU dur-
ing half of its 248-year orbital period. Northern spring equinox
occurred in January 1988 and perihelion occurred soon after in
September 1989. Consequently, our survey monitored Pluto as it
receded from the Sun while exposing more and more of its north-
ern hemisphere to sunlight. More precisely, as of 2016 July 19
(the date of the most recent occultation reported here), the helio-
centric distance of Pluto has increased by a factor of 1.12 since
perihelion, corresponding to a decrease of about 25% in aver-
age insolation. Meanwhile, the subsolar latitude has gone from
0° at equinox to 54° north in July 2016. In this context, dramatic
seasonal effects are expected, and observed.

Another important aspect of ground-based occultations is
that they set the scene for the NASA New Horizons mission
(NH hereafter) that flew by the dwarf planet in July 2015 (Stern
et al. 2015). A fruitful and complementary comparison between
the ground-based and NH results ensued — another facet of this
work.

Here we report results derived from eleven Pluto stellar
occultations observed between 2002 and 2016, five of them yet
unpublished, as mentioned below. We analyze them in a unique
and consistent way. Including the 1988 June 9 occultation results,
and using the recent surface ice inventory provided by NH, we
constrain current seasonal models of the dwarf planet. Moreover,
a central flash observed during the 2015 June 29 occultation is
used to compare the lower atmosphere structure of Pluto derived
from the flash with profiles obtained by the Radio Science
EXperiment instrument (REX) on board NH below an altitude
of about 115 km.

Observations, data analysis, and primary results are pre-
sented in Sect. 2. Implications for volatile transport models are
discussed in Sect. 3. The analysis of the 2015 June 29 cen-
tral flash is detailed in Sect. 4, together with its consequences
for Pluto’s lower atmosphere structure. Concluding remarks are
provided in Sect. 5.

2. Observations and data analysis
2.1. Occultation campaigns

Table A.1 lists the circumstances of all the Pluto stellar occulta-
tion campaigns that our group organized between 2002 and 2016.
The first part of this table lists the eleven events that were used in
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Table 1. Adopted physical parameters for Pluto.

Mass @
Radius
N, molecular mass

GMp = 8.696 x 10! m? s2

Rp = 1187 km

u=4.652x10"26 kg

K =1.091x10"2

+(6.282 x 10726 //lim) cm® molecule™!
k =1.380626x 10723 JK!

ap=08h 52m 12.94 s

op =—06d 10’ 04.8”

N, molecular
Refractivity
Boltzmann constant
Pluto pole position
J2000)

Notes. @Stern et al. (2015), where G is the constant of gravitation.
®Washburn (1930). ©Tholen et al. (2008).

the present work. In a second part of the table, we list other cam-
paigns that were not used because the occultation light curves
had insufficient signal-to-noise ratios (S/Ns) and/or because of
deficiencies in the configuration of the occulting chords (graz-
ing chords or single chord) and as such, do not provide relevant
measurements of the atmospheric pressure.

Details on the prediction procedures can be found in Assafin
et al. (2010, 2012) and Benedetti-Rossi et al. (2014). Some of
those campaigns are already documented and analyzed in pre-
vious publications, namely the 2002 July 20, 2002 August 21,
2007 June 14, 2008 June 22, 2012 July 18, 2013 May 4, and
2015 June 29 events. They were used to constrain Pluto’s global
atmospheric structure and evolution (Sicardy et al. 2003, 2016;
Dias-Oliveira et al. 2015; French et al. 2015; Olkin et al. 2015),
the structure and composition (CH4, CO and HCN abundances)
of the lower atmosphere by combination with spectroscopic IR
and sub-millimeter data (Lellouch et al. 2009, 2015, 2017), the
presence of gravity waves (Toigo et al. 2010; French et al. 2015),
and Charon’s orbit (Sicardy et al. 2011). Finally, one campaign
that we organized is absent from Table A.1 (2006 April 10). It
did not provide any chord on Pluto, but was used to put an upper
limit on its rings (Boissel et al. 2014).

We note that five more (yet unpublished) data sets are
included here that were obtained on the following dates: 2008
June 24, 2010 February 14, 2010 June 4, 2011 June 4, and 2016
July 19.

2.2. Light-curve fitting

For all the eleven data sets used here, we used the same pro-
cedure as in Dias-Oliveira et al. (2015; DO15 hereafter) and in
Sicardy et al. (2016). The procedure consists of simultaneously
fitting the refractive occultation light curves by synthetic profiles
generated by a ray-tracing code that uses the Snell-Descartes
law. The physical parameters adopted in this code are listed in
Table 1.

We note in particular that our adopted radius for Pluto is
taken from Stern et al. (2015), who use a global fit to full-disk
images provided by the Long-Range Reconnaissance Imager
(LORRI) of NH to obtain Rp = 1187 +4 km. Nimmo et al. (2017)
improve that value to Rp = 1188.3 + 1.6 km. However, we kept
the 1187 km value because it is very close to the deepest level
reached by the REX experiment, near the depression Sputnik
Planitia; see Sect. 4. Consequently, it is physically more relevant
here when discussing the lower atmospheric structure.

We assume a pure N, atmosphere, which is justified by the
fact that the next most important species (CHy4) has an abundance
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of about 0.5% (Lellouch et al. 2009, 2015; Gladstone et al. 2016),
resulting in negligible effects on refractive occultations.

We also assume a transparent atmosphere, which is sup-
ported by the NH findings. As discussed in Sect. 4, the tangential
(line-of-sight) optical depth of hazes found by NH for the rays
that graze the surface is 7t ~ 0.24, with a scale height of ~50 km
(Gladstone et al. 2016; Cheng et al. 2017). As our fits are mainly
sensitive to levels around 110 km (see below), this means that
haze absorption may be neglected in our ray-tracing approach.
We return to this topic in Sect. 4.3, which considers the effect
of haze absorption on the central flash, possibly caused by the
deepest layers accessible using occultations.

Moreover, we take a global spherically symmetric atmo-
sphere, which is again supported by the NH results, at least
above the altitude ~35 km; see Hinson et al. (2017) and Sect. 4.
This is in line with global climate models (GCMs), which pre-
dict that wind velocities in the lower atmosphere should not
exceed v ~1-10 m s~! (Forget et al. 2017). If uniform, this wind
would create an equator-to-pole radius difference of the corre-
sponding isobar level of at most Ar ~ (Rpv)? /4 GMp < 0.1 km,
using Eq. (7) of Sicardy et al. (2006) and the values in Table 1.
This expected distortion is too small to significantly affect our
synthetic profiles.

Finally, the temperature profile 7'(r) is taken to be constant.
Here, the radius r is counted from the center of Pluto, while the
radius found by NH is 1187 km (Table 1). This is the reference
radius from which we calculate altitudes. Fixing the pressure at a
prescribed level (e.g., the surface) then entirely defines the den-
sity profile n(r) to within a uniform scaling factor for all radii ,
using the ideal gas equation, hydrostatic equilibrium assumption,
and accounting for the variation of gravity with altitude.

Taking T'(r) to be constant with time is justified by the fact
that the pressure is far more sensitive to surface temperature —
through the vapor pressure equilibrium equation — than is the
profile 7'(r) to seasonal effects and heliocentric distance, at least
from a global point of view. For instance, an increase of 1 K
of the free N, ice at the surface is enough to multiply the equi-
librium pressure by a factor of 1.7 (Fray & Schmitt 2009). We
note that this is not inconsistent with our assumption that 7'(r)
is time-independent. In fact, the overall atmospheric pressure is
controlled by the temperature a few kilometers above the surface,
while our fits use a global profile 7'(r) well above the surface.

Pluto ground-based stellar occultations probe, for the best
data sets, altitudes from ~5 (pressure level ~10 ubar) to ~380 km
(~10 nbar level); see DO15. Rays coming from below ~5 km are
detectable only near the shadow center (typically within 50 km)
where the central flash can be detected. The analysis is then
complicated by the fact that double (or multiple) stellar images
contribute to the flux. Moreover, the possible presence of hazes
and/or topographic features can reduce the flux; see Sect. 4.

Conversely, rays coming from above 380 km cause stellar
drops that are too small (<~1%) to be of any use under usual
ground-based observing conditions. That said, our ray-tracing
method is mainly sensitive to the half-light level, where the star
flux has been reduced by 50%. This currently corresponds to a
radius of about 1295 km (or an altitude ~110 km and pressure
~1.6 ubar).

2.3. Primary results

The ray-tracing code returns the best fitting parameters, in par-
ticular the pressure at a prescribed radius (e.g., the pressure
Psurt at the surface, at radius Rp = 1187 km) and the ephemeris
offset of Pluto perpendicular to its apparent motion, Ap. The
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Fig. 1. Example of a y*(Ap, pest) map derived from the simultaneous
fit to the light curves obtained during the 2016 July 19 occultation.
The quantity Ap is the ephemeris offset of Pluto (expressed in kilo-
meters) perpendicular to its apparent motion, as projected in the sky
plane. The other parameter (py,r) is the surface pressure of the DO15
atmospheric model. The white dot marks the best fit, where the min-
imum value Xﬁqm of y? is reached. The value sznin = 4716, using
4432 data points, indicates a satisfactory fit with a y? per degree
of freedom of XﬁofN 4716/4432 ~ 1.06. The best fit corresponds to
Psut = 12.04£0.41 ubar (1-0 level). The error bar is derived from
the 1-o curve that delineates the sznin + 1 level. The 3-0 level curve
(corresponding to the y2. + 9 level) is also shown.

min

Table 2. Atmospheric pressure on Pluto.

Surface Pressure at Fit quality
Date pressure pgyr 1215 km pyais Xﬁof
(ubar) (ubar)
1988 Jun. 09 428 + 0.44 233 +£0.24@ NA
2002 Aug. 21 8.08 +0.18 4.42 +0.093 1.52
2007 Jun. 14 10.29 + 0.44 5.6 +0.24 1.56
2008 Jun.22  11.11 £0.59 6.05 £ 0.32 0.93
2008 Jun. 24 10.52 + 0.51 5.73 £ 0.21 1.15
2010 Feb. 14 10.36 + 0.4 5.64 £0.22 0.98
2010 Jun. 04  11.24 £ 0.96 6.12 £ 0.52 1.02
2011 Jun. 04 9.39 +0.70 5.11 +£0.38 1.04
2012 Jul. 18  11.05 £0.08  6.07 = 0.044 0.61
2013 May 04  12.0 £ 0.09 6.53 £ 0.049 1.20
2015Jun. 29  12.71 £ 0.14  6.92 £ 0.076 0.84
2016 Jul. 19 12.04 + 0.41 6.61 +0.22 0.86

Notes. @The value p,;5 is taken from Yelle & Elliot (1997). The ratio
DPsut/P1215 = 1.84 of the fitting model of DO15 was applied to derive
Psut- Thus, the surface pressures (and their error bars) are mere scalings
of the values at 1215 km. They do not account for systematic uncertain-
ties caused by using an assumed profile (DO15 model); see discussion
in Sect. 3.2. The qualities of the fits (values of Xﬁof) are commented on
in Sect. 2.3.

ephemeris offset along the motion is treated separately; see
DOI5 for details. Error bars are obtained from the classical func-
tion x? = Y\ [(¢iobs — Bisyn)/i]* which reflects the noise level
o; of each of the N data points, where ¢; s and ¢y, are the
observed and synthetic fluxes, respectively. An example of a
X2 (Ap, psurr) map is displayed in Fig. 1, using a simultaneous fit
to the 2015 June 29 occultation light curves. It shows a satisfac-
tory fit for that event, y3 . ~1.06. Table 2 lists the values of x3
for the other occultations, also showing satisfactory fits. We note
the slightly higher values obtained for the 2002 August 21 and
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Fig. 2. Pluto occultation light curves obtained between 2002 and 2012. Blue curves are simultaneous fits (for a given date) using the DO15
temperature-radius 7'(r) model; see text. The residuals are plotted in gray under each light curve.

2007 June 14 events (1.52 and 1.56, respectively). The presence
of spikes in the light curve for the 2002 August 21 event (on top
of the regular photometric noise) explains this higher value; see
Fig. 2. From the same figure, we see that the 2007 June 14 light
curves at Paranal were contaminated by clouds, also resulting in
a slightly higher value of )(g .- All together, those values validate

A42, page 4 of 21

a posteriori the assumptions of pure N,, transparent, spherical
atmosphere with temperature profile constant in time.

In total, we collected and analyzed in a consistent manner 45
occultation light curves obtained from eleven separate ground-
based stellar occultations in the interval 2002-2016 (Table A.1).
The synthetic fits to the light curves are displayed in Figs. 2
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Fig. 3. As in Fig. 2 for the 2012-2016 period.

and 3. Figure B.1 shows the occulting chords and the aspect of
Pluto for each event as seen from Earth.

Two main consequences of those results are now discussed
in turn: (1) the temporal evolution of atmospheric pressure on
Pluto; (2) the structure of its lower atmosphere using the cen-
tral flash of 2015 June 29. A third product of these results
is the update of the ephemeris using the occultation geome-
tries between 2002 and 2016. This latter will be presented in a
separate paper (Desmars et al. 2019).

Time Time

3. Atmospheric evolution

3.1. Constraints from occultations

In 2002, a ground-based stellar occultation revealed that the
atmospheric pressure on Pluto had increased by a factor of
almost two compared to its value in 1988 (Elliot et al. 2003;
Sicardy et al. 2003), although Pluto had receded from the
Sun, thus globally cooling down. Models using global volatile
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Fig. 4. Typical modeled annual evolution of surface pressure obtained with LMD Pluto volatile transport model, assuming permanent deposits
of N, ice inside Sputnik Planitia and in the depression of mid-northern latitudes, a uniform soil seasonal thermal inertia of 800 J s™'/2 m™2 K-,
an emissivity ey, = 0.8 and albedo range An, = 0.72-0.73 for N ice, chosen to yield a surface pressure near 10—11 ubar in July 2015. The black
dots with error bars show the surface pressure (pg,r) inferred from stellar occultation pressure measurements (see Table 2). The curve in magenta
corresponds to a similar simulation but assuming a permanent N, ice reservoir in the south hemisphere between 52.5 and 67.5° S, which leads to a

pressure peak in 1990.

transport predicted this seasonal effect, among different possible
scenarios (Binzel 1990; Hansen & Paige 1996).

Those models explored nitrogen cycles, and have subse-
quently been improved (Young 2012, 2013; Hansen et al. 2015).
Meanwhile, new models have been developed to simulate pos-
sible scenarios for changes over seasonal (248 yr) and astro-
nomical (30 Myr) time scales, accounting for topography and
ice viscous flow, as revealed by the NH flyby in July 2015
(Bertrand & Forget 2016; Forget et al. 2017; Bertrand et al. 2018).

The measurements obtained here provide new values of pres-
sure versus time, and are obtained using a unique light curve
fitting model (taken from DO15), except for the 1988 occulta-
tion; see Table 2. This model may introduce systematic biases,
but it can nevertheless be used to derive the relative evolution
of pressure from date to date, and thus discriminates the various
models of the current seasonal cycle of Pluto. In any case, the
DOI15 light-curve-fitting model appears to be close to the results
derived from NH (see Hinson et al. 2017 and Sect. 4) mean-
ing that those biases remain small. We note that other authors
also used stellar occultations to constrain the pressure evolu-
tion since 1988 (Young et al. 2008; Bosh et al. 2015; Olkin
et al. 2015), but with less comprehensive data sets. We do not
include their results here, as they were obtained with different
models that might introduce systematic biases in the pressure
values.

3.2. Pressure evolution versus a volatile transport model

Table 2 provides the pressure derived at each date, at the refer-
ence radius » = 1215 km (altitude 28 km), their scaled values
at the surface using the DO15 model, as well as the pressure
previously derived from the 1988 June 09 occultation. Figure 4
displays the resulting pressure evolution during the time span
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1988-2016. As discussed in the previous section, even if the use
of the DO15 model induces biases on pgysf, it should be a good
proxy for the global evolution of the atmosphere, and as such,
provides relevant constraints on seasonal models.

We interpret our occultation results in the frame of the
Pluto volatile transport model developed at the Laboratoire
de Météorologie Dynamique (LMD). The model is designed
to simulate the volatile cycles over seasonal and astronomical
timescales on the whole planetary sphere (Bertrand & Forget
2016; Forget et al. 2017; Bertrand et al. 2018). We use the latest,
most realistic version of the model featuring the topography map
of Pluto (Schenk et al. 2018a) and large ice reservoirs (Bertrand
et al. 2018). In particular, we place permanent reservoirs of
nitrogen ice in the Sputnik Planitia basin and in the depres-
sions at mid-northern latitudes (30°N, 60°N), as detected by NH
(Schmitt et al. 2017) and modeled in Bertrand et al. (2018).

Figure 4 shows the annual evolution of surface pressure
obtained with the model compared to the data. This evolution
is consistent with the continuous increase of pressure observed
since equinox in 1988, reaching an overall factor of almost three
in 2016. This results from the progressive heating of the nitrogen
ice in Sputnik Planitia and in the northern mid-latitudes, when
those areas were exposed to the Sun just after the northern spring
equinox in 1988, and close in time to the perihelion of 1989, as
detailed in Bertrand & Forget (2016).

The model predicts that the pressure will reach its peak
value and then drop in the next few years, due to: the orbitally
driven decline of insolation over Sputnik Planitia and the north-
ern mid-latitude deposits; and the fact that nitrogen condenses
more intensely in the colder southern part of Sputnik Planitia,
thus precipitating and hastening the pressure drop. The climate
model has several free parameters: the distribution of nitrogen
ice, its Bond albedo and emissivity, and the thermal inertia of
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the subsurface (soil). However, the large number of observation
points and the recent NH observations provide strong constraints
for those parameters, leading to an almost unique solution.

First, our observations restrict the possible N, ice surface
distribution. Indeed, the southern hemisphere of Pluto is not
expected to be significantly covered by nitrogen ice at the present
time, because otherwise the peak of surface pressure would have
occurred much earlier than 2015, as suggested by the model sim-
ulations (Fig. 4). With our model, we obtain a peak of pressure
after 2015 only when considering small mid-latitudinal nitrogen
deposits (or no deposit at all) in the southern hemisphere.

In our simulation, nitrogen does not condense significantly in
the polar night (outside Sputnik Planitia), in spite of the length
of the southern fall and winter. This is because in Pluto con-
ditions, depending of the subsurface thermal inertia, the heat
stored in the southern hemisphere during the previous south-
ern hemisphere summer can keep the surface temperature above
the nitrogen frost point throughout the cold season, or at least
strongly limit the nitrogen condensation.

Consequently, the data points provide us with a second con-
straint, which is a relatively high subsurface thermal inertia
preventing massive condensation in the southern polar night.
Using a thermal inertia between 700 and 900 J s~/ m™2 K~!
permits us to obtain a surface pressure ratio (Psurf 2015/ Psurf,1988)
of around 2.5-3, as observed. Higher (resp. lower) thermal iner-
tia tends to lower (resp. increase) this ratio, as shown in Fig. 2a
of Bertrand & Forget (2016).

Finally, the nitrogen cycle is very sensitive to the nitrogen ice
Bond albedo Ay, and emissivity en», and only a small range for
these parameters allows for a satisfactory match to the observa-
tions. Figure 4 illustrates that point. To understand it, one can
do the thought experiment of imagining Pluto with a flat and
isothermal surface at vapor pressure equilibrium. A rough esti-
mate of the equilibrium temperature is provided by the classical
equation:

F
oo T! = (1 - Axp) T

where F is the solar constant at Pluto and o =5.67 X
10 Wm™2K* is the Stefan—Boltzmann constant. The surface
pressure pgf is then estimated from the surface temperature 7y,
assuming N; vapor pressure equilibrium (Fray & Schmitt 2009).
Consequently, the surface pressure data set inferred from stellar
occultations provide us with a constraint on (1 — Anz)/enz- In
practice, in the model, we assume large grains for N, ice and we
fix the emissivity at a relatively high value ex, = 0.8 (Lellouch
et al. 2011). Taking F=1.26 W m™2 (in 2015) and assuming
ANy =0.72, we find T, =37.3 K, and a corresponding vapor
pressure pg,f= 14.8 ubar for the N, ice at the surface. With
Anz =0.73, we obtain T, =37.0 K and pgyr = 12.0 ubar. Thus,
the simple equation above provides pressure values that are con-
sistent with the volatile transport model displayed in Fig. 4. It
can then be used to show that decreasing the nitrogen ice albedo
by only 0.01 leads to an increase of surface pressure in 2015 by
the large amount of 25%.

4. Lower atmosphere of Pluto
4.1. The 2015 June 29 occultation

The 2015 June 29 event provided seven chords across the atmo-
sphere of Pluto; see Table A.1 and Fig. B.1. A first analysis of
this event was presented in Sicardy et al. (2016). The two south-
ernmost stations (Bootes-3 and Dunedin) probed the central flash

€—— primary image

Bootes-3
Dunedin

~——> secondary image

——> secondary image

—

Bootes-3
Dunedin

— primary image

Fig. 5. The reconstructed geometry of the 2015 June 29 Pluto stellar
occultation. Celestial north is at the top and celestial east to the left; see
labels N and E. The equator and prime meridian (facing Charon) are
drawn as thicker lines. The direction of planet rotation is along the gray
arrow. In the two panels, the stellar motion relative to Pluto is shown
as black solid lines as seen from the Bootes-3 and Dunedin stations,
with direction of motion marked by the black arrow. The shaded region
at the center roughly indicates the zone where a central flash could be
detected. In the upper panel, the red and blue lines are the trajectories
of the primary and secondary stellar images, respectively, as seen from
Bootes-3. In the lower panel, the same is shown as in the upper panel but
for the stellar images as seen from Dunedin. For a spherical atmosphere,
the position of the star in the sky plane, the center of Pluto and the two
images are aligned, as shown in the upper panel (see the dotted line
connecting the star symbols).

region (Fig. 5). This was a unique opportunity to study the lower
atmosphere a mere fortnight before the NH flyby ( 2015 July 14).
During this short time lapse, we may assume that the atmosphere
did not suffer significant global changes.

For a spherical atmosphere, there are two stellar images at
any moment, a primary (near limb) image and a secondary (far
limb) image that are aligned with the center of the planet and the
star position, as projected in the sky plane; see Fig. 5. Since the
ray-tracing code provides the refraction angle corresponding to
each image, their positions along the limb of Pluto can be deter-
mined at any time (Fig. 5) and then projected onto its surface
(Fig. 6).

4.2. Comparison with the REX results

The REX instrument recorded an uplinked 4.2 cm radio signal
sent from Earth. The phase shift due to the neutral atmosphere

A42, page 7 of 21



A&A 625, A42 (2019)

Bootes-3

secondary egress

\
secondary central
flash peak
o]

primary ingress

Latitude (deg)
0

secondary
/7 ingress
primary

egress A

-50
T

50
T

Dunedin

primary ingress

\
primary central
flash peak
* o]

secondary egress

Latitude (deg)
0

secondary central
flash peak
primary
egress

-

secondary
ingress 1

100 150 200 250 300

East longitude (deg)

[¢] 50 100 150 200 250 300

East longitude (deg)

Fig. 6. Left panel: traces of the primary (red) and secondary (blue) stellar images observed at Bootes-3, as deduced from Fig. 5. The arrows indicate
the direction of motion. “Ingress” (resp. “egress”) refers to the disappearance (resp. re-appearance) of the images into the atmosphere of Pluto. The
diamond-shaped symbols mark the positions of the image at the peak of the flash, corresponding to the time of closest approach of the respective
station to the shadow center. In total, the primary image scanned longitudes from 120 to 270°, while the secondary image scanned longitudes from
310 to 360° and then from O to 70°. The brace indicates the total duration of the primary flash (~15 s, see Sect. 4) at Bootes-3, covering a relatively
large region of more than 120° in longitude. A similar extension applies to the secondary flash, but the brace has not been drawn for sake of clarity.
The black bullets are the locations of the REX measurements at entry and exit (Hinson et al. 2017). We note the casual proximity of the REX points
and the 2015 June 29 flash peaks. Right panel: same as in left panel but for the Dunedin station, where the brace has not been repeated. We note
that the tracks and motions of the primary and secondary images are essentially swapped between the two stations.

Table 3. Regions probed by the central flash (2015 June 29) and REX experiment (2015 July 14.).

Location on surface  Local solar time ©®

June 29, 2015

Time (UT) @
Bootes-3, primary image 16:52:54.8
Bootes-3, secondary image 16:52:54.8
Dunedin, primary image 16:52:56.0
Dunedin, secondary image 16:52:56.0

186.8°E, 18.5°S
6.8°E, 18.5°N
8.6°E, 19.7°N
188.6°E, 19.7°S

7.67 (sunrise)
19.67 (sunset)
19.79 (sunset)
7.79 (sunrise)

NH radio experiment (REX), July 14, 2015

12:45:15.4
12:56:29.0

Entry
Exit

193.5°E, 17.0°S
15.7°E, 15.1°N

16.52 (sunset)
4.70 (sunrise)

Notes. “For the ground-based observations, this is the time of closest approach to shadow center (Sicardy et al. 2016), for the REX experiment,
this the beginning and end of occultation by the solid body (Hinson et al. 2017). ’One “hour” corresponds to a rotation of Pluto of 15°. A local

time before (resp. after) 12.0 h means morning (resp. evening) limb.

was then used to retrieve the n(r), p(r), and T'(r) profiles through
an inversion method and the usual ideal gas and hydrostatic
assumptions (Hinson et al. 2017). The REX radio occultation
probed two opposite points of Pluto as the signal disappeared
behind the limb (entry) and re-appeared (exit); see Fig. 6.
We note that the REX entry point is at the southeast mar-
gin of Sputnik Planitia, a depression that is typically 4 km
below the surrounding terrains; see Hinson et al. (2017) for
details.

We also note the (serendipitous) proximity of the regions
scanned by the 2015 June 29 central flash and the two zones
probed by REX at entry and exit. This permits relevant tests of
the REX profiles against the central flash structure. The local
circumstances on Pluto for the central flash and the REX occul-
tation are summarized in Table 3. However, the local times
are swapped between our observations and REX suboccultation
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points: the sunrise regions of one being the sunset places of the
other and vice versa; see the discussion below.

The REX profiles are in good general agreement with those
derived by Sicardy et al. (2016) — based itself on the DO15 pro-
cedure — between the altitudes of 5 and 115 km (Figs. 7 and 8),
thus validating our approach. However, we see discrepancies at
altitudes below ~25 km (r < 1212 km), in the region where the
REX entry and exit profiles diverge from one another.

Part of those differences may stem from the swapping of
the sunrise and sunset limbs between the REX measurements
and our observations, and from the fact that a diurnal sublima-
tion/condensation cycle of N, occurs over Sputnik Planitia. In
fact, lower temperatures just above the surface are expected at
the end of the afternoon in that region, after an entire day of
sublimation (Hinson et al. 2017). Conversely, a warmer profile
could prevail at sunrise, after an entire night of condensation.
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Fig. 7. Red and blue squares: the REX radio occultation N, density
profiles, with the shaded area indicating the 1-o- error bar domain
(Hinson et al. 2017). Below 1220 km, the errors decrease and become
unnoticeable in this plot. The entry (resp. exit) profile is given from
r = 1188.4 km (resp. 1193.4 km), up to 1302.4 km, where the error
bars become too large for a reliable profile to be retrieved. We note
that by construction, the REX entry and exit profiles are identical for
r > 1220 km. Below that radius, the two profiles diverge significantly,
due to different physical conditions of the boundary layer just above the
surface (Fig. 8). The solid red and blue lines connecting the squares are
spline interpolations of the REX profiles that are used in our ray-tracing
code; see text. The REX profile is extended above r = 1302.4 km as a
thin solid line, by adopting a scaled version of the 2015 June 29 pro-
file (i.e., a mere translation of the thick solid line in this (log,y(n),r)
plot), while ensuring continuity with the REX profile. Thick solid line:
the profile derived by Sicardy et al. (2016) using the DO15 light-curve-
fitting model. The formal 1-0 error bar of this profile is smaller than the
thickness of the line, but does not account for possible biases; see text.

This warmer profile would then be more in agreement with the
DO15 temperature profile.

However, the difference between the REX (red) and DO15
(black) profiles in Fig. 8 remains large (more than 20 K at a given
radius). This is much larger than expected from current GCMs
(e.g. Forget et al. 2017, Fig. 7), which predict diurnal variations
of less than 5 K at altitude levels 1-2 km above Sputnik Plani-
tia, and less than 1 K in the ~4-7 km region that causes the
flash (Sicardy et al. 2016). In practice, Forget et al. (2017) pre-
dict that above 5 km, the temperature should be uniform over the
entire planet at a given radius. This is in contrast to REX obser-
vations that reveal different temperature profiles below 25 km
(Fig. 8). Thus, ingredients are still missing to fully understand
REX observations, for instance the radiative impact of organic
hazes, an issue that remains out of the scope of this paper.

We note that the entry REX profile goes deeper than the exit
profile. This reflects the fact that the nominal radii of Pluto are
at 1187.4 + 3.6 km at entry and 1192.4 + 3.6 km at exit (Hinson
et al. 2017). This discrepancy is not significant considering the
uncertainties on each radius. However, the examination of Fig. 9
shows that the most probable explanation of this mismatch is
that REX probed higher terrains at exit than at entry, then pro-
viding the same pressure at a given planetocentric radius. This
is the hypothesis that we adopt here, which is furthermore sup-
ported by the fact that the REX entry point is actually near the
depressed region Sputnik Planitia. More precisely, the REX solu-
tion for the radius at entry (1187.4 + 3.6 km) is fully consistent
with the radius derived from NH stereo images at the same loca-
tion, 1186.5 + 1.6 km (Hinson et al. 2017). That said, we note that
our data do not have enough sensitivity to constrain the absolute

1300
T

1250

Radius r (km)

1200
T

Temperature T(r) (K)

Fig. 8. As in Fig. 7 but for the temperature profiles 7(r). By construc-
tion, the REX profile uses a boundary condition 7, = 95.5 K at the
reference radius r, = 1302.4 km in order to connect it to the DO15
profile (solid black line). Thus, the intersection of the REX and DO15
profiles at r, is a mere result of the choice of T}, and is not a mea-
surement. There are no formal error bars on the temperature profile of
Sicardy et al. (2016), as most of the errors come in this case from biases;
see text.

Sicardy et al. 2016

1200 1210

Radius r (km)

1190

6 7 8 9 10 12
Pressure p(r) (ubar)

Fig. 9. As in Fig. 7, but for the pressure profiles p(r). The gray region
encompassing the profile of Sicardy et al. (2016) and delimited by thin
solid lines is the uncertainty domain discussed by those authors.

vertical scale of the density profiles at a better level than the REX
solution (+3.6 km); see following section.

4.3. The 2015 June 29 central flash

The REX profiles extend from the surface (with pressures of
12.8 £ 0.7 and 10.2 + 0.7 uybar at entry and exit, respectively) up
to about 115 km, where the pressure drops to ~1.2 ubar. Mean-
while, Sicardy et al. (2016) derive a consistent surface pressure
of 12.7 ubar, with error domains that are discussed later.
Nevertheless, the DO15-type thermal profile for the strato-
sphere (also called inversion layer) that extends between the
surface and the temperature maximum at r = 1215 km is assumed
to have a hyperbolic shape. The DO15 profile stops at its bot-
tom at the point where it crosses the vapor pressure equilibrium
line, thus defining the surface (assuming no troposphere). While
the adopted functional form captures the gross structure of the
thermal profile, it remains arbitrary. In fact, as the error bars of
the REX profiles decrease with decreasing altitude, it becomes
clear that the DO15 profile overestimates the temperature by
tens of degrees (compared to REX) in the stratosphere as one
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| I |
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Case (1)
X2y = 0.924

(b)

Normalized stellar + Pluto + Charon flux

Case (3)
X2,.¢= 0.999

Time

Time

Time Time

Fig. 10. In each panel, the synthetic fits to the Bootes-3 (left) and Dunedin (right) observations of 2015 June 29 shown as blue points, together
with the residuals (observations minus model) under each light curve, for each of the cases discussed in the text. The tick marks on the time axis
are plotted every 10 s, and the horizontal bars above each curve show the one-minute interval from 16h 52 m30 to 16h 53 m30s UT. (a) Best fits to
the Bootes-3 and Dunedin light curves using the DO15 light curve fitting model (Sicardy et al. 2016); see also Figs. 7 and 8. (b) As in panels a but
using the nominal REX density profile. We note that the synthetic flashes are too high at both stations. (¢) As in (a) and (b) but after multiplying the
REX density profiles by a factor f = 0.805 and moving the shadow of Pluto 17 km north of the solution of Sicardy et al. (2016). (d) As in panels ¢
using the nominal REX profiles, but with a topographic feature of height # = 1.35 km that blocks the stellar image during part of its motion along
the southern Pluto limb (Fig. 5); the shadow has now been moved by 19.5 km north of the solution of Sicardy et al. (2016). In each panel, the value
of the y? function per degree of freedom (Xgof) provides an estimation of the quality of the fit; see text for discussion.

approaches the surface. Also, it ends up at the surface with a
thermal gradient (16 Kkm™!, see Fig. 8) that is much stronger
than in the REX profiles, where it is always less that 10 K km™!
in the stratosphere. As discussed in the previous section however
the N, diurnal cycle might induce a warmer temperature profile
(after nighttime condensation) at an altitude of a few kilome-
tres above Sputnik Planitia. This would result in a larger thermal
gradient that would be closer to the DO15 profile, but still too far
away from it according to GCM models, as discussed previously.

In this context, we have tested the REX profiles after modi-
fying our ray-tracing procedure to generate new synthetic central
flashes. We now account for the fact that the two stellar images
that travel along the limb of Pluto probe different density pro-
files. To simplify the problem as much as possible, we assume
that the stellar images that follow the northern and southern
limbs probe an atmosphere that, respectively, has the entry and
exit REX density profiles, in conformity with the geometry
described in Fig. 6. This is an oversimplified approach as the
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stellar images actually scan relatively large portions of the limb,
not just the REX entry and exit points (Fig. 6). However, this
exercise allows us to assess how different density profiles may
affect the shape of the central flash. To ensure smooth synthetic
profiles, the discrete REX points have been interpolated by spline
functions, using a vertical sampling of 25 m. Finally, above the
radius r = 1302.4 km, the REX profiles have been extrapolated
using a scaled version of the DO15 profile (see details in Fig. 7).

Because we want to test the shape of the central flash only, we
restrict the generation of the synthetic light curves to the bottom
parts of the occultation. We also include in the fit two intervals
that bracket the event outside the occultation, where we know
that the flux must be unity (Fig. 10). Those external parts do
not discriminate the various models, but serve to properly scale
the general stellar drop. Thus, the steep descents and ascents of
the occultation light curves are avoided, as they would provide
too much weight to the fits. Finally, since no calibrations of the
light curves are available to assess the contribution ¢p of Pluto
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to the observed flux, a linear least-square fit of the synthetic flux
to the data was performed before calculating the residuals. This
introduces a supplementary adjustable parameter, ¢p to the fits.

Four simple scenarios are considered: (1) We first use the
original model of Sicardy et al. (2016) to generate the light
curves. (2) We take the REX density profiles at face value and
use the modified ray-tracing model described above, fixing the
ephemeris offset of Pluto as determined in Case (1). (3) We
apply an adjustable, uniform scaling factor f to the two REX
density profiles (which also applies to the pressure profile since
the temperature is fixed), and we adjust the ephemeris offset
accordingly. (4) Turning back to the REX density profiles of Case
(2), we assume that a topographic feature of height / (on top of
the REX exit radius, 1192.4 km) blocks the stellar image gener-
ated by the REX exit profile, that is, that the stellar image that
travels along the southern limb (Fig. 5) is turned off below a
planetocentric radius 1192.4 + h km.

It should be noted that the amplitude of the synthetic flash is
insensitive to the absolute altitude scale that we use for the REX
density profiles, to within the +3.6 km uncertainty discussed in
the previous section. For instance, displacing the REX entry pro-
file downward by 1 km, while displacing the exit profile upward
by the same amount (because the two errors and anticorrelated;
see Hinson et al. 2017) changes the relative amplitude of the flash
by a mere 1073, well below the noise level of our observations
(Fig. 10). In other words, our central flash observations cannot
pin down the absolute vertical scales of the profiles to within the
+3.6 km REX uncertainty.

The fits are displayed in Fig. 10. Their qualities are estimated
through the y? value. Depending on the fits, there are M = 1—
3 free parameters (the pressure at a prescribed level, off-track
displacement of Pluto with respect to its ephemeris, and its con-
tribution ¢p to the flux). In all the fits, there are N = 217 adjusted
data points. We note that the value of & in Case (4) has been
fixed to 1.35 km, i.e., it is not an adjustable parameter. This is
discussed further in the points below:

1. The nominal temperature profile 7(r) of Sicardy et al.
(2016) with surface pressure pg,s = 12.7 ubar provides a sat-
isfactory fit with y?> = 198 (/\(iof = x*/(N — M) = 0.924 per
degree of freedom). In this case, the Bootes-3 and Dunedin sta-
tions passed 46 km north and 45 km south of the shadow center,
respectively.

2. The nominal REX profiles result in flashes that are too
high compared to the observations, as noted by a visual inspec-
tion of Fig. 10 (and from y? = 326, )((zjof = 1.52). This can
be fixed by introducing haze absorption. A typical factor of
0.7 must be applied to the Bootes-3 synthetic flash in order to
match the data, while a typical factor of 0.76 must be applied
to the Dunedin synthetic flash. This corresponds to typical tan-
gential optical depths (along the line of sight) in the range
7r = 0.27-0.35, for rays that went at about 8 km above the
REX 1187.4 km radius. Changing the off-track offset of Pluto
does not help in this case, as one synthetic flash increases while
the other decreases. This could be accommodated by adjusting
accordingly the optical depths 71, but this introduces too many
adjustable parameters to be relevant.

3. A satisfactory best fit is obtained (y? = 214, )((21 o = 0.999)
by uniformly reducing the REX density profiles by a factor of
0.805 and by moving the shadow center cross-track of Pluto
by 17 km north with respect to Case (1), the Bootes-3, and
Dunedin stations passing 29 km north and 62 km south of the
shadow center, respectively. This displacement corresponds to
a formal disagreement at 3-0 level for the center position of
Pluto between Cases (1) and (3), when accounting for the noise

present in the central flashes (Fig. 10). Thus, such a difference
remains marginally significant. We also note that a satisfac-
tory fit to the Bootes-3 flash is obtained, while the Dunedin
synthetic flash remains slightly too high. As mentioned again
below however, a reduction of the density profile by a factor
of 0.805 is implausible considering the error bars of the REX
profiles.

4. Using again the nominal REX profiles of Case (2), but
imposing a topographic feature of height 2 = 1.35 km on top
of the REX exit radius of 1192.4 km, a satisfactory fit to the
Bootes-3 flash is obtained (y* = 205, 23, = 0.959); in fact
the best of all fits for that station. Meanwhile, the Dunedin
synthetic flash remains slightly too high compared to obser-
vations. In this model, the center of the shadow of Pluto has
been moved cross-track by 19.5 km north with respect to the
first model, meaning that the Bootes-3 and Dunedin stations
passed 26.5 km north and 64.5 km south of the shadow cen-
ter, respectively. Again the discrepancy relative to the center
solution of Case (1) is at 3-0 level, and is thus marginally sig-
nificant. The particular choice of 4 = 1.35 km stems from the
fact that lower values would increase the Dunedin flash even
more, while higher values would decrease the Bootes-3 flash too
much. We have not explored further values of / by tweaking the
density profiles. Therefore, this is again an exercise to show that
reasonably high topographic features may explain the observed
flash.

5. Concluding remarks
5.1. Global atmospheric evolution of Pluto

Figure 4 summarizes our results concerning the evolution of
the atmospheric pressure of Pluto with time. It shows that
the observed trend can be explained by adjusting the physical
parameters of the planet in a rather restrictive way.

As noted in Sect. 3, this evolution is consistent with the con-
tinuous increase of pressure observed since 1988 (a factor of
almost three between 1988 and 2016). It results from the heating
of the nitrogen ice in Sputnik Planitia and in the northern mid-
latitudes, when the areas are exposed to the Sun (just after the
northern spring equinox in 1989) and when Pluto is near the Sun
(Bertrand & Forget 2016). The model also predicts that atmo-
spheric pressure is expected to reach its peak and drop in the
next few years, due to (1) the orbitally driven decline of insola-
tion over Sputnik Planitia and the northern mid-latitude deposits,
and (2) the fact that nitrogen condenses more intensely in the
colder southern part of Sputnik Planitia, thus precipitating and
hastening the pressure drop.

In that context, it is important to continue the monitoring
of the atmosphere of Pluto using ground-based stellar occul-
tations. Unfortunately, as Pluto moves away from the Galactic
plane, such occultations will become increasingly rare.

5.2. Lower atmosphere of Pluto

The models presented in the Sect. 4 and illustrated in Fig. 10
are not unique and not mutually exclusive. For instance, one can
have at the same time a topographic feature blocking the stellar
rays, together with some haze absorption. Also, hazes, if present,
will not be uniformly distributed along the limb. Similarly, topo-
graphic features will probably not be uniformly distributed along
the limb, but will rather have a patchy structure that complicates
our analysis. In spite of their limitations, the simple scenarios
presented above teach us a few lessons:
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1. Although satisfactory in terms of flash fitting, the nom-
inal temperature profile of Sicardy et al. (2016) seems to be
ruled out below the planetocentric radius ~1215 km, since it is
clearly at variance with the REX profiles (Fig. 8), while probing
essentially the same zones on the surface of the dwarf planet
(Fig. 6). As discussed in Sect. 4.2 however, diurnal changes
occurring over Sputnik Planitia might explain this discrepancy,
with a cooler (sunset) REX temperature profile and a warmer
(sunrise) profile more in line with the DO15 solution. However,
current GCM models predict that these diurnal changes should
occur below the 5 km altitude level, and not as high as the 25 km
level observed here. This issue remains an open question that
would be worth investigating in future GCM models.

2. The REX profiles taken at face value cannot explain the
central flashes observed at Bootes-3 and Dunedin, unless hazes
are present around the ~8 km altitude level, with optical depths
along the line of sight in the range T = 0.27-0.35. This is higher
but consistent with the reported value of 7 ~ 0.24 derived from
NH image analysis (Gladstone et al. 2016; Cheng et al. 2017).
In fact, the two values are obtained by using quite different
methods. Cheng et al. (2017) assume tholin-like optical con-
stant, which is not guaranteed. Moreover, their 0.24 value is the
scattering optical depth, while we measure the aerosol extinc-
tion (absorption plus scattering). Chromatic effects might also
be considered to explain those discrepancies, as the Bootes-
3, Dunedin, and the NH instruments have different spectral
responses. Our data are too fragmentary however to permit such
a discussion.

3. An alternative solution is to uniformly reduce the REX
density profiles by a factor 0.805. However, this would induce
a large disagreement (8-0 level) on the REX density profile at
7 km altitude, and thus appears to be an unrealistic scenario.
Moreover, the underdense versions of the REX profiles would
then formally disagree (i.e., beyond the internal error bars of the
DO15 light-curve-fitting model) when extrapolated to the over-
lying half-light level around r = 1300 km. A remedy would be
to patch up profiles derived from ground-based measurements
with the underdense REX profiles, and re-run global fits. This
remains out of the scope of the present analysis.

4. The topographic feature hypothesis remains an attractive
alternative, as it requires modest elevation (a bit more than 1 km)
above the REX exit region, which is known to be higher than the
entry region, Sputnik Planitia. A more detailed examination of
the elevation maps of Pluto, confronted with the stellar paths
shown in Fig. 6, should be undertaken to confirm or reject that
hypothesis. That said, such + 1 km topographic variations are
actually observed all over the surface of the planet (Schenk et al.
2018b).

As a final comment, we reiterate that the flashes were gen-
erated by assuming a spherical atmosphere near the surface of
Pluto. There is no sign of distortion of the Bootes-3 or Dunedin
flashes suggesting a departure from sphericity. It would be useful
however to assess such departures, or at least establish an upper
limit for them in future works.
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Appendix A: Circumstances of observations

Table A.1. Circumstances of observations.

DATE
Site Coordinates Telescope Exp. time/cycle (s)  Observers
altitude (m) instrument/filter
2002 August 21
CFHT 19 49 30.88 N 3.6m 1/1.583 C. Veillet
Hawaii 15528 07.52W 1(0.83 +£0.1 um)

4200

2007 June 14

Pico dos Dias 22327.80S 1.6m 0.4/0.4 F. Braga-Ribas,
Brazil 4534 5770 W CCD/clear D. Silva Neto
1864
Hakos 2314504 S IAS 0.5m 1.373/1.373 M. Kretlow
Namibia 1621 41.5E TC245 10C/clear
1825.
Paranal 24 37 39.44 S UT18.2m 0.1/0.1 V. Dhillon,
Chile 7024 1827 W Ultracam/u’, g’, 7’ S. Littlefair,
2635 A. Doressoundiram
Paranal 291516.59 S VLT Yepun 82m 1/1 B. Sicardy
Chile 7044 21.82 W NACO/Ks
2315.
2008 June 22
Bankstown 3355568 0.275m 1.28/1.28 T. Dobosz
Australia 1510145E video/clear
24.9
Blue Mountains 3339519 S 0.25m 1.28/1.28 D. Gault
Australia 15038 279 E video/clear
286
Reedy Creek 2806299 S 0.25m 6.30/8.82 J. Broughton
Australia 15323 52.0E CCD/clear
65
Glenlee 231609.6 S 0.30m 0.12/012 S. Kerr
Australia 15030 00.8 E video/clear
50
Perth 31472158 0.25m G. Bolt
Australia 11545313 E CCD/clear 2.0
45 6.0
2008 June 24
CFHT 1949 30.88 N 3.6 m 0.065/0.065 L. Albert
Hawaii 15528 07.52 W Wircam/K
4200
2010 February 14
Pic du Midi 4256 12.0 N T1m 0.32/0.32 J. Lecacheux
France 0008 31.9E CCD/clear
2862
Lu 46 37 26.3 N 0.35m 0.35/0.50 C. Olkin,
Switzerland 1022003 E video/clear L. Wasserman
1933
Sisteron 44051820 N 0.3m 0.64/0.64 F. Vachier
France 0556 16.3E Watec 120/clear
634
2010 June 04
Mt John 4359 13.6 S 1m 0.32/0.32 B. Loader,
New Zealand 17027 50.2 E CCD/clear A. Gilmore, P. Kilmartin
1020
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DATE
Site Coordinates Telescope Exp. time/cycle (s)  Observers
altitude (m) instrument/filter
2010 June 04
Hobart 42 5049.83 S 1m 1/1 J. G. Greenhill,
Australia 147255532 E  Raptor/l S. Mathers
38
Blenheim 4129363 S Bootes-3 0.6 m 0.50/1.75 W. H. Allen
New Zealand 173 5020.7 E CCD/r
37.5
Blenheim 4129363 S 0.4m 2.5/6 W. H. Allen
New Zealand 173 50 20.7 E CCD/clear
37.5
Oxford 43 18 36.78 S 0.3m 0.64/0.64 S. Parker
New Zealand 172 13 07.8 E Video/clear
221
2011 June 04
Santa Martina 331609.0 S 0.4m 2/2 R. Leiva
Chile 4534 577710 W EMCCD/clear
1450
La Silla 291516.59 S TRAPPIST S 0.6 m 3/4.4 E. Jehin
Chile 7044 21.82 W CCD/clear
2315
San Pedro de 22571238 Caisey 0.5 m 2/2.87 A. Maury
Atacama, Chile 68 1047.6 W CCD/clear
2397
Pico dos Dias 22327808 1.6m 0.1/0.1 M. Assafin
Brazil 4534 5770 W CCD/clear
1864
2012 July 18
Santa Martina 331609.0 S 0.4m 1/1 R. Leiva
Chile 4534 57770 W CCD/clear
1450
Cerro Burek 31471248 ASH 0.45m 13/15.7 N. Morales
Argentina 6918245 E CCD/clear
2591
Paranal 24373108 VLT Yepun 8.2 m 0.2/0.2 J. Girard
Chile 7024 08.0 W NACO/H
2635
San Pedro de 22571238 ASH2 0.4 m 13/15.44 N. Morales
Atacama, Chile 68 1047.6 W CCD/clear
2397
Huancayo 12023228 0.20m 10.24/10.24 E. Meza
Peru 7519 147 W CCD/clear 5.12/5.12
3344
2013 May 04
Pico dos Dias 2232078 S B&C 0.6 m 4.5/6 M. Assafin,
Brazil 4534 577 W CCD/1 A. R. Gomes-Junior
1,811
Cerro Burek 31471458 ASH 0.45 m 6/8 J.L. Ortiz
Argentina 69 18259 W CCD/clear
2591
Cerro Tololo 301003.36 S PROMPT 0.4 m 5/8 J. Pollock
Chile 70 48 19.01 W P1, P3, P4, P5 P3 offset 2 sec
2207 CCD/clear P4 offset 4 sec
P5 offset 6 sec
La Silla 291521276 S Danish 1.54m Lucky Imager L. Mancini
Chile 7044 20.184 W Lucky Imager/Z (>650nm  0.1/0.1
2336 CCD/iXon response)

A42, page 16 of 21



E. Meza et al.: Lower atmosphere and pressure evolution on Pluto from ground-based stellar occultations, 1988-2016

Table A.1. continued.

DATE
Site Coordinates Telescope Exp. time/cycle (s)  Observers
altitude (m) instrument/filter
2013 May 04
La Silla 29 1516.59 S TRAPPISTS 0.6m  4.5/6 E. Jehin
Chile 7044 21.82 W  CCD/clear
2315
Cerro Paranal 24 3731.0S VLT Yepun 8.2 m 0.2/0.2 G. Hau
Chile 7024 08.0 W NACO/H
2635.43
San Pedro de 22571238 Caisey 0.5 mf/8 3/4.58 A. Maury
Atacama, Chile 68 1047.6 W CCD/V
2397
San Pedro de 22571238 Caisey 0.5 mf/6.8 4/4.905 L. Nagy
Atacama, Chile 68 1047.6 W CCD/B
2015 June 29
Lauder 4502 17.39 S Bootes-3/YA 0.60m  0.05633/0.05728 M. Jelinek
New Zealand 169 41 00.88 W EMCCD/clear central flash detected
382
Dunedin 4554318 0.35m 5.12/5.12 A. Pennell, S. Todd,
New Zealand 17028 46 E CCD/clear M. Harnisch, R. Jansen
136 central flash detected
Darfield 432852908 0.25m 0.32/0.32 B. Loader
New Zealand 172062440 E  CCD/clear central flash detected
210
Blenheim 1 41 3208.60 S 0.28 m 0.64/0.64 G. McKay
New Zealand 17357 25.10 E CCD/clear
18
Blenheim 2 4129 36.27 S 0.4m 0.32/0.32 W. H. Allen
New Zealand 1735020.72E  CCD/clear
38
Martinborough 41 14 17.04 S 0.25m 0.16/0.16 P. B. Graham
New Zealand 17529 01.18 E CCD/B
73
Greenhill Obs. 42 2551.80 S 1.27m 0.1/0.1 A. A. Cole,
Australia 147171580 E  EMCCD/B A. B. Giles,
641 K. M. Hill
Melbourne 375038.50 S 0.20m 0.32/0.32 J. Milner
Australia 145142440 E  CCD/clear
110
2016 July 19
Pic du Midi 4256 120N 1m 0.3/0.3 F. Colas,
France 0008 319 E EMCCD/clear E. Meza
2862
Valle d’Aosta 4547 22.00 N 0.81 m 1/1 B. Sicardy,
Italy 72842.00E EMCCD/clear A. Carbognani
1674
La Palma 2845144 N TNG 3.58 m 1/5 L. di Fabrizio, A. Magazz,
Spain 1753 20.6 E EMCCD/clear V. Lorenzi, E. Molinari
2387.2
Saint Véran 44 41 49.88 N 0.5m 0.3/0.3 J.-E. Communal,
France 06542590 E EMCCD/clear S. de Visscher, F. Jabet,
2936 0.62m 0.2/0.2 J. Sérot
near IR camera/
RG 850 long pass
Calern 4345 13.50 N C2PU T1m 0.3/0.3 D. Vernet, J.-P. Rivet,
France 065521.80E EMCCD/clear Ph. Bendjoya, M. Devogele
1264
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DATE
Site Coordinates Telescope Exp. time/cycle (s)  Observers
altitude (m) instrument/filter
2016 July 19
Mitzpe Ramon 30354440 N Jay Baum Rich  1/2.5 S. Kaspi, D. Polishook,
Israel 3445 45.00 E Telescope 0.7 m N. Brosh, I. Manulis
862 CCD/clear
Trebur 495531.6 N TIT 1.2m 0.3/0.3 J. Ohlert
Germany 0824411 E CMOS/clear
90
Athens 3758 06.8 N 0.4m 2/4.5 K. Gazeas,
Greece 2347 00.1 E CCD/clear L.Tzouganatos
250
Ellinogermaniki 37 59 51.7 N 0.4m 7/11 V. Tsamis,
Agogi, Pallini 235836.2E CCD/clear K.Tigani
Greece 169
Data sets not included in this work
2002 July 20
Arica 1826 53.8 S 0.3m 2/2 F. Colas
Chile 694551.5W CCD/clear
2500
2006 June 12
Stockport 341955318 0.50m 1.5/2 B. Lade
Australia 138 43 45.38 E  CCD/clear
24
Blue Mountains 33395198 0.25m 1/2 D. Gault
Australia 15038 279 E CCD/clear
286
Hobart 425049.83 S 0.4m 1.6/1.6 W. Beisker,
Australia 147 25 55.32 E A. Doressoundiram,
38 S. W. Dieters, J. G. Greenhill
2007 March 18
Catalina Mts. 322500N Kuiper 1.53 m 0.68/0.68 T. Widemann
USA 11043 57 W CCD/clear
2790
Palmer Divide 390505N 0.35m 16.9/16.9 B. Warner
USA 104 45 04 W CCD/clear
2302
Calvin Rehoboth 3531 32 N 0.4m 8.5/8.5 L. A. Molnar
USA 108 3923 W CCD/1
2024
Cloudbait 3847 10N 0.305m 29/29 C. Peterson
USA 10529 01 W CCD/clear
2767
Hereford 312708 N 0.36 m 3/5.1 B. Gary
USA 110 14 16 W CCD/clear
1420
Oklahoma 351209 N 0.4m 4/6.2 W. Romanishin
USA 97 26 39 W CCD/R+I
382
2007 March 18
Mt Lemmon 322632 N Kasi 1 m 17.6/17.6 Y.-J. Choi
USA 11047 19 W CCD/1
2776
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Table A.1. continued.

DATE
Site Coordinates Telescope Exp. time/cycle (s)  Observers
altitude (m) instrument/filter
2007 June 09
Cerro Pachén 3014 16.80 S SOAR 4.1 m 0.66/0.66 W. Beisker
Chile 7044 1.35W CCD/dual B & R
2715
2008 August 25
Lick 372024.6 Shane 3.0m 0.8/0.8 F. Marchis
USA 121 38 43.8 IR mosaic/K
1281
Grands Rapids 425550N 0.4m 10/13.3 L. A. Molnar
USA 853518 W CCD/1
253
2010 May 19
Paranal 2437 36.64 S VLT Melipal 82m  0.5/0.5 B. Sicardy
Chile 7024 16.32 W ISAAC/Ks
2635
La Silla 29153218 NTT 3.58 m 0.5/0.5 V. D. Ivanov
Chile 7044 015W SOFI/Ks
2375
Cerro Pach6n 3014 16.80 S SOAR 4.1m 2.5/3.5 M. Assafin
Chile 7044 1.35W CCD/clear
2715
2011 June 23
San Pedro Martir 31 0239 N 21m 1/1.52 R. Howell
Mexico 1152749 W IR mosaic/K
2800 m
San Pedro Martir 31 0243.1 N 0.84m 0.35/0.35 R. French
Mexico 11527 577 W CCD/clear
2811 m
Hale A’a BB 1909 29.6 N 0.6m 1/1 E. Young
15545191 W CCD/clear
1509 m
Hale A’a CE 1909 29.6 N 0.4m 1/1 C. Erickson
15545191 W CCD/clear
1509 m
Haleakala 2042 27.0N FTN 2m 0.093/0.09974 F. Bianco
156 1521.0 W CCD/1
3055 m
Kekaha 21 58 15.15 N 0.4m 0.3/0.3 T. Widemann,
159 43 21.558 W CCD/clear M. Buie, T. Hall
20 m
KEASA 215905.7N 0.35m 0.333/0.333 J. Merrit
15945 09.8 W CCD/clear
10 m
Maui 2054432 N 0.35m 1/1 H.-J. Bode
156 41 289 W CCD/clear
47 m (partly cloudy)
Majuro 07 04 06.6 N 0.4m 0.8/0.8 C. Olkin,
171 17 39.8 W CCD/1 H. Reitsema
8 m
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DATE

Site Coordinates Telescope Exp. time/cycle (s)  Observers

altitude (m) instrument/filter

2012 June 14

Marrakech 3135162N 0.6m 0.5/0.5 S. Renner, Z. Benkhaldoun,
Morocco 08 00469 W EMCCD/clear M. Ait Moulay Larbi,

494 m A. Daassou, Y. El Azhari
Sierra Nevada 370351 N 1.52m 1.5/2 J. L. Ortiz
Obs., Spain 032349 W CCD/clear

2925

2016 July 14

Oukameiden 3112232N TRAPPISTNO0.6m 2/3 E. Jehin
Morocco 07 51 593 W CCD/clear

2720 m
Sierra Nevada 370351 N 0.9m 2/3.5 J. L. Ortiz
Obs., Spain 032349 W CCD/clear

2925
Granada 3659 332N Dobson 0.6 m 3.5/3.5 S. Alonso, D. Bérard,
Spain 0343199 W CCD/clear A. Roman

1130
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Appendix B: Reconstructed geometries of the occultations

2002 August 21 N 2007 June 14 N

Pico dos Dias

Hakos

Paranal

2008 June 24 N

2010 February 14 N 2010 June 04 N 2011 June 04 N

2012 July 18 N 2013 May 04 N

2015 June 29 N 2016 July 19 N

Fig. B.1. The occultation geometries reconstructed from the fits shown in Figs. 2 and 3. Labels N and E show the J2000 celestial north and east
directions, respectively. The cyan circle corresponds to the 1% stellar drop, the practical detection limit for the best data sets. The purpose of the
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Abstract

Neptune’s moon Triton shares many similarities with Pluto, including volatile cycles of N2, CH4
and CO, and represents a benchmark case for the study of surface-atmosphere interactions on
volatile-rich Kuiper Belt objects. The observations of Pluto by New Horizons acquired during the
2015 flyby and their analysis with volatile transport models (VTMs) shed light on how volatile
sublimation-condensation cycles control the climate and shape the surface of such objects. Within
the context of New Horizons observations as well as recent Earth-based observations of Triton,
we adapt a Plutonian VTM to Triton, and test its ability to simulate its volatile cycles, thereby
aiding our understanding of its climate.

Here we present numerical VTM simulations exploring the volatile cycles of N2, CH4 and CO on
Triton over long-term and seasonal timescales (cap extent, surface temperatures, surface
pressure, sublimation rates) for varying model parameters (including the surface ice reservoir,
albedo, thermal inertia, and the internal heat flux). We explore what scenarios and model
parameters allow for a best match of the available observations. In particular, our set of



Manuscript accepted in Icarus October 21, 2021

observational constraints include Voyager 2 observations (surface pressure and cap extent),
ground-based near-infrared (0.8 to 2.4 um) disk-integrated spectra (the relative surface area of
volatile vs. non-volatile ice) and the evolution of surface pressure as retrieved from stellar
occultations.

Our results show that Triton’s poles act as cold traps for volatile ices and favor the formation of
polar caps extending to lower latitudes through glacial flow or through the formation of thinner
seasonal deposits. As previously evidenced by other VTMs, North-South asymmetries in surface
properties can favor the development of one cap over the other. Our best-case simulations are
obtained for a bedrock surface albedo of 0.6-0.7, a global reservoir of N2 ice thicker than 200 m,
and a bedrock thermal inertia larger than 500 S| (or smaller but with a large internal heat flux).
The large N ice reservoir implies a permanent N2 southern cap (several 100 m thick) extending
to the equatorial regions with higher amounts of volatile ice at the south pole, which is not
inconsistent with Voyager 2 images but does not fit well with observed full-disk near-infrared
spectra. Our results also suggest that a small permanent polar cap exists in the northern (currently
winter) hemisphere if the internal heat flux remains relatively low (e.g. radiogenic, < 3 mW m?). A
non-permanent northern polar cap was only obtained in some of our simulations with high internal
heat flux (30 mW m2). The northern cap will possibly extend to 30°N in the next decade, thus
becoming visible by Earth-based telescopes. On the basis of our model results, we also discuss
the composition of several surface units seen by Voyager 2 in 1989, including the bright equatorial
fringe and dark surface patches.

Finally, we provide predictions for the evolution of ice distribution, surface pressure and CO and
CH4 atmospheric mixing ratios in the next decades. According to our model, the surface pressure
should slowly decrease but remain larger than 0.5 Pa by 2060. We also model the thermal
lightcurves of Triton for different climate scenarios in 2022, which serve as predictions for future
James Webb Space Telescope observations.

1. Introduction

The largest satellite of Neptune, Triton, is often described as Pluto’s sibling, as the two bodies
share similar sizes, densities, ices (non-volatile H>O and volatile No, CH4, CO, Cruikshank et al.
1993, 2000, Quirico et al. 1999, De Meo et al., 2010, Merlin et al., 2018), and currently similar
heliocentric distances, surface pressures and temperatures, and atmosphere composition (N2
with traces of CHs and CO). Its climate and albedo patterns are therefore expected to be
dominated by long-term and seasonal volatile condensation-sublimation cycles. However, the
geological history (and by extension, interior thermal history) of the two bodies differ: the portion
of Triton seen by Voyager 2 during the 1989 flyby has extremely flat topography (vs. dramatic
topography of Pluto, Schenk et al., 2018, 2021), an uncratered (geologically young) surface with
a globally high Bond albedo (~0.6-0.8, McEwen, 1990, Hillier et al., 1994) without low-albedo red
areas, and active geysers (Soderblom et al., 1990). Other differences between the two bodies
include the lower amount of atmospheric CH. and the colder temperatures in the lower (< 200 km)
atmosphere of Triton, ultimately related to the ~10x lower abundance of CHy in the ice on Triton,
the presence of CO- ice on Triton (forming the surface bedrock along with H->O ice, Quirico et al.,
1999, Grundy et al., 2010, Merlin et al. 2018) and the location of the main volatile ice reservoir
(Sputnik Planitia on Pluto vs possibly an extended southern cap on Triton, Stern et al., 2015,
Smith et al., 1989).

These differences may be related to the fact that Triton is thought to be a captured Kuiper Belt
object (McKinnon, 1984; Agnor and Hamilton, 2006, Li et al., 2020) as it has a retrograde, highly
inclined orbit, with a differentiated interior possibly heated by tidal braking. This peculiar orbit
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leads to complex seasons and possibly to strong obliquity tides and subsequent resurfacing
processes (e.g., cryovolcanism, Nimmo and Spencer, 2015). Consequently, Triton is a
benchmark case of a dwarf planet that is tidally activated by a giant planet and offers new insights
into the surface-atmosphere interactions controlling the climate of large volatile-rich objects of the
Kuiper Belt (including Pluto, and others that may exhibit a similar atmosphere near perihelion,
e.g. Eris and Makemake).

The flyby of Pluto by New Horizons in July 2015 highlighted the extraordinary complexity of the
best studied icy body of the Kuiper Belt (Stern et al., 2015). In particular, volatile transport models
(VTMs) of Pluto, constrained by the New Horizons observations, shed light on how the volatile
sublimation-condensation cycles can shape the surface of such a planetary body (Bertrand et al.,
2016, 2018, 2019, 2020a, 2020b, Johnson et al., 2020). In addition, the correlation of volatile ice
deposition with the large global topographic variability of Pluto’s surface (total relief exceeding 10
km, with a standard deviation of 1.1 km, Schenk et al., 2018) also indicated the importance of
elevation in volatile ice transport on icy bodies with thin atmospheres (Trafton et al., 1998,
Bertrand and Forget, 2016). Within the context of New Horizons observations as well as recent
Earth-based observations of Triton, it is a natural step to adapt these better-constrained VTMs to
Triton and test their ability to simulate its volatile cycles, thereby aiding our understanding of its
climate.

Many fundamental issues remain unsolved regarding the climate and the volatile cycles on Triton,
which may shape Triton's surface as they do on Pluto. For instance, how do seasonal cycles
affect the volatile ice surface distribution, and over what temporal and spatial scales? Is the
southern cap seasonal or permanent? Does the winter hemisphere act as a sink for volatile ices?
If so, what is the extent and the nature (seasonal vs permanent) of the northern cap, considering
that Moore and Spencer (1990) suggested a long term net transfer of N2 ice from the north to the
south and thus a more extended southern vs northern cap? Where are N2 and CH4 currently
sublimating and condensing? What are the properties of the volatile ices (thermal inertia,
reservoir, etc.)? How will the surface pressure, and CO and CH4 gas abundances evolve? The
cases of Spencer and Moore (1992) that best match occultations had a non-global atmosphere
in the 1960's, so does Triton's atmosphere collapse (become non-global)? Near-infrared (NIR)
rotational lightcurves suggest the latitudes south of 60°S are bare of N2 (or at least of large-
grained N2, e.g. Grundy et al., 2010, Holler et al., 2016), but what could explain a difference in
composition between high southern latitudes and southern mid-latitudes? Finally, how do the
volatile cycles on Triton compare with those on Pluto?

Here we present numerical simulations designed to model the evolution of Triton’s volatiles
(surface ice distribution, surface pressure, and atmospheric abundances) over millions of years
on the basis of universal physical equations put into practice with some hypotheses. Our main
goal is to investigate where the volatile ices tend to accumulate and sublimate on Triton as the
seasons change, and compare our results with the available observations. In particular, we
investigate if a perennial northern cap of nitrogen ice can form, and whether our simulations can
produce results that are consistent with Earth-based spectroscopic and stellar occultation
observations, as well as the observations of the surface by Voyager 2.

Section 2 gives an overview of the past observations of Triton relevant to volatile transport.
Section 3 describes the model used, the model parameters, the settings of the reference
simulations and defines what the best-case simulations would be. Section 4 discusses the
sensitivity of bedrock surface temperatures on Triton to several model parameters. Section 5
presents long-term volatile transport simulations performed over several millions of Earth years
(Myrs) and explores the impact of North-South asymmetries in internal heat flux, topography and
N2 ice albedo on the ice distribution. Section 6 presents short-term volatile transport simulations
performed over several seasonal cycles with fixed N; ice reservoirs and explores the sensitivity
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of the surface pressure cycle to different model parameters, including the ice distribution. Section
7 presents a large range of simulation results performed with the full volatile transport model and
explores what scenarios and model parameters allow for a best match of the available
observations. We discuss these results in Section 8 and provide predictions of Triton’s climate for
the next decades and future observations with the James Webb Space Telescope (JWST).

2. Background: observations and characteristics of the volatile
cycle on Triton

2.1 Triton's orbit and seasons

Triton is moving in a retrograde and circular orbit with an orbital inclination with respect to Neptune
of 157°, that is 23° above the planet’s equator. It is tidally locked to Neptune with a rotation period
of 5.877 days. The combination of this inclination with Neptune’s obliquity of 28° leads to complex
seasonal cycles, oscillating between low (~5° latitude), moderate (~20° latitude) and extreme
(~50° latitude) summer solstices (Trafton, 1984, also see Appendix) over a period of 140-180
years. Each season on Triton lasts ~35-45 terrestrial years. The recent epoch lasting from 1980—
2020, during which the highest quality observations of Triton were gathered, corresponds to a
period of intense summer in Triton’s southern hemisphere (in particular at the south pole), as the
subsolar latitude of Triton reached ~50°S in 2000 (Figure 1), and follows a relatively intense
winter. At present, the subsolar latitude is rapidly migrating toward the equator. For instance, in
2021, the subsolar latitude will be 36°S and previously unseen regions in the northern hemisphere
will come into view (up to 54°N).

60 Triton’s subsolar latitude 60 Current season: end of extreme summer solstice
650 years

40 1 ﬂ 401

AL
S

—

Latitude

—40 — —40 -
Extrapolation “ 140 yehrs u N u 2020
to the last Myrs == E<—H<—>'5° Voyager 2
—60 | B 180yea}rs | —60 | | I ! | !
1000 1500 2000 2500 3000 1800 1840 1880 1920 1960 2000 2040 2080
Earth years Earth years

Figure 1: Variation of the subsolar latitude on Triton over time. Triton experiences periods with
low (e.q., years 2300-2400), moderate (e.g., years 1500-1650) and intense seasons (e.g., years
1850-2200).
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2.2 Surface albedo, color and texture

90 Trailin Sub-Neptune Leadin
) I= Iﬁ B
s -
©
3 O E’ 3
= L ~
— 30 e pamER e Th L
60 TR b 2
- = — = — -

180 210 240 270 300 330 0 30 60 90 120 150 180
East Longitude

Figure 2: Global color map mosaic of Triton (simple cylindrical projection) at 0.35 km/pixel, as
seen by Voyager 2 (color-composite uses orange, green and UV filters in the red, green and blue
colors; Schenk et al., 2021). 0°E, 90°E, 180°E, 270°E correspond to the sub-Neptune, leading,
anti-Neptune and trailing longitudes respectively.

In 1989, the Voyager 2 flyby of Triton revealed an amazing world with a geologically young (<100
Myr), diverse and active surface as suggested by the presence of plumes (evidence of resurfacing
processes), tectonic structures, and very few impact craters (Smith et al., 1989, Croft et al., 1995,
Stern and McKinnon, 2000, Schenk and Zahnle, 2007). Figure 2 shows a map of Triton as seen
by Voyager 2. Only ~60% of the surface has been imaged (including half of that at relatively high
resolution), as much of the northern hemisphere was hidden in the polar night. The northern and
southern hemispheres display different terrains in color, albedo, and texture, suggestive of distinct
compositions (Cruikshank et al., 1993, McEwen, 1990). Unfortunately, Voyager 2 lacked spectral
measurements in the near-infrared, and therefore the exact composition of the different regions
remains uncertain.

Triton is uniformly very bright, with a normal reflectance of the surface that varies between ~0.7
and ~1 (Hillier et al., 1994) and a Bond albedo of ~0.85 (Hillier et al., 1991), with a higher
reflectance in the southern hemisphere. Estimates of surface emissivities from Voyager 2 data
range from 0.3 to 0.8 (Hillier et al., 1991, Stansberry et al., 1996a ; see Section 3.4.1). The
Voyager 2 observations suggest that the southern hemisphere is covered by a bright cap of
volatile ice (likely N2 mixed with CH,s and CO, see Section 2.3), extending to the equator, whereas
the observed part of the northern hemisphere may be volatile-free (e.g., Stone and Miner, 1989;
Moore and Spencer, 1990). In the absence of spectral measurements, this is supported by the
observations of many local dark areas on the bright ice resembling sublimation patterns on Mars
(e.g. Mangold, 2011) and on Pluto (e.g. White et al., 2017, Howard et al., 2017) and by the volatile
ice longitudinal variability observed from Earth-based near-infrared spectroscopy (see Section
2.3). In this paper, we refer to this geologic terrain as the southern cap (it can include permanent
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and seasonal volatile deposits), although we note that other types of terrains and ices may be
present at the surface in the southern hemisphere. We do not use the term “polar cap” since the
caps tend to extend outside the polar regions down to mid-latitudes and to the equator, but both
northern and southern caps mentioned in this paper are centered at the pole. In Voyager 2
images, the northern latitudes seem to be depleted in volatile ice, based on the albedo, geology
and texture of these terrains, and should therefore consist of Triton's exposed “bedrock” (CO-
and/or H20). Alternatively, the northern hemisphere could be covered by a thin transparent slab
of Nz ice, so that the albedo of the underlying bedrock is not significantly altered. This has been
suggested by Lee et al. (1992), who performed photometric analyses of Voyager 2 high-resolution
images and revealed unexpected scattering properties of the surface in the northern hemisphere.

Another region of interest is the blue and very bright equatorial fringe of frost seen between 325°E
and 30°E in the close encounter images (Smith et al., 1989, McEwen, 1990). A bluer surface is
interpreted as a younger, fresher surface where recent deposition of volatiles has occurred. This
is due to a shorter period of exposure to radiation and cosmic rays that tends to redden planetary
surfaces. More specifically, the blue (or less red) fringe seen by Voyager 2 has been interpreted
to be freshly deposited seasonal N2 (e.g. Lunine and Stevenson, 1985; Zent 1989).

Photometric observations of Triton have been performed since the 1950s and revealed changes
in surface color with time, possibly due to seasonal volatile transport of N, CO and CHa. In
particular, the surface became bluer (less red) between 1979 and the Voyager 2 flyby in 1989
(Smith et al., 1989; Buratti et al., 1994; Brown et al., 1995). Whether these bluer regions were
brought into view by changing viewing geometry or were created by deposition of volatiles on the
already visible hemisphere of Triton is unknown. Possible direct evidence for volatile transport
between the Voyager 2 flyby and 2005 was reported by Bauer et al. (2010). They used visible
images of Triton obtained with the Hubble Space Telescope (HST) in 2005 to construct visible
albedo maps and lightcurves to compare with Voyager 2’s observations. Rotational and regional
changes in surface albedo were identified, with an overall brightening in the equatorial regions,
suggesting recent deposition there, and a darker anti-Neptune hemisphere. Photometry of Triton
for the 1992—-2004 period found that the color of the surface was similar to that of the 1950-1974
period (Buratti et al., 1994, Buratti et al., 2011), thus suggesting that Triton reddened since 1989
(assuming it became bluer before 1989). This may be due to the plume activity occurring over the
southern cap which tends to redden the ice (wind streaks appear darker and redder than the
surrounding deposits, McEwen, 1990) and therefore the global color of Triton (the observed global
reddening of Triton’s surface could not be linked to insolation changes, Buratti et al., 2011).

2.3 Earth-based surface spectroscopic observations

In addition to the Voyager data, several ground-based spectroscopic observations of Triton's
surface have been performed, leading to different scenarios for the surface distribution of the
volatile and non-volatile ices. The volatile ices N2, CO, CHs and non-volatile CO2 and H2O ices
have been detected by Cruikshank et al. (1993, 2000), with the non-volatile ices forming Triton's
bedrock being at the estimated mean surface temperature of ~40-50 K (Broadfoot et al., 1989;
Gurrola, 1995). The surface temperature of N2 ice was estimated to be 38 + 1K in 1993 (Tryka et
al., 1994), and 37.5 £ 1K for the 2010-2013 epoch (Merlin et al., 2018). It was demonstrated that
CO and most of the CH4 are diluted in N2 ice with ice mixing ratios relative to N2 of ~0.05%
(Cruikshank et al. 1993; Quirico et al. 1999; Grundy et al. 2010, Merlin et al., 2018), with a small
fraction of CHs-rich ice being present elsewhere (Quirico et al., 1999, Merlin et al., 2018). Tegler
et al. (2019) also showed that CO and N2 molecules on Triton are intimately mixed in the ice rather
than existing as separate regions.

During the 2002-2014 period, ground-based infrared (0.8 to 2.4um) spectroscopic observations
performed using the SpeX instrument at NASA’s Infrared Telescope Facility (IRTF) showed a
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general increase in N> and CH4 band absorption during this period (Holler et al., 2016). Recent
IRTF/SpeX results indicate that they are continuing to increase (Young, L. A.,, personal
communication). These trends can be indicative of volatile transport although the monotonic
increase in CH4 absorption could be due to a change in viewing geometry only, if southern high
latitudes are deficient in CHa.

Observations of Triton with IRTF/SpeX showed variability in spectral band depth suggesting
longitudinal variability of the ice distribution (Grundy and Young 2004, Grundy et al., 2010, Holler
et al., 2016). N2 and CO spectra displayed a peak absorption at the same longitudes in the sub-
Neptune hemisphere, confirming that the two species form a molecular solution. This longitudinal
variability for N> and CO likely results from variations in surface ice coverage, although variations
in other physical parameters of the ice (e.g., particle size, vertical segregation, etc.) may also be
at work. There is a certain degree of consistency with the Voyager images showing a southern
cap (likely N2 + diluted CO and CH4) roughly extending to the equator on the sub-Neptune
hemisphere and ~30°S in the opposite hemisphere (Figure 2), which suggests that the
longitudinal variation of the spectrum has not changed much since the Voyager 2 flyby (more N2
ice in the sub-Neptune hemisphere). However, the marked rotational variation of the N2 and CO
spectra also suggests that the very southernmost latitudes are free of detectable N> and CO.

The same observations also showed longitudinal variability for CHs, with an offset of 90°
compared to that of N2 and CO. All the CH4 bands (weak and strong) were observed in phase,
with a maximum absorption near 300°E, but the longitudinal variability decreased from weak to
strong CH4 bands (Grundy et al., 2010, Merlin et al., 2018), suggesting localized regions around
300°E with CHs-rich ice (and thus with larger optical path lengths in CH4 and a spectral effect
most evident in the weakest CH4 bands).

The CO, and H20 spectra showed little longitudinal variability, which means that the equatorial
and low latitudes are either CO; and H»O free, or have uniform longitudinal coverage of CO, and
H-0. In the former case, it has been suggested that CO. and H.O are exposed at the south pole
(roughly between 90°S-60°S), which would thus be devoid of volatile ice during the 2002-2014
period (Grundy et al., 2010, Holler et al., 2016). This scenario also has a certain degree of
consistency with the observed longitudinal variation of N2 ice with IRTF/SpeX, whose amplitude
would be too shallow if N2 ice was present at the south pole, according to the near-IR modeling
of Grundy et al. (2010). We discuss further this scenario in Section 8.

New near-IR observations performed with SINFONI on the Very Large Telescope (VLT) for the
2010-2013 period obtain similar variabilities for the band areas and support a spatial configuration
involving two main units: one dominated by N2 (with diluted trace amounts of CO and CH.), but
also including CO- ice as small grains, and the other dominated by H.O and CO,, but also
including a few percent of CHy-rich ice (Merlin et al., 2018). Note that Merlin et al. (2018) did not
detect H2O ice directly (the absorption bands are not seen entirely or are hidden by CHs
absorption bands), but their model results remain consistent with little longitudinal variability for
H-O and CO: ice.

The modeling of the near-IR disk integrated spectrum of Triton’s surface also provided constraints
on the relative surface area (projected on the visible disk) covered or not covered by CHs ice
(including CH4-rich or diluted in N2 ice, so by extension, the method constrains the fractional area
volatile ice/non-volatile ice, e.g. Quirico et al. 1999, Merlin et al. 2018). For instance, Quirico et
al. (1999) found for 1995 a volatile/non-volatile fractional area of 55%/45% (see their table 1V)
whereas Merlin et al. (2018) found for the 2010-2013 period a volatile/non-volatile fractional area
of 60-70%/30-40% (see their Table 9), although they note that these results remain model-
dependent. The coverage of CHs-rich ice during this period is estimated to represent 2-3% of the
observed surface (i.e. the surface projected on the visible disk) and to be larger in the anti-
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Neptune hemisphere, whereas Quirico et al. (1999) estimated a maximum of 10% for 1995.
However, the latitudinal distribution of these units remains uncertain.

2.4 Atmospheric surface pressure

Triton’s atmosphere is mainly Nz and is in solid-gas equilibrium with the surface N ice (Tyler et
al., 1989). A comprehensive dataset of Triton’s surface pressure is detailed in Marques Oliveira
et al. (2021) (see their Table 4, and their Section 5 and 6). On August 25, 1989, the Voyager 2
spacecraft flew by Triton and sent its radio signal (RSS experiment) back to Earth as it passed
behind Triton. The analysis of the phases and amplitudes of the recorded radio waves provided
the line-of-sight column density of the N, atmosphere, and an estimation of the surface pressure
of ~1.4 £ 0.2 Pa (Broadfoot et al., 1989; Gurrola, 1995).

Different sets of ground-based stellar occultation observations were obtained in the following
years. Stellar occultations do not probe the same altitude as RSS, and the methods and
assumptions used to retrieve atmospheric pressure vary from one group to another.
Consequently, careful comparisons between stellar occultation observations must be made. The
first stellar occultation observations performed after Triton’s flyby were interpreted as showing
that the atmospheric pressure doubled during the 1989-1997 period (Olkin et al., 1997, Elliot et
al., 1998). Olkin et al. (1997) derived a surface pressure of 1.7 + 0.1 Pa for 1995, i.e. a 40%
increase since 1989, but at a low 1.8-0 significance level. Elliot et al. (2000) and Marques Oliveira
et al. (2021) derived a surface pressure of 2.68 + 0.34 Pa and 2.28*3¢ for the same event (but
using different analysis methods) in 1997 (July 18"), respectively, i.e. a 60-90% increase since
1989. It is possible that this dramatic increase in surface pressure is related to the sublimation of
the N2 southern cap. However, in the analysis from Marques Oliveira et al. (2021), no increase
can be claimed between the 1989 and the 1995-1997 epochs at a 3-0 significance level. The 4
November 1997 value of Elliot et al. (2003) has a much lower error bar, and at face value does
indicate an increase of pressure by a factor 1.76 between 1989 and 1997 (Ps = 2.11 £ 0.02 Pa).
This was a single-chord event but with a central flash (chord close to central). The 21 May 2008
event provided only two grazing chords, making it difficult to infer any change of pressure between
1989 and 2003. Finally, a stellar occultation by Triton was observed on 5 October 2017 and
provided 90 chords, 25 of them showing a central flash near the shadow center, from which a
surface pressure of 1.41 £ 0.04 Pa was derived (Marques Oliveira et al., 2021). This value for
2017 is similar to that measured during the Voyager 2 flyby, which suggests (although at a small
confidence level) a pressure maximum around years 2000-2010 and a recent decrease in
pressure related to N, ice deposition in the northern hemisphere or in the equatorial regions
(deposition at the South polar region is ruled out as it remained under continuous daylight). This
is also consistent with the N ice temperature of 37.5 + 1K measured for the 2010-2013 epoch
from spectral analyses of the N2 band shapes and positions (Merlin et al., 2018), which suggests
a 1.61}¢ Pa pressure for this period.

2.5 Atmospheric abundances of CO and CHa4

Triton’s atmosphere contains traces of CO and CH.. In 1989, the Ultraviolet Spectrometer (UVS)
on-board Voyager 2 measured a partial pressure of CH4 of 2.45x10™* Pa (2.45 nbar) from a solar
occultation (Herbert and Sandel, 1991, Strobel & Summers, 1995) and a surface pressure of ~1.4
Pa, which gives a CH4 atmospheric volume mixing ratio of ~0.03% near the surface. This is the
only direct measurement of the CH4 mixing ratio on Triton (since both surface pressure and CHs
partial pressure were precisely measured at the same time).

Lellouch et al. (2010) reported in 2009 the first detection of CH4 in the infrared (IR) and the first
ever detection of CO in Triton's atmosphere. They found that the partial pressure of CHs had
increased to 9.8 + 3.7 x10™ Pa (fourfold increase compared to the 1989 value) and estimated the

8
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partial pressure of CO to be about 2.4x10° Pa (24 nbar) with a factor 4 uncertainty. However,
they did not measure the surface pressure. If we assume a constant surface pressure of 1.4 Pa
for this period (resp. 1.8 Pa), these values correspond to an atmospheric volume mixing ratio for
CHs of ~0.08%-0.17% (resp. 0.06%-0.13%) and for CO of ~0.17% (resp. 0.13%). This
corresponds to a fourfold increase in CH4 mixing ratio since 1989.

These values are higher than what was anticipated on the basis of Raoult equilibrium and an ideal
N2-CH4-CO mixture ((of the order of 10° %, Trafton et al., 1998). A first explanation for that calls
for the presence of relatively pure icy patches on Triton's surface (Stansberry et al., 1996b,
Lellouch et al. 2010) which have been indeed identified in small amount at the surface of Triton
by near-infrared observations (Quirico et al., 1999, Merlin et al., 2018). It has been demonstrated
that it is a plausible mechanism for CH4 ice (Lellouch et al., 2010, Merlin et al., 2018; note that it
has clearly been observed on Pluto, e.g. Schmitt et al., 2017), but not for CO, which cannot
thermodynamically separate itself from N2 (Prokhvatilov and Yantsevich, 1983, Vetter et al., 2007,
Tan and Kargel, 2018). A second explanation, which applies to CO, is that the seasonal volatile
cycles lead to the formation of enriched layers of CO on top of the surface according to the
“detailed balancing model” (Trafton, 1984, Lellouch et al., 2010). Note however that based on
recent (2017) mm-observations with ALMA, Gurwell et al. (2019) reported a ~100 ppm (~0.01%)
CO mixing ratio for an assumed 1.7 Pa atmosphere. This leads to a 1.7x10* Pa CO partial
pressure, sharply inconsistent (more than a factor 10 lower) with the IR-derived value from
Lellouch et al. (2010). These differences remain to be investigated and understood in more detail,
especially given the fact that IR and mm-observations of CO in Pluto’s atmosphere give very
consistent results on the CO abundance (Lellouch et al. 2011, 2017).

2.6 Seasonal volatile transport: expectations and modeling

As described in the previous sections, several pre- and post-Voyager 2 datasets show changes
in Triton’s surface albedo patterns, spectra, color and optical light curve that aren’t completely
due to changes in viewing geometry, but instead could be due to volatile ice migration driven by
seasonal insolation changes. The last decades on Triton's southern hemisphere correspond to a
period of intense summer, with a subsolar point poleward of 40°S (Figure 1). Volatile sublimation
in the southern hemisphere is therefore expected and several observations support the fact that
the bright southern cap, usually presumed to be mostly made of N ice, is currently sublimating
away. First, Voyager 2 images of the equatorial regions show local dark areas on the bright ice
(on the sub-Neptune hemisphere), which suggest that erosion due to sublimation of N, ice was
already significant in 1989, when the subsolar latitude was 46°S (Smith et al., 1989). Second,
spectral observations showed a tentative seasonal reduction (at 2-0) in Triton’s N2 ice absorption
during the 2000-2009 period (Grundy et al., 2010). The longitudinal pattern of this decline is
consistent with a textural reduction in optical path length in N2 ice, which suggests N: ice
sublimation but not a retreat of the N ice southern cap (although this is not a unique interpretation,
as complex and poorly known microphysical processes are at play). Third, Triton’s global color
has become redder during the 1992-2004 period, possibly due to plume activity and deposition of
dark reddish material over the southern cap, associated with the rapid sublimation of the cap that
also concentrates at the surface non-volatile particles included in the ice (McEwen, 1990, Buratti
etal., 2011).

Volatile transport models have been developed to investigate the seasonal variations in surface
ice distribution on Triton due to the migration of the subsolar point. Stansberry et al. (1990) and
Spencer (1990) (superseded by Moore & Spencer 1990, and again by Spencer and Moore 1992)
developed zonally-averaged models of the N2 seasonal cycle and investigated how N ice could
evolve and be transported. The former model assumed that N ice is brighter than the underlying
bedrock while the latter assumed that fresh N ice is relatively dark and gets brighter with time
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and insolation, in a similar way than what has been observed on Mars (Paige 1985). However,
both models met limited success in reproducing the observed surface albedo. Most importantly,
they did not take into account heat conduction in the subsurface, which has a significant impact
on the behavior of the seasonal ice on Mars and on Pluto (Wood and Paige 1992, Bertrand and
Forget, 2016, Bertrand et al., 2018, 2019).

Hansen and Paige (1992) investigated both scenarios of bright and dark N ice with a thermal
model of the N2 cycle which included conduction in the subsurface. Their best agreement between
the model results and the available observations at that time was obtained with a relatively dark
or transparent frost. However, in light of the occultation observations in the 1990s and in 2017, it
seems that their scenario with a bright frost now gives a better agreement. They also found that
the southern cap is likely to be a large permanent deposit of N ice, otherwise it could not have
been extended to the equator in 1989 as seen by Voyager 2. Brown and Kirk (1994) also
developed a volatile transport model for Triton, and coupled it with an internal heat flow. They
showed that an anisotropic internal heat flow could produce permanent caps of considerable
latitudinal extent. Other volatile transport modeling studies showed that a bright permanent N-
cap (with a reduced N ice reservoir) can also be produced and/or maintained by ( a permanent
albedo difference between the northern (bedrock) and southern hemispheres (N2 ice caps) which
affects the radiative balance (the “Koyaanismuuyaw” hypothesis, Moore and Spencer 1990,
Spencer and Moore, 1992), or by changes in radiative properties of N ice as it goes through the
alpha-beta phase transition (this would not produce an asymmetry but would instead help
maintain one, Eluszkiewicz, 1991, Duxbury and Brown, 1993, Tryka et al, 1993).

A difference in bedrock topography could also trigger an asymmetry between northern and
southern N2 deposits. On Pluto, N ice tends to accumulate and be more stable in topographic
basins, where the surface pressure and therefore the equilibrium ice temperature is higher. This
is because the warmer N2 ice deposits at lower altitudes radiate more heat to space, which is
balanced by latent heat of sublimation through increased N, deposition rates in order to maintain
local conservation of energy, vapor-pressure equilibrium, and hydrostatic equilibrium (Trafton et
al. 1998, Trafton & Stansberry 2015, Bertrand & Forget 2016, Bertrand et al. 2018, 2019, and
Young et al 2017). This atmospheric-topographic process could also apply to Triton, although the
surface (at least the portion imaged by Voyager 2) seems to be much flatter than Pluto’s (Schenk
et al., 2021).

In addition to the volatile cycles, Triton's surface activity may be (globally or locally) impacted by
the formation of active geysers, such as those observed at the south pole by Voyager 2. Such
processes could act to darken the ice, increase the ice sublimation rates, and thus affect volatile
transport. The formation of complex chemical molecules (whose spectral properties in the visible
range are fairly reproduced by tholin materials formed in the laboratory, Materese et al., 2015,
Auge et al., 2016, Jovanovic et al., 2020), through volatile photochemistry occurring in the
atmosphere (Krasnopolsky and Cruikshank, 1999), or through direct volatile irradiation at the
surface (Moore and Hudson, 2003), could play a similar role at a more global scale.

Finally, complex evolution of N2:CO:CH4 mixtures that result in compositional stratification and
formation of a bright lag deposit of CH4 can occur on Triton, in particular where the N2 sublimation
is more intense (Grundy and Fink, 1991, Cruikshank et al, 1991, Quirico et al., 1999). For
instance, on Pluto, the northern edge of the N ice sheet Sputnik Planitia is enriched in CH4 due
to intense N2 sublimation at these latitudes (Protopapa et al., 2017, Schmitt et al., 2017, Bertrand
et al., 2018). This could affect the ice and atmospheric mixing ratio of the volatile species.
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2.7 Reservoirs of volatile ice and internal heat flow

Triton's orbital elements likely indicate that it is a captured Trans-neptunian Object (e.g., McCord,
1966; McKinnon, 1984; Agnor and Hamilton, 2006, Li et al., 2020), sharing a common volatile
origin as the Kuiper Belt Objects (Johnson et al. 2015). Tidal interactions associated with its
capture and subsequent circularization around Neptune should have heated its interior
significantly (McKinnon et al., 1995, Correia, 2009; Nogueira et al., 2011). Remnant heat
stemming from these interactions may have persisted to the present day, as suggested by recent
studies showing that the heat flow on Triton should be around 10-100 mW m2 (Ruiz, 2003, Martin-
Herrero et al.,, 2018). These values are much larger than those obtained by assuming only
radiogenic production and tidal dissipation for fixed orbital eccentricities (2-4 mW m?, Gaeman et
al. 2012, Brown et al. 1991, Hussmann et al. 2006). The large heat flow could also be produced
by internal ocean tidal heating due to Triton's orbit obliquity (Chen et al., 2014; Nimmo and
Spencer, 2015; Dubois et al., 2017).

3. The Triton Volatile Transport Model: description and simulation
settings
3.1 Model description: the Pluto VTM legacy

We use the latest version of the Triton volatile transport model (VTM) of the Laboratoire de
Météorologie Dynamique (LMD). The Triton VTM is a 2D surface thermal model derived from the
LMD Pluto VTM, taking into account the volatile cycles of N2, CH4, and CO (insolation, surface
thermal balance, condensation-sublimation, Bertrand and Forget, 2016), a glacial flow scheme
for N2 ice (Bertrand et al., 2018; based on the equations presented in Umurhan et al., 2017), and
the seasonal variation of the subsolar point specific to Triton. The calculations of this complex
variation is detailed in the Appendix.

As in the Pluto VTM, we consider that Triton’s atmosphere is very thin, almost transparent and
thus has a negligible influence on the surface thermal balance aside from the condensation,
sublimation and exchanges of latent heat with the surface (this is even more true than for Pluto,
given the 10x lower CH4 abundance, and more tenuous haze). We parametrize the atmospheric
transport using a simple global mixing function for N2, CH4, and CO in place of 3D atmospheric
transport and dynamics, with a characteristic time 1 for the redistribution of the surface pressure
and trace species, based on reference 3D global climate model simulations of Triton. Tests done
with the 3D model determined the timescales for atmospheric transport of CH4 (107 s, i.e., about
4 Earth months),N2 (1 s, instantaneous mixing) and CO (1 s; CO is well mixed in the atmosphere
in 3D global climate model simulations) used in the VTM (the same values were used on Pluto,
Bertrand et al., 2019). The topography in the model is controlled by the amount of volatile ice on
the surface, but we use a flat topography for the non-volatile bedrock.

3.2 General simulation settings and paleoclimate algorithm

The simulations of this paper are performed on a horizontal grid of 32x24 points, which
corresponds to a grid-point spacing of 11.25° in longitude and 7.5° in latitude (about 270 km and
180 km at the equator, respectively). We use 96 timesteps per Triton day. At each time step the
local solar insolation is calculated taking into account the variation of the subsolar point, the
distance Triton-Sun, and the diurnal cycle. In Sections 5 and 7, we perform simulations over
several million years (Myrs) using the paleoclimate and ice equilibration algorithm described in
detail in Bertrand et al. (2018):
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Typically, the model is first run over ~4,000 Earth years to capture several seasonal cycles of
Triton so that the ice distribution and surface pressure reach an equilibrium. We consider that the
first ~2,000 Earth years correspond to a spin up time and we use the last seasonal cycles covering
~2,000 Earth years to estimate the mean sublimation-condensation rates over that period (which
is also largely enough to capture several seasonal cycles). These mean sublimation-condensation
rates are used to calculate the new amounts of ice over a paleo-timestep of At=20,000 Earth
years, and finally the topography is updated according to the new amounts of volatile ice. These
steps are repeated so that the simulation covers at least 2 Myrs, which is enough for large and
small N2 ice reservoirs, glacial flow, and surface and subsurface temperatures to reach a steady
state insensitive to the initial state. Consequently, in this paper, the distribution of surface ices
and subsurface temperatures of all the simulations (unless stated otherwise) are the outcome of
several Myrs of evolution.

Note that here we neglect any change over time in obliquity (with respect to Triton's orbit around
Neptune) and orbital parameters, which is valid over the relatively short timescales of a few Myrs
(the obliquity of Neptune is suggested to be primordial, Laskar and Robutel, 1993).

Also note that the numerical model only applies to global atmospheres (we neglect the effects of
local atmospheres). For Pluto, the approximate limit at which point the atmosphere is non-global
is 0.006 Pa (Johnson et al., 2021, Spencer et al., 1997). For Triton, the rescaled threshold is
0.009 Pa (owing to the larger size and gravity constant). In this paper, most of our simulations do
not reach that threshold. A few of them do, but over an extremely short range of time, and
therefore we do not expect this process to impact the results significantly (it involves very slow
sublimation and condensation rates).

3.3 Hypothesis and initial state of the different simulation cases

Section

Simulation type Initial State Model parameters

4

Bedrock surface thermal balance only Fixed: Aped=0.6, £bed=0.8

Several seasonal cycles (~10 000 Earth years)

Bedrock only,
no volatile ice

Variable: TI=500-2000 SI, HF = 0-30 mW m?

Full volatile transport

Long term (~7 Myrs) with viscous flow
North-South asymmetries in heat flux (HF),
topography (TP) and N2 ice albedo (AN_2)

Global and uniform cover of
300 m of Nz ice

Fixed: Abed=0-7, Sbed=0.8, AN2=0.7, €N2=0.8
Asymmetry HF: AF=5-45 mW m2, TI=1000 S|

Asymmetry TP: Ah=2-8 km, TI=500-2000 Sl
Asymmetry A: AAn;=0.04-0.1, TI=500-2000 SI

Volatile transport limited to fixed N reservoirs
Different polar cap extensions

Several seasonal cycles (~10 000 Earth years)

Including current seasonal cycle (1900-2100)

Fixed and infinite N2 reservoirs
(no glacial flow, flat topography)

N2 albedo adjusted by model

Fixed: 8N2=0.8

Variable: TI=500-2000 Sl

S. PC size: 90°S-30°S, 90°S-0°, 80°S-0°
N. PC size: No cap, 90°-75°N, 60°N, 45°N

Full volatile transport
Long term with viscous flow
Including current seasonal cycle (1900-2100)

North-South asymmetries in N3 ice albedo

N2 ice initially confined to the
south pole (90°S-50°S)
Northern hemisphere initially
volatile-free and warm (T~100 K)

N> albedo adjusted by model

Fixed: Sbed=0.8, £N2=0.8, T|N2=1000 SI
Variable: Apeq=0.1-0.9, Tlpeq=100-2000 SI,
AF=0-30 mW m2, Ry2=0.3-650 m

Asymmetry in N2 ice albedo: AAy2 = 0-0.1

Table 1: Summary of the simulation types, initial states and parameters presented in this paper
(see text): albedo (A), emissivity (€), seasonal thermal inertia (Tl) in J s%° m? K (Sl), internal
heat flux (HF), topography (TP), pole-to-pole internal flux, topography gradient and N, albedo
difference (AF, Ah, AAnz). S. and N. PC are the southern and northern polar caps.

12



Manuscript accepted in Icarus October 21, 2021

In this paper, we postulate that the bright terrains observed by Voyager 2 in the southern
hemisphere correspond to a Nz ice southern cap (mixed with CH4 and CO ices), based on Voyager
images and Earth-based spectroscopic observations. As described in Section 2.3, some Earth-
based spectroscopic observations suggest that N2 is not exposed or not detectable at the very
southernmost latitudes (i.e. the south pole, Grundy & Young 2004, Grundy et al. 2010, Holler et
al. 2016). Note that this does not necessarily means that Nz ice is not present at the south pole
(see further discussions on this topic in section 8.3). In general, we leave the model calculate the
surface distribution, but we also added simulation cases in which we force the south pole to be
depleted in N2 ice.

Since 1989, the southern cap has been under constant illumination and is likely dominated by N>
ice sublimation. Under these conditions, the evolution of surface pressure depends on the N2
condensation in the northern polar night. Table 1 summarizes the different simulations performed
in this paper.

In Section 4, we run the subsurface and surface thermal balance model without volatile ice in
order to estimate the mean surface temperatures of the bedrock, for different values of the thermal
inertia and internal heat flow. The bedrock albedo is fixed to 0.6. Note that throughout this paper,
the “albedo” in the VTM refers to a Bond albedo.

In Section 5, we run long term simulations of the N2 cycle to explore how North-South asymmetries
in internal heat flux, surface N ice albedo and topography lead to asymmetries in the northern
and southern cap extents. All simulations start with a global and uniform cover of 300 m of Nz ice.

In Section 6, we run the model over the last seasonal cycles with artificially-prescribed fixed N2
ice distributions in the northern and southern hemispheres. We use a flat topography, no glacial
flow, and volatile transport is limited to these artificially-prescribed Nz-covered regions (no
formation of seasonal frost outside these regions). We analyze the evolution of the surface
pressure that results from these specific latitudinal distributions of N, ice and compare to
observations.

In Section 7, we simulate the full volatile transport over the last 4 Myrs, exploring a large range of
parameters (bedrock albedo, thermal inertia, N2 ice reservoir, internal heat flux, and North-South
asymmetry). In these simulations, the ice is initially placed southward of 50°S and the northern
hemisphere is warm and volatile-free with its surface and subsurface temperatures initialized to
an extremal value of 100 K. This is to demonstrate that the end state of the simulation and any
formation of a northern (polar) cap is independent of the initial ice distribution and surface and
subsurface temperatures (see discussions in Section 5 and Section 7). The bedrock topography
is flat, so the surface topography is equal to the thickness of N2 ice lying on top.

Note that in Section 5, Section 6, and Section 7, the Nz ice albedo in the simulations is not a free
model parameter but instead is constrained by the 1989’s surface pressure: it is automatically
adjusted by the model during the first seasonal cycles of the simulation (spin-up time) so that the
calculated surface pressure converges toward ~1.4 Pa in 1989, as observed by Voyager 2 (see
Section 3.4.1).

3.4 Surface properties

3.4.1. Albedos and emissivities

As on Pluto, the nitrogen cycle on Triton is very sensitive to the nitrogen ice Bond albedo An2 and
emissivity en2. The local energy balance on a N2-covered surface on Triton can be written, to first
order (assuming a spatially uniform and isothermal ice with a flat topography, an efficient global
transport of No, and neglecting thermal inertia and latent heat exchanges) by the classical
equation en20T* = (1 — Anz) F/4, where F is the solar constant at Triton, o is the Stefan-Boltzmann
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constant, and the factor 4 comes from global averaging. As a result, the N2 ice equilibrium
temperature and therefore the N, surface pressure, depend on (1 — An2)/en2 (Spencer, 1990). On
Pluto, the surface pressure dataset inferred from stellar occultations give a strong constraint on
the combination of An2 and en2; only a small range for these parameters allows for a satisfactory
match to the observations (Bertrand et al., 2016, Meza et al., 2018, Johnson et al., 2020). In this
paper, we intend to apply this study to Triton. We assume a fixed and relatively high emissivity of
en2=0.8, as in the Pluto VTM (it would correspond to large cm-sized N; ice grains, Stansberry et
al., 1996a). This value is consistent with the values estimated for Triton from Voyager 2 data (0.7
< en2 < 0.77, Stansberry et al., 1992), and remains within 10% of the upper value estimated on
Pluto from a surface energy balance model (0.47 < en2 < 0.72, Lewis et al., 2021). However, we
note that Hillier et al. (1991) derived a lower surface emissivity of 0.46 + 0.16, which could be
consistent with smaller grain sizes of ~1 mm (Stansberry et al., 1996a). Consequently, in Section
7.3.2, we briefly explore the model sensitivity to lower emissivities than 0.8 (fixed en2=0.3 and
en2=0.5). In addition, since the emissivity of N2 ice is also thought to vary with the ice temperature,
being lower in its a-phase than that in its B-phase (Stansberry and Yelle, 1999; Lellouch et al.,
2011b), we also explore the case of a temperature dependent emissivity.

For practical reasons, Anz is automatically calculated by the model so that the surface pressure
is close to 1.4 Pa in 1989, as measured by Voyager 2 (tuning manually Anz would be extremely
expensive in time and computing resources). In all simulations of this paper, Anz is initially fixed
to 0.75, and then the model increments or decrements Anz by steps of 0.005 during each extreme
southern summer (at subsolar latitude 45°S corresponding to that of Voyager 2’s flyby) so that
the surface pressure converges towards 1.4 Pa at this season. Typically, it takes less than 10,000
Earth years for An2 to reach a stable value in the model and thus for the pressure cycle to be
consistent with the observed surface pressure in 1989. Since all our simulations of the present-
day Triton climate are the results of Myrs of simulations, this means that the convergence occurs
quickly at the beginning of the simulations (spin-up time) We ensured that our model results are
not sensitive to the initial N2 ice albedo value and that all our simulations reach a steady state for
Anz and surface pressure. By contrast, the albedo of the bedrock Aweq is a free parameter of the
model and we tested the sensitivity of the results to several values ranging from 0.1 to 0.9.

3.4.2. Thermal inertia (TI)

We assume a high seasonal thermal inertia in the sub-surface for N ice, fixed to 800 J s™? m~
K™ (or Sl) as has been suggested on Pluto (Bertrand et al., 2016, Johnson et al., 2020). A high
thermal inertia was also inferred by Spencer and Moore (1992), and, in retrospect, their high
thermal inertia models are more in agreement with the later observed pressure evolution. Note
that to first order, this parameter does not significantly impact the N2 cycle (see Section 2.2 in
Bertrand et al., 2018). The diurnal thermal inertia (for all ices) is set to 20 Sl by analogy to Pluto
(Lellouch et al. 2011, 2016). Note that Pluto has large areas covered by tholins-like dark materials,
which are expected to have low diurnal thermal inertias as they form very porous layers of very
small grains. They may have played a significant role in the retrieval of thermal inertia values on
Pluto (the lightcurves are mostly sensitive to the thermal inertia of the tholins), so the values on
Triton could be higher. More thermal observations of Triton’s surface are needed to constrain this
parameter. For the bedrock (assumed to be water ice or CO; ice, but here in this paper it is only
characterized by its albedo, emissivity and thermal inertia), we explored the sensitivity of the VTM
results to low and high values of seasonal thermal inertia ranging from 200 to 2000 SI.

The thermal skin depth is defined as & = TI/C x \(P/m) with Tl the thermal inertia, C the ground
volumetric specific heat (assumed to be 10° J m—3 K-1) and P the period (s) of the thermal wave.
With this definition, the diurnal skin depth for 20 SI of ~8 mm and a seasonal skin depth for 200
Sl and 2000 SI of ~8 m and 80 m respectively. As in the Pluto VTM, the subsurface is divided into

2
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24 discrete layers, with a geometrically stretched distribution of layers with higher resolution near
the surface to capture the short period diurnal thermal waves (the depth of the first layer is z; =
1.4x10™* m) and a coarser grid for deeper layers and long seasonal thermal waves (the deepest
layer depth is near 1000 m). Note that when a N ice deposit (e.g., 300 m thick) is present at the
surface, we assume a subsurface seasonal thermal inertia of 800 Sl in the subsurface levels that
correspond to the thickness of the deposits (e.g., down to 300 m) and then the seasonal thermal
inertia of the bedrock down to the deepest level.

3.4.3. Nz ice reservoir and internal heat flux

Previous volatile transport modeling on Triton only used low N2 ice reservoirs (Rn2 = 0.2-2 m,
Moore and Spencer, 1990, Hansen and Paige, 1992, Spencer and Moore, 1992) and thus were
limited to the simulation of seasonal frost. Spencer and Moore (1992) also tested simulations in
which a permanent southern cap is artificially and indefinitely maintained to a large size, with the
aim of reproducing to first order the effect of large reservoir and viscous spreading of N ice from
the pole to the equatorial regions. In retrospect, these simulation cases (e.g. case “L” in Spencer
and Moore, 1992) are in relatively better agreement with the later observed pressure evolution.
Here, on the basis of these results, we used different Nz ice reservoirs Rnz2 ranging from 1 m to
650 m in global surface coverage, thus exploring both small and large reservoirs. With large N
ice reservoirs, the model is able to self-consistently simulate the formation of thick perennial
deposits and their viscous flow.

At the deepest subsurface level of the model, there may be a positive heat flow, which is balanced
by upward thermal conduction from a negative thermal gradient (-k dT/dz) as in Bertrand et al.
(2018, 2019). The reference simulations are performed assuming no internal heat flux, but we
also explored the effect of assuming an internal heat flux of 30 mW m™.

3.4.4. Assumptions on the state of N, and CHs ice in the model

N2, CH4, and CO ices easily mix together and are not expected to exist in perfectly pure states on
Triton. Instead, they should form non-ideal solid solutions whose phases follow ternary phase
equilibria (Trafton, 2015; Tan and Kargel, 2018). Complex mixtures have been revealed on Pluto’s
surface by the analyses of New Horizons observations, with N2:CH4 (N2-rich mixtures, e.g.,
Sputnik Planitia) and CH4:N2 (CH4-rich mixtures, e.g., the north pole) solid solutions involving
different molecular mixing ratios (Grundy et al., 2016; Protopapa et al., 2017; Schmitt et al., 2017).
Observations also suggest mixtures of both No-rich + CHas-rich ice phases at some locations,
although the exact 'organization’ (i.e. intimately mixed and/or vertically stratified) of these deposits
remains uncertain (Protopapa et al., 2017; Schmitt et al., 2017).

We note that sophisticated equations of state exist for the N.—CHs and N—CH4+—CO systems
under surface conditions (surface pressure and temperature) similar to that of Triton
(CRYOCHEM, Tan and Kargel, 2018). Although these ternary and binary systems, when applied
to Pluto, give results relatively consistent with the diversity of phases seen on Pluto’s surface, it
remains unclear how they would apply to the case of Triton. In fact, on Triton, despite a surface
pressure and temperatures similar to that of Pluto, the observed mole fraction of CH4 in N2-rich
ice is ~0.05-0.11% (Quirico et al., 1999, Merlin et al., 2018), which is 5-10 times less than on Pluto
(Douté et al. 1999; Merlin, 2015). In addition, the mechanisms controlling the formation and
evolution of such mixtures remain largely unknown.

In this context, and given a certain lack of data on the ice mixtures on Triton, the model presented
in this paper is rather simple and sticks to the available observations. As in previous VTM studies
(Bertrand and Forget, 2016, Bertrand et al., 2018, 2019, 2020a), for simplicity in coding with a
VTM, the model does not compute any evolution of ice mixing ratio and adopts Raoult’s law to
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describe the solid-gas equilibria. In the simulations, the surface is either volatile-free, covered by
pure CHy ice or by N2:CH. ice. When both CH4 and Nz ices are present on the surface, we assume
that CH4 is diluted in a solid solution N2:CH4 with 0.05% of CH4, as retrieved from the last
telescopic observations (Merlin et al., 2018), but we also explored the addition of small areas of
CHoa-rich ice (see Section 7.4.2). For CO concentration, we used 0.04% (close to the 0.05%
reported by Quirico et al., 1999) and also explored 0.08% to bracket the values 0.04-0.08%
suggested by Merlin et al., 2018 (see Section 7.4.1). The modeled N2:CH4 ice sublimates by
conserving the 0.05% of diluted CH4. We make the approximation that CHs-rich ice behaves
almost like pure CH4 ice (Tan and Kargel, 2018), in terms of temperature and vapor pressure at
saturation of CHs4, as CHa-rich ice can contain only up to 3% N2 around 40K (Prokhvatilov and
Yantsevich 1983). It can form after sublimation of N2 ice (in which CHs was trapped before) or
directly on a volatile-free surface. In the next sections of this paper, we refer to this phase as CHs
ice. The formation and evolution of other types of binary or ternary phases is out of the scope of
this paper, and we neglect their effect in the model (although we acknowledge that it could lead
to some unevaluated uncertainties in N2-rich and CH4 solid-phase stability).

3.5 Observational constraints for the definition of best-case simulations

As detailed in Section 3.4.1, the simulations are constrained by one unique observation: the
surface pressure of ~1.4 Pa in 1989. The N; ice albedo is automatically adjusted by the model
during the spin up time to match this constraint.

The other available observational constraints, presented in this section, are not explicitly included
in the numerical calculations but are considered when interpreting the simulation results and when
looking for the best-case simulations. We search for simulations including (1) an ice distribution
consistent with Voyager 2 observations and ground-based near-infrared hemispheric spectra (the
relative surface area of volatile vs. non-volatile ice), and (2) an evolution of surface pressure
consistent with that retrieved from stellar occultations.

3.5.1. Constraints from the ground-based near-IR spectroscopy

As detailed in Section 2.3, near-IR ground-based spectroscopy of Triton’s surface provides a
relatively good constraint on the relative surface area (projected on the visible disk) covered or
not covered by volatile ice. Based on the results from Quirico et al. 1999 and Merlin et al. 2018
for 1995 and 2010-2013, respectively, we assume with some margin that the volatile/non-volatile
fractional area is 45-65%/35-55% in 1995 and 55-75%/25-45% in 2010. To take these constraints
into account, we used the calculation in the appendix of Holler et al. (2016) to project our VTM-
modeled surface on the visible disk at the time of observation (subsolar latitude 49°S and 46°S
for 1995 and 2010, respectively). Note, that, in 2010, 60-70% of the disk-projected surface
covered by N2 would correspond to a southern cap extending from 90°S to ~20°S, or 80°S to
~15°S, or 60°S to ~0°.

3.5.2. Constraints from Voyager 2 images and infrared surface emission measurements

Based on the Voyager 2 images, we assume that the bright southern cap is made of N.-rich ice,
and that its northern edge extends to 30°S-0° in 1989. Note that the volatile/non-volatile fractional
area derived from near-IR surface spectroscopy, detailed in Section 3.5.1, is a stronger constraint
and is given more weight when interpreting the results because it is a more direct observation
(Voyager 2 did not carry any IR spectrometer). We do not make any assumption regarding
whether the southernmost latitudes are covered by N»-rich ice or not. Our model self-consistently
calculates the surface ice distribution and we consider that the best-case simulations should have
a N2-rich southern cap (with or without N2-rich ice at the very pole) with a northern edge extending
to 30°S-0° in 1989. In practice, as shown in Section 5 and Section 7, the south pole is always the

16



Manuscript accepted in Icarus October 21, 2021

most efficient cold trap for N2 ice in seasonal average and all our simulations present a perennial
N2-rich deposit at the south pole (except in the cases where N is artificially removed from the
south pole). This point is further discussed in Section 8.3.

We assume that the northern (polar) cap, if it exists, was in winter night and therefore not seen
by Voyager 2 in 1989, implying that it did not extend to latitudes southward of 45°N. Based on the
analysis of Voyager 2 images (McEwen, 1990), we also assume that the albedo of all terrains is
higher than 0.6.

The Infrared Interferometer Spectrometer (IRIS) instrument on-board Voyager 2 measured the
infrared radiation emitted by Triton’s surface. The spectra were relatively noisy and the surface
emission was mostly detected at the longest wavelengths of the IRIS spectral range (i.e., ~40-50
pum). From these measurements, Conrath et al. (1989) and Stansberry et al. (2015) derived a full-
disk averaged surface temperature of Triton in 1989 ranging from 37-44 K, depending on the
emissivity of the different surface units. We use this range of surface temperature to constrain the
best-case simulations. In fact, most simulations satisfying the previous albedo constraint of > 0.6
fall in this range.

3.5.3. Constraints from the surface pressure from Voyager 2 and stellar occultations

Section 2.4 summarizes the different observations that provide estimates of Triton’s surface
pressure. Table 2 gives the surface pressure data points used in this paper. Based on the analysis
of an extremely high-quality occultation dataset from 2017, and the re-analysis of earlier
occultation curves, Marques Oliveira et al. (2021) conclude that the increase in surface pressure
reported in 1995-1997 (compared to the Voyager 2 value in 1989) remains elusive (as the data
are not available for reanalysis using an approach consistent with theirs), but that the 2017 value
has been obtained at a high significance level and is fully compatible with that measured by the
Voyager 2 RSS experiment.

Consequently, in this paper, we consider the values reanalyzed by Marques Oliveira et al. (2021)
as the strongest observational constraints of surface pressure for our volatile transport
simulations, but we will also assess if the model can predict an increase in surface pressure
maximum in the 1990s, as suggested by the other values. We also note that the 2017 event and
the Voyager pressure are the best quality datasets among the analyzed events.

Date Surf. Pressure (Pa) Reference
25 Aug. 1989 1.4+ 0.2 Gurrola et al., 1995
14 Aug. 1995 1.7+ 0.1 Olkin et al., 1997
2.2813:54 Mar liveir. l., 2021
18 Jul. 1997 2.6881_(6??24 j qugﬁkg etealﬁ gt)go’ °
4 Nov. 1997 2.11 £ 0.02 Elliot et al., 2003
21 May 2008 1.38%32% Marques Oliveira et al., 2021
5 Oct. 2017 1.41 + 0.04 Marques Oliveira et al., 2021

Table 2: Surface pressures on Triton derived from different observations and detailed in Marques
Oliveira et al. (2021).
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4. Bedrock surface temperatures on Triton
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Figure 3: Zonal mean surface temperatures of the bedrock of Triton (assumed to be water ice, no
volatile ice) averaged over several seasonal cycles (~10,000 Earth years), with subsurface
thermal inertias within 500-2000 Sl and internal heat fluxes 0 and 30 mW m™. The bedrock albedo
is fixed to 0.6 and its emissivity to 0.8.

On average over one or several seasonal cycles the poles on Triton receive less insolation flux
than the equator. As a result, the poles are colder than the equatorial regions, as shown by Figure
3. High subsurface thermal inertia allows the subsurface to store more heat accumulated during
extreme summer and release it during winter, thus dampening and delaying the response of the
surface temperatures to insolation (Spencer, 1989) and raising the mean temperatures (the poles
are ~1 K warmer with high thermal inertia than with low thermal inertia, on average). While on
Pluto, high subsurface thermal inertia allows the poles to be as warm or warmer than the equator
on annual or multi-annual average (see Fig. 3 and 4 in Bertrand et al., 2018), on Triton, the poles
remain colder than the equator by 5-6 K on average because they receive much less flux (~0.25
W m™) than the equator (~0.44 W m™) on average over several seasonal cycles (the subsolar
point never reaches high enough latitudes to make the poles warmer than the equator on average,
and extreme summers are not occurring every seasonal cycle). For a subsurface (i.e., H-0 ice)
Tl of 1000 SI, a bedrock surface albedo of 0.6 and no internal flux, maximum and minimum
bedrock surface temperatures are respectively ~49 K and ~33 K at the poles (during extreme
seasons) and respectively ~45 K and ~43 K at the equator.

Volatile ice would therefore accumulate at the poles on Triton, and form a cold trap. Due to the
very low eccentricity of Neptune’s orbit and the circular orbit of Triton around Neptune, the
northern and southern latitudes of Triton undergo the same seasons over several seasonal cycles
(with the same insolation and heliocentric distances). Figure 3 shows that both poles on Triton
are symmetric in terms of insolation and surface temperatures, on average over several seasonal
cycles. Under these conditions, the volatile transport model would simulate the formation of
symmetric southern and northern caps if all ice and surface properties were constant and uniform.
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However, in reality, it is likely that one cap “wins” over the other (see Section 5). For instance,
Figure 3 shows that an internal heat flux of 30 mW m? would raise the bedrock surface
temperatures by up to ~2 K (for high subsurface thermal inertias), and could locally prevent N2
condensation at the locations where such a flux reaches the surface.

5. Long-term VTM simulation of the N2 cycle with North-South
asymmetries

As discussed in Section 2.6, the Voyager 2 observations suggest that a southern cap (presumably
made of N ice) extends to the equator. It is not clear whether a north (polar) cap exists on Triton,
as Voyager 2 did not detect it outside the polar night (southward of 45°N) in 1989. If it does exist,
it must therefore be smaller than the southern cap. In Section 2.6, we listed several mechanisms
that have been proposed to explain this asymmetry between the northern and southern caps,
including the asymmetry in internal heat flux and in surface ice albedo, explored in detail by Brown
and Kirk (1994) and Moore and Spencer (1990), respectively.

In this section, we use our volatile transport model to test how the N ice deposits evolve when
we set a North-South asymmetry in internal heat flux, surface N ice albedo, and topography. All
simulations start with a global and uniform cover of 300 m of N ice, take into account glacial
viscous flow of N2 ice (Umurhan et al., 2017), and are run over 9 Myrs, which is long enough so
that the surface and subsurface reach a steady state. Other simulation parameters and settings
are summarized in Table 1.

5.1 North-South asymmetry in internal heat flux
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Figure 4: Annual mean evolution of nitrogen ice thickness (in zonal mean) throughout entire VTM
simulations (from t=0 to t=9 Myrs), assuming an internal heat flux in the northern hemisphere only
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(uniform from 0°N to 90°N) of 5, 15, 30 and 45 mW m, and a subsurface bedrock thermal inertia
of 1000 SI. Deposits thinner than 1 m tend to be seasonal. The N; ice albedo obtained at
equilibrium is 0.755, 0.785, 0.790, and 0.795, respectively.

Brown and Kirk (1994) showed that Triton's internal heat source could significantly affect volatile
transport and that asymmetries in its latitudinal distribution (possibly driven by volcanic activity or
internal convection) could result in permanent caps of unequal latitudinal extent, including the
case with only one permanent cap. As expected, we find similar results when we test this scenario
in our volatile transport model.

Figure 4 shows the annual mean evolution of N ice thickness when we assume an internal heat
flux of 5, 15, 30 and 45 mW m in the northern hemisphere only (the internal heat flux is set to 0
mW m in the southern hemisphere). In the northern hemisphere, the internal heat flux transferred
to the surface N2 ice is consumed through the latent heat of sublimation of N, ice and the
maintenance of vapor pressure equilibrium. This leads to enhanced N, sublimation rates and
reduced N2 condensation rates and thus favors a larger southern Nz ice cap.

Our results show that a permanent northern cap, centered at the pole with a thickness of at least
a few hundred meters, forms in all cases. In all cases there is also a southern permanent cap,
that is at least a kilometer thick at the pole and hundreds of meters thick at ~30°S, in agreement
with our interpretation of Voyager 2 observations.

Figure 4 shows that a heat flux difference of at least +15 mW m™ between both hemispheres is
necessary for permanent N ice deposits (>1 m) in the northern cap to remain confined poleward
of 45°N (and therefore be hidden in the polar night during the Voyager 2 flyby). For example, if
the difference reaches +45 mW m™, then the permanent northern cap is very small and only
extends down to 80°N, according to our model. We note that in all cases, mm-to-m thick seasonal
deposits extend to 30°N-45°N.

5.2 North-South asymmetry in topography
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Figure 5: Topography of the bedrock for the simulations described in Section 5.2, with a North-
South asymmetry of £ 1 and £ 4 km.
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Figure 6: Annual mean evolution of nitrogen ice thickness (in zonal mean) assuming a North-
South asymmetry in topography (as shown on Figure 5, with a pole-to-pole difference of 2 and 8
km), and a subsurface thermal inertia of 500-2000 SI. The N; ice albedo obtained at equilibrium
is 0.740 and 0.750 (for TI=500 Sl), and 0.740, and 0.745 (for TI=2000 Sl), respectively.

As detailed in Section 2.6, the main reservoir of N2 ice on Pluto is confined within the massive
topographic basin of Sputnik Planitia (estimated to be as much as ~10 km deep, McKinnon et al.,
2016) due to (1) its location in the equatorial regions (long-term cold traps induced by the high
obliquity cycles) and (2) higher condensation rates in the basin induced by higher surface
pressure and infrared cooling of the ice. This atmospheric-topographic process is expected to
apply on Triton too, and one could imagine that a North-South topographic asymmetry would favor
the formation of a permanent cap of N2 ice in the lower-elevation hemisphere. Voyager stereo
and limb observations of Triton’s topography (Schenk et al., 2021) are much more limited than for
Pluto, but indicate that topographic amplitudes of the areas observed (<25% of the surface) are
only ~1 km or less, including the bright deposits of the southern hemisphere. Although topographic
data were lacking over large areas, Schenk et al. (2021) concluded from the lack of discrete large
bright or dark patches similar to Sputnik Planitia that Triton also lacked deep basins or high
plateaus of similar scale. Unresolved basins and plateaus and local extremes of ~1 km scale are
possible in these areas, however.

We tested the above scenario by performing simulations with a North-South asymmetry in
bedrock topography, as shown by Figure 5, with a high-standing northern hemisphere and low-
standing southern hemisphere of £ 1 and + 4 km (the former case is well within the current limited
constraints while the latter case is extremely unrealistic but provides insights into the magnitudes
and extents of the processes involved). Figure 6 shows the annual mean evolution of N; ice
thickness resulting from this model configuration and for different subsurface thermal inertias.
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Our results show that the topography asymmetry does not have a strong effect on reducing the
extent of the northern cap, even in the extreme case with a pole-to-pole dichotomy of 8 km. In
this scenario, the low-elevated N ice in the southern hemisphere is ~1 K warmer than the high-
elevated N ice in the northern hemisphere. As a result, the N> condensation rates should always
be larger during southern winter than during northern winter. However, as N; ice extends to lower
latitudes in the southern hemisphere (and because this is maintained by glacial flow in the model),
more N: ice is available for sublimation during southern summer, which counteracts this
difference. This allows for a permanent northern cap of Nz ice to form in all cases and to be stable
with an expansion of N2 deposits to relatively low latitudes (40°N-50°N) while the permanent
southern cap extends to 30°S. We also note that low Tl allows for more seasonal deposits forming
at the edge of the permanent deposits.

5.3 North-South asymmetry in nitrogen ice albedo
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Figure 7: Annual mean evolution of nitrogen ice thickness (in zonal mean) assuming a North-
South asymmetry in N> ice albedo and a subsurface thermal inertia of 500-2000 SI. The N- ice
albedo in the southern hemisphere is automatically changed by the model so that it quickly
converges toward a value allowing a surface pressure of ~1.4 Pa during the season of the
Voyager 2 flyby (see Section 3.4.1). The N ice albedo in the northern hemisphere remains always
lower than that in the southern hemisphere by 0.04 (left panels) and 0.1 (right panels). The N ice
albedo obtained at equilibrium is 0.765 and 0.775 (for TI=500 Sl), and 0.795, and 0.775 (for
TI=2000 Sl), respectively.

Volatile transport modeling performed by Moore and Spencer (1990) showed that a permanent
North-South albedo dichotomy should result in a net, long-term transfer of N2 from one cap to the
other.
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Here we tested this scenario with our volatile transport model by performing simulations with a
North-South asymmetry in nitrogen ice albedo and we obtained similar results. Figure 7 shows
the annual mean evolution of N ice thickness predicted by our model when the N ice albedo in
the northern hemisphere is lower by 0.04 (left panels) and 0.1 (right panels) than in the southern
hemisphere (where the albedo is calculated by the model so that P1989~1.4 Pa), for thermal
inertia TI=500 Sl (top) and 2000 SI (bottom).

A permanent northern cap forms in all cases, but extends to 45-55°N (with mm-to-m thick
seasonal deposits extending to 30°N if Tl is low) while the permanent southern cap extends to
30°S.

5.4 Discussions about the North-South asymmetry

We tested the scenarios of a North-South asymmetry in heat flux, topography, and N ice albedo,
and our results are consistent with previous work (Brown and Kirk, 1994, Moore and Spencer,
1990).

We note that:

(1) We used a large global N2 reservoir of 300 m, which is required for the expansion of the
southern cap to 30°S-0°, as observed by Voyager 2.

(2) As described in Brown and Kirk (1994), this Nz inventory is significantly larger than needed
to supply volatile transport. Viscous flow of N ice from the poles (where N2 condensation
is more intense) toward low latitudes balances the net sublimation-condensation flow. On
average over several seasonal cycles, net N> condensation occurs at the poles and net
sublimation occurs in the warm tropical regions, where viscous flow from the pole to the
equator ensures that N2 ice remains available for sublimation. This favors the formation of
a permanent northern cap and its expansion to relatively low latitudes.

(3) North-South asymmetries in internal heat flux and in surface ice albedo are efficient means
to limit the extent of the permanent northern cap to latitudes northward of 45°N. On
average over several seasonal cycles, the N> condensation rates at the south pole are
larger than those at the north pole by a factor ~8 if the surface N ice albedo is 0.6 in the
northern hemisphere vs 0.7 in the southern hemisphere (Figure 7), or if the internal heat
flux is 45 W m in the northern hemisphere vs 0 W m in the southern hemisphere (Figure
4). The asymmetry in topography does not produce a significant asymmetry in cap extents.
Even in the case of a topography gradient of 8 km between both poles (Figure 6), the
surface temperature gradient is less than 1 K (the ice is warmer in the modeled depression
at the south pole) and the condensation rates are larger at the south pole by only a factor
of ~1.4. In other words, our results remain quantitatively sensitive to the ice properties
(albedo, thermal inertia, N2 reservoir), and insensitive to topography differences, even
those that are larger than expected based on Voyager 2 imagery (although this is true for
large N2 reservoirs only, see below).

(4) The northern and southern permanent caps simulated with our model quickly reach a
steady state after ~1 Myrs and then remain relatively stable over time. If we assume an
initially warm volatile-free northern hemisphere, it could take a few Myrs longer, but the
end result would remain the same. Note that the timescale associated with viscous flow
relaxation is ~1 Myrs for a relatively flat bedrock, a layer of 100 m of N ice, and a
characteristic length scale for the southern cap of 1000 km (calculated for Triton as
detailed in Umurhan et al., 2017, see their Fig. 9b).

(5) Figure 8 shows a few simulation results performed with lower reservoirs (30 m and 100
m). Due to the lower reservoirs, the southern and northern caps are smaller in size and
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thickness, but the general tendencies observed for the simulations with 300 m remain
valid. As in Spencer (1990), Stansberry et al. (1990), Hansen and Paige (1992) and
Spencer and Moore (1992), simulations performed with very low global N2 reservoirs (e.g.
1 m, not shown) show that most of Triton’s N, inventory accumulates at the south pole
(favored by a North-South asymmetry), and after several seasonal cycles, forms a small
southern permanent deposit confined to the south pole and a few meters thick (referred
as the problem of ever-shrinking permanent polar caps in Spencer and Moore, 1992). Due
to the low amounts of N ice involved, the ice does not flow, and the polar cap never
extends to the mid-to-equatorial regions. Thin seasonal deposits can form at the north
pole during winter. The topography, albedo and internal flux differences between both
poles becomes a more significant driver for N> ice migration in these low reservoir cases.

(6) Brown and Kirk (1994) and Moore and Spencer (1990) state that an albedo asymmetry
between the northern and southern hemispheres is unlikely to be maintained over a long-
term period due to (1) seasonal deposition of meter-thick frost layers each winter in the
low-albedo hemisphere, possibly brightening the surface except if the layers are
transparent enough to have no significant effect on the albedo of the substrate (which
remains unlikely), and (2) an increase in albedo as the ice is fractured by passage through
the a-B phase transition (Scott, 1976, Duxbury and Brown, 1993). On the other hand, pole-
to-pole difference in ice contamination by dark material, sensible heat flux from the
atmosphere or positive feedbacks on the surface (shown to have a non-significant effect
on Pluto’s ice, Bertrand et al., 2020a) may help maintaining an albedo asymmetry, but
these processes would need to be investigated in more detail on Triton.

(7) Amongst the simulations explored here, we do not get any case with N, ice at southern
low- and mid-latitude but no N ice at the south pole, as suggested by Earth-based
spectroscopic observations (see Section 2.3).

(8) Many other processes could explain the asymmetry between the caps. The reader is
referred to Section 2.6 and previous work by Brown and Kirk (1994) and Moore and
Spencer (1990) for more detail about this topic. Constraining the composition of the ices
on both hemispheres will be key to distinguishing between these alternatives.
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Figure 8: As for previous figures but for a global N> reservoir R=30 m (left) and R=100 m (right).
The N- ice albedo obtained at equilibrium is 0.775, 0.750 and 0.720 (for R=30 m), and 0.790,
0.765 and 0.745 (for R=100 m), respectively.

6. Surface pressure cycle assuming fixed N2 ice distribution

As shown in Section 5, the permanent (i.e., non seasonal) northern and southern caps remain
relatively stable over time (if we assume the seasonal changes in insolation as described in
Section 2.1) but their latitudinal extents depend on the model parameters such as albedo, thermal
inertia, and N2 ice reservoir.

In this section, we explore how fixed N ice distributions on Triton and surface properties affect
the current surface pressure cycle. For sake of simplicity, and in order to understand the impact
of each parameter one after another, we neglect the impact of seasonal deposits and therefore
we only use fixed volatile ice distribution (more realistic simulations with full, i.e., self-consistent,
volatile transport including seasonal deposits are presented in Section 7). We use the stellar
occultation datasets to constrain the properties of the northern and southern caps.
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6.1 Initial state of the simulations with fixed N2 ice distribution

Table 1 summarizes the settings of the volatile transport simulations presented in this section.
We place fixed and infinite N2 reservoirs (no glacial flow, flat topography) confined to 90°S-30°S,
90°S-0°, or 80°S-0° in the southern hemisphere, and to 90°N-75°N, 90°N-60°N or 90°N-45°N in
the northern hemisphere (including the case without a northern cap). We limit the volatile transport
to these reservoirs (no seasonal frost can form). Consequently, the simulation results are
independent of the bedrock surface properties (albedo and emissivity). The simulations are
performed over several seasonal cycles (covering ~10 000 Earth years) in order to reach a steady
state. The N ice albedo is automatically adjusted by the model so that the surface pressure
reaches ~1.4 Pa in 1989, as observed (see Section 3.4.1).

6.2 Simulation results with fixed N2 ice distribution
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Figure 9: Surface pressure on Triton for the period 1900-2060 as predicted by the model when
we assume a fixed N ice distribution with a southern cap placed between 90°S-30°S and a
northern cap placed between 90°N-45°N (black), 90°N-60°N (red), 90°N-75°N (blue) or no
northern cap (green). The seasonal thermal inertia of N; ice is set to 2000 SI (solid lines) or 500
SI (dotted lines). Black and grey data points and 3-0 error bars represent the pressure
observations as presented in Table 2 (black are for the data points that we consider are the
strongest observational constraints).
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Figure 10: As Figure 9 but for different fixed N ice distributions in the southern and northern
hemisphere. The seasonal thermal inertia is set to 1000 SI.
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Figure 11: Zonal and diurnal mean N condensation-sublimation rate (mm per Triton day) during
the period 1820-2060 as obtained in the model for the cases of fixed N ice distributions: 90°S-0°
+ 45°N-90°N (top left), 90°S-0° + 60°N-90°N (top right), 90°S-0° + 70°N-90°N (bottom left), 90°S-
0° and no northern cap (bottom right). The seasonal N, ice thermal inertia is set to 1000 SI. The

27



Manuscript accepted in Icarus October 21, 2021

thin black contour indicates the extent of the caps. The red line indicates the surface pressure
(right y-axis) and the grey line indicates the subsolar latitude.

Figures fixedscap and fixedti show the surface pressure for the period 1900-2060, obtained with
the model for different N2 ice distributions and Nz ice thermal inertia, while Figure 11 shows the
latitudinal condensation-sublimation flux of N2 during the period 1820-2060 for the four different
extents of the northern cap explored.

The surface pressure is at its minimum during the 1880-1940 period (northern summer), when
the subsolar point is above 15°N, because the northern cap is always smaller than the southern
cap and therefore the condensation-dominated areas (most of the southern N, ice deposits)
overcome the sublimation-dominated areas (the northern deposits). During the opposite season
(southern summer), the pressure is at its maximum as the sublimation-dominated areas (most of
the southern deposits) overcome the condensation-dominated areas (northern deposits), as
shown by Figure 11 (all panels). In these simulations, the surface pressure peak occurs slightly
after the southern summer solstice (2000) between year 2000-2010. The surface pressure
evolutions obtained here are similar to those obtained by Spencer and Moore (1992) when they
artificially maintained a permanent large southern cap of bright N2 (see their Fig. 7).

As shown by Figure 9, the larger the northern cap, the more it can serve as a condensation area
and buffer N2 sublimation in the southern hemisphere, which results in a surface pressure peak
that is lower and occurs sooner. In addition, the higher the thermal inertia of Nz ice, the lower the
amplitude of surface pressure over a seasonal cycle (higher minimum and lower maximum), and
the earlier the surface pressure peaks.

We also tested different N ice distributions in the southern hemisphere. Figure 10 shows that the
amplitude of the surface pressure peak is strongly attenuated if N2 ice remains between 30°S-0°
(non-solid lines). This is because these latitudes are dominated by condensation rather than
sublimation between the years 1980-2020, thus dampening the pressure peak (Figure 11, all
panels). We also tested a scenario without Nz ice between 90°S-80°S, leading to a pressure peak
slightly lower as less N is available for sublimation in southern summer (Figure 10, dotted lines).

These results suggest that a mid-to-high thermal inertia of N2, coupled with a northern cap
extending down to 45°N-60°N, is needed so that the surface pressure is ~1.4 Pa (back to Voyager
2 levels) in 2017, as observed from stellar occultations. If we assume no northern cap, then the
modeled surface pressure remains higher than 1.6 Pa in 2017, which becomes inconsistent with
the observations. A strong increase in surface pressure before 2000 cannot be obtained if N2 ice
is present between 30°S-0°. We also note that the surface pressure remains greater than 0.5 Pa
even during the opposite season (southern winter) when a permanent northern cap extending
down to 45°N is assumed. The presence of permanent southern and northern caps prevents
Triton’s atmosphere from collapsing.

Finally, as discussed in Section 2.3, IRTF/SpeX observations of Triton’s near-IR spectrum in 2002
suggest that N2 is undetectable or absent at high southern latitudes. Here, Figure 11 shows that
about 30-50 cm of N: ice is removed at the south pole by sublimation during the period 1970-
2000. It is not clear whether the removal of 30-50 cm of N2 ice could have altered its detectability,
even if N2 is not completely removed. We discuss more on this point in Section 8.3.
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7. VTM Simulations of the N2 cycle

In this Section, we simulate the full volatile transport across Triton over the last 4 Myrs and explore
a large range of parameters (bedrock albedo, thermal inertia, N ice reservaoir, internal flux and
North-South asymmetry). The results (e.g., cap extents in 1989 and surface pressure in 2017)
are compared to the available observations in order to better constrain these model parameters.

7.1 Initial state of the simulations and main model parameters

Section 3.3 and Table 1 summarize the initial state of the simulations. Note that all the results of
this section are the outcome of 4-Myrs simulations in which the end state does not depend on the
initial ice distribution and surface and subsurface temperatures, and in which the N; ice albedo is
calculated by the model and constrained by the surface pressure in 1989 (~1.4 Pa). The Ny ice
albedo obtained in the model in 1989 usually ranges within 0.7-0.8, depending on the cap extents
and on the internal heat flux. We first perform simulations with a spatially uniform Nz ice albedo
(Section 7.2) and then with a lower albedo in the northern hemisphere (Section 7.3, where the
albedo of the northern cap is always lower than that of the southern cap by 0.1).

The bedrock and Nz ice emissivities are fixed to €=0.8, and the N ice thermal inertia to TIN2=1000
Sl. We explore different values for the bedrock’s thermal inertia Tlyeq (LOW: 200 SI; Moderate: 500
Sl, 1000 SI; High: 2000 SI) and albedo Aseq (from 0.1 to 0.9), for the global N ice reservoir Rno
(from 1 m to 650 m), and with and without a globally uniform internal heat flux of 30 mW m2,

7.2 Full volatile transport simulations with spatially uniform ice properties (no North-South
asymmetries)

Surface N, ice over 4 Myrs
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Figure 12: Results from a VTM simulation performed with spatially uniform N> ice properties. Top:
Simulation with leed=1000 S/, Abed=0- 8, RN2=12 m. Bottom: leed=500 S/, Abed=0- 7, RN2=350 m.
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Left: annual mean evolution of N ice thickness (in zonal mean) over 4 Myrs. Right: Zonal and
diurnal mean N. condensation-sublimation rate (mm per Triton day) during the period 1820-2060.
The black contours indicate the extent of the caps (0-line, 10 mm, 100mm, solid), and where the
ice is 1 m (thick solid line) and 1 km thick (dash-dotted line). The red line indicates the surface
pressure (right y-axis) and the grey line indicates the subsolar latitude. Deposits thinner than 1 m
tend to be seasonal.

Figure 12 shows examples of model results when a spatially uniform Nz ice albedo is assumed,
primarily in two formats: the long-term evolution of N ice thickness over 4 Myrs (left panel) and
the recent seasonal evolution of the diurnal mean N2 condensation rates obtained during the
1820-2060 period (as the outcome of the 4-Myrs simulation).

First, in the long-term evolution, the northern hemisphere, initially warm and volatile-free, quickly
cools down and allows the formation of a permanent northern cap, which stabilizes along with a
symmetric southern cap after ~2 Myrs. The thickness and the extent of the caps depend on the
global reservoir of N2 ice. In the tropical regions, mm-to-m thick seasonal deposits can form and
extend to the equatorial regions.

Second, the seasonal evolution (right panel) shows that the southern cap sublimates from ~1960
to ~2040, with N2 condensing in the northern hemisphere. In the case of Figure 12 (top), the low
amount of Nz ice in the system reduces N2 deposits to seasonal layers (mm-to-m thick) at latitudes
equatorward of 70°N or of 75°S, and the southern cap retreats from 40°S to 75°S while the
northern cap expands from 70°N to 20°N between 1960 and 2020. This leads to a strong decrease
of surface pressure from 1989 as N> condensation-dominated areas increase in the north and as
sublimation is limited in the south. In the case of Figure panel_uniform1 (bottom), there is enough
N2 ice on the surface so that the permanent northern and southern caps expand to 30°N and
30°S, respectively. The peak of surface pressure is reached around year 2000, when the sources
of N, in the south balance the sinks in the north (~2-3 mm Triton day™).

In general, all simulations that assume spatially uniform subsurface and ice properties produce
symmetric permanent caps. As shown by Figure 12, this results in either a northern cap that
extends to latitudes southward of 45°N in 1989 (inconsistent with Voyager 2 observations) and/or
a strong decrease of surface pressure between 1989 and 2017 (with values largely below the
reported value of 1.41 Pa in 2017, inconsistent with stellar occultation observations).

In the next section, we impose a North-South asymmetry in N2 ice albedo in order to force a
smaller northern cap.

7.3 Full volatile transport simulations with a North-South asymmetry in N2 ice albedo

In this section, we perform volatile transport simulations following the Koyaanismuuyaw model
(Moore and Spencer, 1990): we assume that the N> ice albedo in the northern hemisphere is
lower by 0.1 than that in the southern hemisphere, which leads to a larger permanent southern
cap.

7.3.1. Comparison to the case without North-South asymmetry
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Figure 13: As Figure 12 but from a VTM simulation performed with a North-South asymmetry in
Nz ice albedo (AAn2=0.1). Top: Simulation with Tlyeq=1000 Sl, Apeq=0.7, Rn2=200 m. Bottom:
leed=2000 SI, Abed=0- 7, RN2=550 m.

Figure 13 (top) shows an example of a simulation performed with the North-South asymmetry in
N2 ice albedo and a global N2 reservoir of 200 m. A permanent, 1-km thick southern cap forms
and stabilizes with an extent to 30°S, due to the relatively high ice albedo and subsurface thermal
inertia. In the northern hemisphere, only seasonal mm-to-m thick deposits form (Figure 13, top
left). During the northern summer (1890-1940), these northern deposits entirely sublimate and
disappear (Figure 13, top right). In this simulation, N2 re-condenses in the northern hemisphere
in the current southern summer, with a maximum extent of the frost to ~30°N, reached in 2000.
The surface pressure peaks in ~2000, and is back to Voyager levels in 2017, consistent with the
observations.

Figure 13 (bottom) describes a similar simulation but with a larger global N ice reservoir of 550
m. In this simulation, the permanent southern cap extends to the equator and a smaller northern
cap forms and extends to 60°N (Figure 13, bottom left). The seasonal frosts in the Northern
hemisphere extend to ~30°N in 2000, and the pressure cycle is still consistent with the
observations with a maximum reached in 2005 and a value close to that of 1989 in 2017. Note
that N2 re-condenses in the equatorial regions at the edge of the southern cap between 1980-
2020 (Figure 13, bottom right), as also shown in Section 6.2. This may be related to the formation
of the bright blue fringe observed in these regions by Voyager 2 (see discussion on this topic in
Section 8.4).
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7.3.2. Sensitivity of the results to surface properties, internal heat flux and ice reservoir
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Figure 14: Latitude to which the northern (top) and southern (bottom) caps expand (from the pole)
in 1989 as modeled by simulations with varying subsurface thermal inertia (columns, Tl = 200,
500, 1000, and 2000 Sl from left to right), N» global reservoir (y-axis) and bedrock albedo (x-axis).
The simulations that best match Voyager 2 observations in 1989 are those that show a northern
cap confined poleward of 45°N and a southern cap that extends to 30°S at least.
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Figure 15: Modeled volatile fractional area (%) in 1995 (top) and 2010 (bottom), projected on the
visible disk at these dates, with varying subsurface thermal inertia (columns, Tl = 200, 500, 1000,
and 2000 Sl from left to right), N, global reservoir (y-axis) and bedrock albedo (x-axis). The
simulations that best match Earth-based spectroscopic observations are those that show a
volatile fractional area of 50-60% in 1995 (Quirico et al., 1995) and 60-70% in 2010 (Merlin et al.,
2018). Note that the extent of the southern cap and the latitude of the subsolar point do not change
much between 1995 and 2010, hence the relatively unchanged volatile fractional area during this
period of time.
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thermal inertia (columns, Tl = 200, 500, 1000, and 2000 Sl from left to right), N> global reservoir
(v-axis) and bedrock albedo (x-axis). The simulations that best match the 2017 stellar occultation
data are those that show a surface pressure of ~1.41 Pa (Marques Oliveira et al., 2021).
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Figure 17: N; ice albedo in the southern hemisphere in 1989 as modeled by simulations without
(left) and with internal heat flux (right), and for different N> global reservoir (y-axis) and bedrock
albedo (x-axis). Albedos in the model are Bond albedos. The subsurface thermal inertia is set to
1000 SI.

We performed similar simulations with varying combinations of bedrock subsurface thermal
inertias (T1 =200, 500, 1000, and 2000 SI), N2 global reservoirs (from 0.3 m to 650 m) and bedrock
albedos (from 0.1 to 0.9). We also explored how results are impacted by a uniform internal heat
flux of 30 mW m. The model sensitivity to these parameters is described by (1) Figure 14, which
shows the extent of the caps in 1989, (2) Figure 15, which shows the modeled volatile fractional
area as seen from Earth in 1995 and 2010, (3) Figure 16, which shows the surface pressure in
2017, and (4) Figure 17, which shows the value of the N ice albedo in 1989 calculated by the
model so that the surface pressure reached the observed value (~1.4 Pa). We also tested how
the volatile cycle responds to a lower N ice emissivity (en2=0.3, 0.5, and taking into account the
a-B phase transition) and higher values of thermal inertias (T1 = 4000, 8000 SI).

Sensitivity to the N2 reservoir

N2 ice accumulation is always favored in the southern hemisphere, due to the north-south N ice
albedo asymmetry. As a result, the extent of the southern cap (and thus the volatile fractional
area) strongly depends on the global N2 reservoir and the viscous flow of N» (Figure 14, bottom).
This is illustrated by Figure 18. The more N2 in the system, the thicker the cap, the more it flows
toward the equator, and the more the ice subsists through an extreme summer (larger perennial
cap). On the other hand, a low reservoir would lead to a small and thin southern cap, with seasonal
deposits that disappear during the recent extreme southern summer. As a result, simulations with
low reservoirs also lead to a low volatile fraction area in 1995-2010 (except for the low thermal
inertia case) and to surface pressures much lower in 2017 than in 1989 as condensation in the
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north then dominates sublimation in the south. Reservoirs lower than 150 m coupled with
moderate-to-high bedrock Tl lead to a southern cap extending to latitudes poleward of 45°S in
1989, a volatile fraction area less than 40% in 1995-2010 (Figure 15) and surface pressure lower
than 1.2 Pa in 2017 (Figure 16s), which is inconsistent with Earth-based spectroscopic
observations and the 2017 stellar occultation. Very large reservoirs (> 350 m) tend to lead to a
higher volatile fraction area than observed (>70%). They also lead to a higher seasonal minimum
and a lower seasonal maximum in surface pressure, due to the fact that the caps extend to lower
latitudes and are more perennial (limited amounts of seasonal deposits), which better balances
the sources and sinks of N2 (see Figure 9). A maximal surface pressure of ~2 Pa is reached during
southern extreme summer for intermediate N reservoirs of 12 m - 450 m coupled with
intermediate thermal inertia (not shown).
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Figure 18: Modeled maximum N; ice thickness at the south pole in 1989 vs initial global N> ice
reservoirs for all simulations performed with north-south N, ice albedo asymmetry, no internal
heat flux. Colors indicate the thermal inertia (black: 200 Si; cyan: 500 SI; magenta: 1000 SI; green:
2000 Sl). For large reservoirs greater than 25 m in global average, the maximum thickness of the
ice at the south pole mostly depend on the reservoir (and not on the thermal inertia or albedo of
the bedrock).

Sensitivity to the bedrock albedo

The extent of the northern cap does not strongly depend on the global N reservoir but rather on
the bedrock albedo (Figure 14). This is because N ice is more stable within the southern cap and
only allows a cap to form in the northern hemisphere if the surface is cold enough there (which,
in our model, is driven by the bedrock albedo). As described in Section 7.1, our simulations are
initialized with a warm northern hemisphere depleted of volatile ice. After several Myrs required
to reach a steady state, most of these simulations present a permanent and/or seasonal northern
cap in 1989, except when we assume a bedrock albedo much lower than 0.6 and a mid-to-high
subsurface thermal inertia (Figure 14, top). Such a low albedo value for Triton’s bedrock is
unrealistic, as the surface was observed to be relatively bright in 1989 (with a bolometric Bond
albedo at least greater than 0.5, McEwen, 1990). Furthermore, Figure 16 shows that a low
bedrock albedo coupled with a mid-to-high thermal inertia tends to lead to a high surface pressure
(as this would limit N2 condensation in the northern hemisphere), greater than 1.8 Pa in 2017
(Figure 16), which is not consistent with the 2017 stellar occultation. On the other hand, a very
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high bedrock albedo would favor more N. condensation in the north during southern summer,
leading to a northern cap extending to the equator in 1989 and a low surface pressure in 2017,
which is also inconsistent with observations (Figure 14, top, Figure 16). For instance, if the N2
reservoir is lower than 150 m, the southern cap considerably shrinks during this season, leading
to surface pressures lower than 1.2 Pa in 2017, inconsistent with the 2017 stellar occultation
(Figure 16).

Sensitivity to the bedrock thermal inertia

The lower the bedrock thermal inertia, the higher the amplitude of bedrock surface and subsurface
temperatures across the seasons (higher temperatures during summer, lower temperatures
during winter), and, on average over seasonal cycles, the lower the temperatures, in particular at
the poles. As a result, a lower bedrock thermal inertia leads to the formation of more mm-to-m
seasonal frosts that extend to lower latitudes. In our simulations performed with the low Tl = 200
S| and relatively high bedrock albedo (>0.5), the northern cap extends to 15°N in 1989 (Figure
14, top), which is inconsistent with Voyager 2 observations. However, the volatile fractional area
is consistent with Earth-based spectroscopic observations for low thermal inertia coupled with low
to moderate reservoirs and a surface albedo of ~0.6 (Figure 15). The increased presence of
seasonal N frosts forming in the northern hemisphere during winter in the case of low thermal
inertia prevents an increase of surface pressure after 1989. As a result, low thermal inertia tends
to lead to slightly low surface pressure (< 1.2 Pa) in 2017, especially when the N2 reservoir is low
(frosts would disappear in the southern hemisphere shortly after 1989). Moderate-to-large thermal
inertia (500-2000 SI) limits the decrease of surface and subsurface temperature in the northern
hemisphere during winter and thus allows for a limited extent of the northern cap in 1989. Surface
pressure tends to increase from 1989 to ~2005-2010 and then decrease with a 2017 value close
to that of 1989. Finally, we show on Figure 19.D two simulation cases performed with extremely
(and possibly unrealistically; Ferrari and Lucas, 2016) high thermal inertias of 4000 S| and 8000
Sl. Changes to the N2 cycle are not significant in the case with TI=4000 SI. With TI1=8000 SI,
thicker deposits accumulate in the northern hemisphere and the seasonal changes of surface
pressure are reduced, with a higher pressure minimum at 0.5 Pa.

Sensitivity to the internal heat flux

A higher internal heat flux (uniformly applied across the globe) increases the surface and
subsurface temperature for a given insolation. In order to keep a surface pressure of ~1.4 Pain
1989, the N2 ice must thus remain at the same vapor-pressure equilibrium temperature and must
therefore be brighter. In general, an internal heat flux of 30 mW m leads to an increase in N ice
albedo of 0.1 compared to the case without internal heat flux (Figure 17) and as a result to slightly
lower condensation and sublimation rates. The evolution of the surface pressure and the extent
of the southern and northern caps remain relatively similar to the cases without internal heat flux.

Sensitivity to the N ice emissivity

As detailed in Section 3.4.1, the N ice emissivity on Triton may be lower than what is assumed
in the model (ex2=0.8). Figure 19.A-B shows how the volatile cycle is impacted by a lower Nz ice
emissivity by comparing a reference simulation using a fixed emissivity en2=0.8 with the same
simulation but using en2=0.3 and en2=0.5. In addition, Figure 19.C shows the case of a temperature
dependent N ice emissivity, with an a-B phase transition for Nz ice at Tq-=35.6 K, as implemented
in the model and tested for Pluto in Bertrand et al., 2019 (see their equation 1). In all these “low
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emissivity cases” (and as for all the other simulations of this section), the model had to adjust
(increase by steps of 0.005, typically from 0.75 to 0.8) the N ice albedo during the spin-up time
so that the surface pressure remained close to 1.4 Pa in 1989.

Overall, the fixed lower emissivity induce higher pressure minima, which remain above 0.4 Pa in
the case with en2=0.3. Together with the subsequent increase of Nz ice albedo needed to match
the Voyager 2 pressure constraint, it induces lower condensation-sublimation rates and a smaller
northern cap.

The cases with the a-transition are slightly different. The change of emissivity forces the ice
surface temperature to remain at the transition temperature T,-3=35.6 K during the periods of low
pressure (i.e., northern summers) and therefore the surface pressure during these periods also
remains constant at ~0.5 Pa. However, en2 remains at 0.8 during most of time, and therefore the
condensation-sublimation rates and the extension and thickness of the northern cap do not
change much compared to the reference case.
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Figure 19: Sensitivity of the volatile cycle to low N> ice emissivity and high thermal inertia. (A)
Reference simulation among best-case runs, with the North-South asymmetry in N; ice albedo,
TI=2000 SI, en2=0.8, showing the zonal and diurnal mean N> condensation-sublimation rate (mm
Triton day’") during the period 1500-2500 (about 7 seasonal cycles). The black contours indicate
the extent of the caps (0-line, 10 mm, 100mm, solid), and where the ice is 1 m (thick solid line)
and 1 km thick (dash-dotted line). The red line indicates the surface pressure (right y-axis) and
the grey line indicates the subsolar latitude. (B) As in (A) but with en2=0.5 (left) and en2=0.3 (right).
(C) As in (A) but with the a-B phase transition, en2.5=0.8, en2-o=0.5 (left) and en2..=0.3 (left). (D) As
in (A) but with TI=4000 SI (left) and TI=8000 S/ (right).

7.3.3. Best simulations matching observations

As defined in Section 3.5, realistic simulations must be consistent with the volatile fractional area
retrieved from Earth-based spectroscopic observations, the relatively bright surface and the
extent of the caps seen by Voyager 2 in 1989, and the surface pressure of ~1.41 Pa retrieved by
stellar occultation in 2017 (all simulations match by construction the 1.4 Pa surface pressure
measured by Voyager 2 in 1989).

Here we define four classes of simulations, summarized in Table 3. Simulations of Class #1 are
consistent with the observed surface pressure in 2017 (1.41 Pa, with 30% margin, i.e. £0.4 Pa)
and with a relatively bright surface Bond albedo (Ased >= 0.6). Note that all simulations of Class
#1 satisfy the constraint of having a full-disk averaged surface temperature of 37-44 K in 1989
(although this constraint is not stringent enough to distinguish between best-case simulations).
Simulations of Class #2.1 are of Class #1 and are in addition consistent with the volatile fractional
area observed in 1995 and 2010, with relatively large margins (we assume 45-75% for both 1995
and 2010). Simulations of Class #2.2 are also of Class #1, but are consistent with the extent of
the caps observed in 1989 by Voyager 2 (poleward of 45°N in the northern hemisphere and about
15°S in the southern hemisphere, with some margins on these values). Both Class #2.1 and Class
#2.2 require a more constrained surface pressure in 2017 of 1.41 Pa + 0.2 Pa. Finally, simulations
of Class #3 are the most realistic ones. They are of Class #1, #2.1 and #2.2. Here we only analyze
the simulations performed with the North-South N> albedo asymmetry (those without the
asymmetry can match Class #1 criteria but do not match any of the Class #2 criteria, as shown in
Section 7.2).

Class 1: Matching 2017 stellar occultations and surface albedo
Surface pressure in 2017: 1.41 £ 0.4 Pa
Surface albedo (all ices, including bedrock) = 0.6 (relatively bright surface)
Class 2.1: Matching Earth-based spectroscopic observations
Must be of Class 1
Volatile fractional area within 45-75% in 1995 and in 2010
Surface pressure in 2017: 1.41 £ 0.2 Pa
Class 2.2: Matching cap extents seen by Voyager 2
Must be of Class 1
Southern cap extent within 35°S-5°N in 1989
Northern cap extent poleward of 35° in 1989
Surface pressure in 2017: 1.41 £ 0.2 Pa
Class 3: Best cases
Must be of Class 1, 2.1 and 2.2

Table 3: Classification of the simulations, based on the available observations and with some
margins. Most realistic simulations are of Class #3.
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Figure 20: Classification of our simulations (with the North-South N- albedo asymmetry) without
(top) and with (bottom) 30 mW m internal flux as defined by Table 3, with varying subsurface
thermal inertia (columns, Tl = 200, 500, 1000, and 2000 SI from left to right), N» global reservoir
(v-axis) and bedrock albedo (x-axis). Best case simulations (Class #3) are shown in blue. Class
0 does not meet any constraint.

Figure 20 shows the classification for all the simulations performed with the North-South N, albedo
asymmetry. We note that:

All simulations performed with a low Tl of 200 Sl are generally of Class #0 or #1 because
they are inconsistent with the extent of the caps seen in 1989 and with the observed
volatile fractional area (too large), except for the cases with an internal heat flux, a large
reservoir and a bedrock surface albedo of 0.6 (Classe #3).

The most realistic simulations in terms of surface pressure and N ice distribution (extent
in 1989 and fractional area in 1995-2010) have a bedrock albedo within 0.6-0.8 and a
large N ice reservoir greater than 200 m. In particular, the northern cap is confined to
poleward of 45°N in 1989 for moderate bedrock albedo (< 0.8) and mid-to-high bedrock
thermal inertia, while the southern cap extends to at least 30°S in 1989 for large N
reservoirs (> 200 m). As a result, these simulations are of Class #2 (2.1 or 2.2) at least.

The fact that best case simulations are obtained for a bedrock albedo within 0.6-0.8 is
consistent with Voyager 2 observations.

Simulations of Class #3 that closely match all observations listed in Table 3 are generally
obtained for mid-to-large reservoir (200-450m) coupled with (1) high thermal inertia (2000
Sl) and a bedrock albedo of 0.7-0.8, or (2) intermediate thermal inertia (500-1000 SI) and
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a bedrock albedo of 0.6-0.7, or (3) low thermal inertia (200 Sl), a bedrock albedo of 0.6
and high internal heat flux.

A. Without internal flux B. With 30 mW m2 internal flux
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Figure 21: Surface pressure from 1900 to 2060 as obtained in the best case simulations, Classes
#2.1 (black), #2.2 (green) and #3 (blue), without (A) and with internal heat flux (B). Black and grey
data points and error bars represent the pressure observations as presented in Table 2 (black are
for the data points that we consider are the strongest observational constraints).

Figure 21 shows the evolution of surface pressure in the best case simulations. The evolution is
relatively similar for all these simulations: the surface pressure increases by a factor of 1.5-2
during the period 1980-2010, reaches a maximum of 1.5-1.8 Pa in ~2005-2010 and then
decreases to reach 1-1.5 Pa in the period 2020-2040 and 0.5-1 Pa by 2060.

We note an increase in surface pressure between 2040-2060 in some Class #2.1 simulations.
This is due to the fact that the seasonal northern cap is strongly extended (equatorward) in these
simulations around year 2000, following a large accumulation of deposits at low latitude during
southern summer. As a result, when the subsolar point moves northward (close to 0° in 2040-
2060), there are large amounts of N2 ice available for sublimation (at the equator and mid-
latitudes) and sublimation tends to dominate condensation (at the poles) in global average,
causing an increase in surface pressure.
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Figure 22: Best case simulations with the North-South asymmetry in N ice albedo. Zonal and
diurnal mean N condensation-sublimation rate (mm Triton day) during the period 1820-2060.
The black contours indicate the extent of the caps (0-line, 10 mm, 100mm, solid), and where the
ice is 1 m (thick solid line) and 1 km thick (dash-dotted line). The red line indicates the surface
pressure (right y-axis) and the grey line indicates the subsolar latitude. Deposits thinner than 1 m
tend to be seasonal.

Figure 22 shows the seasonal evolution of the N2> condensation-sublimation rates for six of the
best-case (class #3) simulations, while Figure 23 shows the latitudinal distribution of ice and
surface temperatures as obtained for 1989 for the same simulations. The modeled southern cap
is permanent and extends to ~15°S, with low latitudes being dominated by sublimation, but
replenished in N ice by viscous glacial flow. All best simulations suggest a southern cap that is
>1 km thick poleward of 60°S. A small permanent northern polar cap is suggested for best-case
simulations without internal heat flux, while only a seasonal northern cap is suggested for best-
case simulations with 30 mW m internal heat flux. In all simulations, the northern cap extends at
least to 45°N in the period 2020-2040, and to ~30°N in some cases. At the southern summer
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solstice, the sublimation and condensation rates are about ~0.1-0.2 mm per Triton day (i.e. 2-
4x107-7 mm s-1), and about 0.13-0.26 m if applied over 20 Earth years. Simulations performed
with a high internal heat flux (F=30 mW m™) show reduced N2 condensation-sublimation rates
due to the higher N ice albedo (~0.05-0.15 mm per Triton day), and smaller permanent caps. In
all cases, N2 recondenses in the low latitudes of the southern hemisphere during the period 1980-
2020. Sublimation from the polar southern cap and condensation at the northern edge was also
suggested by the thermal balance model of Grundy et al. (2010) and could help explain the
longitudinal variation of the N2 2.15 uym feature.
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Figure 23: (A) Zonal mean surface temperature vs latitude for the best-case simulations in 1989,
as shown by Figure best_flux1: Without internal heat flux : TI=1000 SI - R=250 m - Apeq=0.6 (black
circle), TI=1000 SI - R=450 m - Apea=0.6 (blue triangle), TI=2000 S| - R=450 m - Apeqa=0.7 (purple
square). With internal heat flux: TI=200 S| - R=200 m - A»e4=0.6 (green polygon), TI=500 Sl -
R=250 m - Apea=0.7 (cyan star), TI=1000 Sl - R=250 m - Areq=0.7 (red losange). The orange solid
line shows the cases of a low reservoir and low thermal inertia simulation (TI=200 S| - R=50 m -
Aned=0.7 - F=30 W m) that is consistent with observed caps extent and volatile fractional area
but inconsistent with the observed pressure in 2017 (too low, see text in Section 8.3). (B). Same
as A but showing the surface N- ice thickness.

7.4 On the seasonal cycle of CO and CHa4

Our results show that CO and CH. remain mixed with N> and never form pure deposits (except
for pure CH, frost residuals forming at the cap edge when N ice sublimes and disappears, but
these frosts quickly disappear within one Earth years or less). This contrasts with Pluto, where
CHa-rich ice deposits cover a large part of the surface (thick and permanent deposits in the
equatorial regions, seasonal frosts or permanent mantle at mid-to-polar latitudes). This may be
due to a difference in the global reservoir of CH, ice (which may be too small on Triton to form
permanent CHa-rich deposits). Another basic understanding of the absence of broad permanent
CHgy-rich deposits on Triton is the following: on Pluto, N2 and CHs ices tend to accumulate in the
equatorial regions, which are colder than the mid-to-high latitudes, in average over a Pluto year
and over several astronomical cycles, due to the relatively high obliquity of the spin axis (e.g.,
Bertrand et al., 2019). Whereas N2 ice preferably accumulates in depressions, CH4 ice preferably
accumulates at high altitude (e.g., Bertrand and Forget, 2016, Bertrand et al., 2020b). The fact
that the equatorial regions on Pluto correspond to a large area displaying a variegated
topography, including deep depressions (such as the ~6-10 km deep Sputnik Planitia impact
crater) and tall mountains (e.g. Pigafetta Montes, or the region of Tartarus dorsa) allows the
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formation of both permanent Na-rich (Sputnik Planitia ice sheet) and CHs-rich (bladed terrain)
deposits at different locations. On Triton, however, the coldest regions are the poles (maybe one
pole in particular if one assumes an asymmetry in internal heat flux for instance), which
correspond to a relatively small area where only small variations in topography may be displayed,
thus not allowing the formation of both deposits (instead, the ice mix together at the poles).

Although we do not expect broad and thick CHs-rich ice deposits to form on Triton, the formation
of small and transitory CHa-rich ice patches in our model may be limited by the spatial resolution
used or the different assumptions made regarding the behavior of ice mixtures. Here we tested
different scenarios for CO and CHs4 and describe the model predictions of CO and CHs
atmosphere mixing ratios, and compare to observations. The various observations of CO and CH,
surface ice and atmosphere mixing ratios are summarized in Section 2.3 and Section 2.5,
respectively.

7.4.1. The CO seasonal cycle

In our model, when we impose a constant CO ice mixing ratio of 0.04% (respectively 0.08%) into
N2 ice and we assume that the vapour pressure equilibrium is controlled by Raoult’s law, we
obtain a mean CO gas volume mixing ratio of 0.006% (respectively 0.012%) during the period
2000-2020, in good agreement with the 2017 ALMA mm-observations (Gurwell et al. 2019), and
therefore inconsistent with the 10x higher IR-derived value from Lellouch et al. (2010). The limited
seasonal variation is due to the volatility of CO being close to that of N2 and the absence of CO-
rich ice deposits (Tegler et al., 2019, and absent on Pluto’s surface as well, Bertrand and Forget
2016, Schmitt et al., 2017). In the model, CO tends to follow N2 and condenses where Na-rich
deposits are already present. This is consistent with ground-based spectroscopic data of Triton
(CO follows N2 in longitude) and with observations of Pluto’s surface by New Horizons. According
to our model, the CO gas volume mixing ratio should remain very close to these values in the
next decades (with a slight decrease in 2040 to 0.005% and 0.01%, respectively), although small
variations in the CO gas volume mixing ratio are possible if the surface of some areas becomes
enriched or depleted in CO ice as N sublimates or condenses.

7.4.2. The CH4 seasonal cycle

As detailed in Section 2.5, the observed CH. atmospheric mixing ratio is much larger (by three
orders of magnitude) than expected for an ideal mixture, i.e. if CH4 ice only exists on Triton as
CH4 diluted in a N2-rich solid solution (Stansberry et al. 1996b), or for an intimate mixture. Instead,
using the CH4 patch model of Stansberry et al. (1996b), Merlin et al., 2018 (respectively, Quirico
et al., 1999) estimated that CHy-rich ice (at ~40 K) covered 2-3% in 2010-2013 (respectively, a
maximal value of 10% in 1995) of the visible disk of Triton, which could be sufficient to maintain
a CH4 atmospheric volume mixing ratio around 0.03%, as observed by Voyager 2.

We tested this scenario in one of our reference simulations (T1=2000 SI, R=400 m, Au.s=0.6) by
imposing pure CH. ice deposits on Triton’s surface (with a fractional area consistent to the
observations of Quirico et al., 1999 and Merlin et al., 2018), assuming that they follow Raoult’s
law and are a proxy for CHs-rich ice (this assumption is good enough, as described in Young et
al., 2021). We tested two different locations for these deposits:

(1) At the edges of the southern cap, thus forming a latitudinal band of CH4 ice near the
equator, with a fractional area of ~5% of the projected disk as seen from Earth at the time
(~2010) of the observations of Merlin et al. (2018): these regions should contain seasonal
volatile frosts, which would favor the formation of CHs-rich ice by segregation as N ice
sublimates and disappears. Voyager 2 images showed features in these regions
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suggestive of intense N> ice sublimation, which could lead to an enrichment in CHs-rich
ice on the surface.

(2) At the south pole (~2% of the disk surface seen from Earth in 2010): our simulations show
that the N ice sublimation rates are strongest at the south pole, which could favor the
formation of CHa-rich deposits on top of the surface.

Figure 24 shows the seasonal evolution of the global mean mixing ratio of atmospheric CH4 over
time for both scenarios, and assuming different albedos for the pure CH4 ice. Note that the
evolution of the surface pressure remains relatively unchanged for all cases compared to that in
the reference simulation (without CHs-rich ice).

The simulations with CHg-rich ice at the cap edge produce a CHs partial pressure of 1-5x10* Pa
in 1989, which is consistent with the 2.45x10* Pa observed by Voyager 2 (Figure 24, solid lines).
Slightly larger amounts can be obtained with a lower CHs ice albedo and a higher surface CHs ice
coverage (solid grey lines). The simulations with CHa-rich ice at the south pole produce an
increase in CH4 partial pressure until 2005, followed by a decrease as the south pole exits polar
day (Figure 24, dashed lines). A small fraction of the south pole covered by CHs-rich ice is
sufficient to produce a CH, partial pressure of a few nbar, as observed. The simulation including
a CHgs-rich patch at the south pole with albedo of 0.7, is particularly promising to explain the factor
of 4 (2.45 to 9.8x10™ Pa) increase in the CH, partial pressure from 1989 to 2009, as reported by
Lellouch et al. (2010). In contrast, the models in which CHy-rich ice is concentrated at the N2 cap
edge do not reproduce this increase in the CHs atmospheric abundance over 1989-2009.
However, a decrease in CH4 ice albedo or increase in CHs4 ice coverage during this period can
also explain the observed increase in CH4 partial pressure. It is possible that both the pole and
cap edge become enriched in CHs ice, with different amounts and timescales.

Note that here we assume that these modeled CHs-rich deposits, exposed at the surface once N>
ice locally disappeared, are permanent during southern summer. If CH,4 ice also disappears from
the surface, the CH4 atmospheric mixing ratio would slowly fall back to the levels expected for an
ideal mixture (a few 10° %).

Also note that the relatively low CH4 atmospheric mixing ratio observed (~0.03%) and simulated
(>0.01%), would still be enough to block most of the incoming Lyman-a radiation (121.6 nm, 10.19
eV) from direct sunlight and from backscattering from the interplanetary medium, which has
implication for the direct photolysis and subsequent darkening of the ices on the surface.
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Figure 24: Global mean CH, partial pressure (nbar, or x10* Pa) over time, as obtained for the
simulation TI=2000 SI, R=450 m, A»ea=0.6, with CHu-rich ice at the cap edge (fractional area of
5% of the visible disk in 2010, solid lines) and at the south pole (2% of the visible disk, dashed
lines), for different CH,4 ice albedos. The two grey curves are for a simulation with CHy-rich ice at
the cap edge (and Acn4=0.6, as for the solid black curve) but covering 9% and 12% of Triton's
visible surface area, respectively.

8. Discussion

8.1. On the formation of a northern (polar) cap

All long-term simulations performed in Section 5 with North-South asymmetries in internal heat
flux, topography, and N ice albedo, along with a global N ice reservoir of 300 m, predict the
formation of a permanent N2 (polar) cap in the northern hemisphere (>100 m thick). Most of the
best-case simulations (Class #1 to #3) performed in Section 7 also predict a permanent N cap in
the northern hemisphere. The northern cap is much smaller and thinner in the best-case
simulations performed with an internal heat flux of 30 mW m™, due to the warmer subsurface. A
few results with intermediate thermal inertia and moderate global N> reservoir (TI=1000 SI,
R=250-350 m, Aveda = 0.6) predict no permanent cap. The northern cap is not permanent if a
smaller global N ice reservoir (< 250 m) is used along with large North-South asymmetries (see
Figure 13, R=200 m, and AAn2 = 0.1). However, these low-reservoir simulations are not consistent
with the available observations.

The formation of a permanent Nz northern cap is primarily the result of two effects:

1. The northern polar night is long enough so that surface temperatures of the bedrock drop below
34 K for a bedrock surface albedo of 0.6. Consequently, N2 condensation is easily triggered at
the north pole if the surface pressure becomes higher than the pressure at solid-gas equilibrium
(e.g., ~1 Pa at 37 K).
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2. In the simulations, N ice flows (slowly, on timescales longer than the seasonal timescales)
from the southern cap towards the warmer sublimation-dominated mid-to-low latitudes, thus
maintaining large amounts of ice in these regions, supplying N2 for further sublimation and
allowing the surface pressure to exceed that at solid-gas equilibrium at the north pole.

Note that all best-case simulations explored predict that N> condensation has been occurring in
the northern hemisphere since 1980. They show that at least a seasonal deposit of a few mm of
N2 ice was covering the northern polar latitudes in 1989 and should cover the northern latitudes
down to 30°N-45°N in the period 2010-2030 (see Figure 22). In general, the current extent of the
northern cap is related to the extent of the southern cap by the surface pressure: a large extent
of the northern cap down to 30°N-45°N (i.e., a large condensation-dominated area) is only
possible if the southern cap remains extended to at least 15°S (i.e., a large sublimation-dominated
area) during this period, and a smaller southern cap would imply little to no N» deposits in the
northern hemisphere, otherwise northern condensation would largely dominate southern
sublimation and the surface pressure would have significantly dropped in 2017 to levels
inconsistent with observations. The scenario of a large permanent southern cap and the seasonal
appearance of N2 ice deposits in the northern hemisphere below the terminator could also explain
the increase in N2 band absorption observed with SpeX/IRTF during the period 2002-2020 (Holler
et al., 2016, 2020).

8.2. On the evolution of surface pressure during the period 1989-2017

All best-case simulations show the same trend for the evolution of surface pressure, with an
increase from 1920 to 2005-2010 (shortly after the southern summer solstice) followed by a
decrease back to the 1920 levels in 2080.

Our results do not suggest a strong surge in surface pressure, as it has been reported for the
period 1995-1997 (e.g., Elliot et al., 2000). During the 1989-2005 period, our best-case class #3
simulations suggest an increase in surface pressure by a factor of 1.1-1.2 only, with a peak around
1.5-1.7 Pa. Some of the Class #1 simulations show a peak in surface pressure reaching 2.3 Pa,
i.e. a factor of 1.6 compared to the Voyager 2 epoch (these simulations typically predict a 2017
surface pressure that is above the 1.41+0.2 Pa constraint, not shown). These values are
consistent with the 1995 occultation event and the derived pressure reported by Olkin et al.
(1997), and also eventually with the 1997 occultation event and the derived pressure reported by
Marques Oliveira et al. (2021), although the simulations only match this latter value at the 10
significance level. However, they are inconsistent with the higher values reported in 1997 (Elliot
et al., 2000, 2003). We note that a reanalysis of some of these data indicates that this pressure
increase was not significant at the 3-o level (Marques Oliveira et al., 2021). Such a strong increase
in surface pressure could still have occurred if processes not taken into account in our model play
an important role on Triton, such as strong surface albedo feedback for instance.

8.3. On the presence of volatile ice at the south pole

As detailed in Section 2.3, ground-based spectroscopy of Triton’s surface performed with
IRTF/SpeX in 2002-2014 and VLT/SINFONI in 2010-2013 showed little longitudinal variability for
CO:2 and H:0 ice, unlike the three volatile ices N2, CH4, CO (Grundy et al. 2010, Holler et al.,
2016, Merlin et al., 2018). To explain these observations, it has been suggested that CO; and
H2O ices are exposed at the south pole (the very southernmost latitudes, roughly 90°S-60°S),
which would be bare of volatile ice (Grundy et al. 2010, Holler et al., 2016).

However, our volatile transport model challenges this scenario since it always predicts a
permanent cap at the south pole, except if an extremely low N2 reservoir, i.e. only seasonal frosts,
is assumed, but these simulation cases typically present (at least for moderate to high thermal
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inertias) a too low surface pressure in 2017 (< 1.41 Pa, Figure 16), a low volatile fractional area
(< 40%, Figure 15) and a southern cap extent poleward of 45°S in 1989 (Figure 14). Our model,
and its current modeled physical processes, cannot predict such a “hole” in volatile ice at the
south pole (90°S-60°S). Physical processes not taken into account in the model may play an
important role to mask the detection or completely remove N ice at the south pole (see model
uncertainties in Section 8.7). For instance, the predicted sublimation of 30-50 cm of N ice at the
south pole during the period 1970-2000 (Figure 11, Figure 22) could have led to an accumulation
of CHs-rich ice at the south pole could mask the detection of N ice and be a possible scenario,
although it would imply a relatively large CHs-rich-covered area that would remain to be consistent
with other observations.

The near-IR VLT/SINFONI observations and subsequent modeling of Merlin et al. (2018) showed
that CO; ice is actually present in the form of very small grains and has two components (see
their Table 9), one in which it is mixed into the N2:CH4:CO matrix (unit 1) and another in which it
is mixed into H>O ice (unit 2). These results suggest that CO- ice is present almost everywhere
(with an equivalent area of 50% and very small grains). In addition, their model suggests that H,O
ice is present in unit 2 only (H2O+CO,+CHjs-rich) and does not need to be invoked in unit 1
(N2:CH4:CO). Based on these results, Merlin et al. (2018) imagined two scenarios that could
reconcile the presence of both N2 and CO. ices at the south pole: (1) A bedrock surface (CO: ice)
covered by small CO- grains (regolith) covered by a transparent N>-based matrix (allowing CO-
to stay detectable), and (2) Small CO; particles on top or inside the No-based matrix, as the result
of endogenous processes (e.g. active geysers tearing particles of CO- from the bedrock, transport
and spatial redistribution of these particles by the winds, and deposition onto the surface).

Our model results are consistent with these two scenarios, since they do not prevent N ice to be
present at the south pole. However, in general, it remains difficult to be confident on the
composition of Triton’s south pole, given the limited amount of observational datasets, the relative
simplicity of the VTM, and the large number of model parameters in both the VTM and the near-
IR spectra analysis models.

8.4. On the different terrains observed at the cap edge by Voyager 2

30°N 270° 300°

b 5
 —— AT X e e M —

Figure 25: Equatorial regions on Triton at longitudes 240°E-330°E displaying alternation of
relatively bright blue frosts (blue arrow, 240°E-270°E and 300°E-330°E) and relatively dark
terrains without blue frost (red arrow, 270°E-300°E) at the edge of the southern cap.
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Figure 25 highlights two different terrains observed in the equatorial regions at the cap edge: (1)
a relatively bright blue (or less red) surface, with photometric properties consistent with a freshly
deposited frost (McEwen, 1990); this terrain is seen at almost all longitudes and forms a fringe at
the cap edge (Figure 2), and (2) a relatively dark surface, without much blue frost, around 270°E-
300°E.

We hypothesize that this dark terrain is the result of a high concentration of dark materials (e.g.
tholins-like haze deposits and/or irradiated ices) that had been mixed in N2 ice and have now
been revealed at the surface as the N; ice sublimates away. The composition of this unit may be
similar to some degree to the dark N ice plains located at the northern edge of Sputnik Planitia
on Pluto, which are enriched in dark materials and in CH4 ice due to intense N ice sublimation
(White et al., 2017). The fact that this unit on Triton may be enriched in CH4 ice is consistent with
IRTF/SpeX observations, which show a peak absorption for CHs near ~290°E and also a
maximum of shift in the position of the CH4 bands indicating an increased amount of CHs-rich ice.
However, these observations are for the period 2002-2014 only (Grundy et al., 2010, Holler et al.,
2016). We also note that the formation of this dark terrain on Figure 25 could be related to
topography (see Section 8.5).

This observed longitudinal asymmetry in CHs ice distribution could suggest the presence of CHs-
rich deposits at the cap edge, rather than at the south pole. Our simulations with CHs-rich ice at
the cap edge could explain the fourfold increase in CH4 partial pressure from 1989 to 2009
reported by Lellouch et al. (2010) if the CH4 ice albedo significantly lowered or if the CH. ice
surface coverage significantly increased during this period. The latter would also be consistent
with the observed increase in CH4 band absorption during the period 2002-2020 (Holler et al.,
2016, 2020). It should be noted that such a scenario of a variable-width ring of segregated less-
volatile ice surrounding retreating volatile seasonal deposits has already been observed on Mars
in the analogue case of water ice trapped in seasonal CO- ice deposits (Appéré et al. 2011). On
Mars, this moving ring also triggers a strong seasonal increase in water vapor during its
sublimation (e.g. Pankine et al., 2009, 2010).

Our simulations with CH4-rich ice at the south pole also explain the fourfold increase in CH, partial
pressure (suggested for the period 1989-2009) as being driven by insolation changes. However,
it remains unclear how CHgs-rich ice would form there in the first place. The surface composition
of the south pole on Triton in 1989 could also be comparable to the northern dark plains of Sputnik
Planitia on Pluto in 2015, since these plains correspond to thick N2 ice deposits experiencing the
constant insolation of the polar day, as Triton’s south pole. In Sputnik Planitia, the plains display
darker Na-rich ice deposits enriched in CH4 ice. The permanent and cold N ice layer located there
may buffer the increase of surface temperatures and limit the formation of CHs-rich deposits on
top of the ice layer. On Pluto, CHs-rich ice is mostly detected outside Sputnik Planitia, with more
spatial variability in the CH4:N2 mixture at mid latitudes, where thinner seasonal deposits are found
(Schmitt et al., 2017). By analogy, on Triton, CH4-rich ice may tend to form primarily at mid-to-
equatorial latitudes where volatile ice deposits are thinner, and at the cap edge where the deposits
are seasonal.

The bright “blue” surface may be freshly deposited N. frost (relatively clean ice, hence the less
red color). Our model suggests that N> recondenses in the equatorial regions after 1980 (and until
2020, Figure 22). This happens only if the exposed “bedrock” locally has a high surface albedo
or if N2 ice is already present or was recently present in these regions; in the latter case the
exposed “bedrock” surface would have remained cold enough to permit N> recondensation. The
locations of this hypothetical blue N frost are relatively consistent with IRTF/SpeX observations,
which show a minimal (respectively maximal) N2 absorption roughly where the combined extent
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of the cap and of the blue fringe is minimal (respectively maximal). The formation and expansion
of this frost would also be consistent with the observed increase in N2 band absorption during the
period 2002-2020 (Holler et al., 2016, 2020).

Alternatively, the bright “blue” surface could be made of freshly-condensed CHa-rich ice. As
detailed in Section 2.3, the amount of CHj4 ice that is not diluted in N: ice is estimated to cover a
relatively small area on Triton’s surface: 2—3% of the surface projected on the visible disk in 2010
(Merlin et al., 2018) and a maximum of 10% in 1995. The blue fringe roughly covers a latitudinal
band of 15° at the equator, which accounts for ~10% of the disk-projected surface, so exposed
CHa-rich frost at the location of the blue fringe would remain in the range of possible values
(although close the highest possible value) consistent with surface spectroscopic observations.
Would there be enough gaseous CHs in the atmosphere to permit CHs condensation onto the
surface in the equatorial regions? We can estimate the saturation vapour pressure volume mixing
ratio of CH4 (above a volatile-free surface) by using equation 14 in Forget et al. (2017), derived
from the thermodynamic relations computed by Fray and Schmitt (2009). For a surface
temperature of 38 K, 39 K, 40 K and 41 K (i.e. slightly warmer than N2 ice in 1989), we find a CH4
saturation volume mixing ratio of 0.017%, 0.036%, 0.075% and 0.153% respectively.
Consequently, a volume mixing ratio of CH4 of ~0.03% (measured by Voyager 2 in 1989) would
permit condensation onto a surface colder than ~39 K.

However, the hypothesis of CHy-rich frost for the blue fringe faces three main issues: (1) In our
model, the bedrock surface temperatures in 1989 in the equatorial regions at the cap edge are
relatively warm at ~42-44 K and become colder than 39 K in the terrains poleward of 30°N
(besttsurf1989), which is not consistent with a blue fringe made of freshly-condensed CH4. We
note that CH4 condensation could still be favored at the cap edge by locally enhanced winds or if
the bedrock surface is locally colder than modeled (e.g. with a higher albedo). (2) A CH. ice
composition of that region does not match well the longitudinal trends seen in the near-IR spectra.
(3) The scenario of a CH. ice deposit left after N2 sublimation is not likely, as the remaining deposit
would also contain a certain amount of tholins-like dark materials and therefore would not appear
less red (i.e. cleaner) than the surrounding terrains.

Finally, on Pluto, it has been shown that albedo and composition positive feedback could further
increase local contrasts in ice sublimation/condensation rates, which could explain the transition
from bright to dark plains in Sputnik Planitia (Earle et al., 2018, Bertrand et al., 2020a). Such
processes may also be operating on Triton and could explain the diversity of terrains and colors
observed at the cap edge. For instance, N> sublimation and the subsequent darkening of the
surface would lead to an amplifying positive feedback by increasing the absorption of incoming
radiation and thus the sublimation rate, whereas N> condensation and the subsequent brightening
of the surface would lead to further condensation.

8.5. On the topography and N2 ice thickness in the southern hemisphere

Our best-case simulations have been obtained with a relatively large global reservoir of Nz ice
(>200 m), and suggest a thick southern cap (> 1 km at the south pole, > 100 m at the mid-latitudes
and > 1 m at the equator, balanced by glacial flow). Interestingly, some simulations performed
with a low bedrock thermal inertia of 200 S| have been able to produce a southern cap extended
to the equatorial regions in 1989 with a lower N. global reservoir in the range 20 m - 200 m,
leading to N> ice thickness of 0.1-1 m in the equatorial to mid-latitude regions and >100m at the
south pole (Figure 14, and see solid orange line on Figure 23). In these simulations, the equatorial
to mid-latitude deposits are not balanced by glacial flow (i.e., they are not connected to the polar
deposits) but remain permanent due to the relatively cold bedrock, although in some of these
cases a thin mid-latitude band of N ice entirely sublimates in the period 2030-2050. However,
these simulations with low bedrock thermal inertia are not among our best-case simulations (they
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are only of Class #1 at best), see Figure 20), mostly because they predict N, ice deposits in the
northern hemisphere extending from 90°N to at least 30°N in 1989 (due to the colder surface
induced by lower thermal inertia, Figure 14), and consequently a surface pressure in 2017 much
lower than the reported value of 1.41 Pa.

In general, the relatively coarse spatial resolution of Voyager 2 images and the lack of useful
topography data above the southern cap do not allow us to determine with confidence the order
of magnitude of the thickness of the bright southern deposits, which makes it difficult to conclude
on the nature (less than 1 m thick seasonal vs. more than 1 m thick permanent) of these large-
scale deposits. The spatial resolution also does not allow us to determine if glacial flow has
occurred or not. However, the sharp dichotomy between the southern and northern terrains
suggests that the northern bright deposit boundary is controlled by topography, possibly by a
topographic barrier (e.g., scarps) of ~100 m to several 100 m (Figure 26), which reinforces our
best-case model results suggesting thick and permanent volatile ice deposits in these regions.
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Figure 26: Enlargement of global cylindrical map showing macular southern terrains near the
equator of Triton. Possible example of a topographic barrier in the form of scarps (arrows),
possibly ~100 m to several 100 m in height, along the sharp dichotomy between the bright
southern and northern terrains seen by Voyager 2. "M" denotes a region of mesas south of the
main boundary. "C" shows a possible, partially buried crater. Image center ~15°S, 0°E. North is

up.

Finally, the sigmoidal contact line of the edge of the dark terrain in Figure 25 seems to be related
to topography (Paul Schenk, personal communication). This region forms the southwestern extent
of the known region of cantaloupe terrain (Croft et al., 1995), which is characterized by closed
topographic cells 20-50 km across and up to 500 m deep (Schenk et al., 2021). The dark material
appears to occur mainly on the elevated boundaries between the cells, suggesting that these
elevated terrains prevent volatile ice condensation or accelerate sublimation. These color and
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topography contrasts between the northern and southern deposits at the cap edge could indicate
a gradual decrease in elevation to the south.

8.6. Model predictions for the next decades

8.6.1. General climate predictions

Surface pressure and stellar occultations

Our best-case simulations that best match the observed surface pressure of the 2017 event
suggest a slow decrease in surface pressure over the next decades, at least until 2080 when the
subsolar point will be above 30°N and when northern sublimation should dominate over southern
condensation (Figure 21). These simulations suggest a surface pressure of ~1-1.5 Pa in the
period 2020-2040 and ~0.5-1 Pa by 2060. This is large enough for Triton’s atmosphere to remain
global during this period. In the next decades, stellar occultation events will be key to confirming
or disproving the trend suggested by our model. The next Triton occultation will be on Oct. 6,
2022, and should indicate a surface pressure close to the 2017 value.

The southern and northern volatile ice deposits

Our results suggest that most of the N2 deposits in the southern hemisphere are permanent, and
the southern cap extent should therefore not change much over seasonal timescales (Figure 22,
Figure 27.B). Our simulations performed with a low global N reservoir (< 200 m) tend to predict
a retreat of the southern cap, but they fail to meet the observational constraints on the northern
cap extent in 1989 and on the surface pressure in 2017. In particular, the southern cap should
not have retreated by more than 30° latitude since 1989 from its ~15°S extent at that time,
otherwise the surface pressure would have dramatically collapsed since 1989, and would be
inconsistent with the 2017 occultation (see Figure best_pres.B, Figure profile.B).

We obtained a large diversity of results regarding the thickness and the nature (perennial,
seasonal, or non-existent) of the northern deposits. Our best-case simulations suggest that the
N2 northern cap will extend to at least 60°N in 2040 (and possibly down to 30°N, Figure 22, Figure
27). The extent of the seasonal northern N> deposits should be maximal during the period 2010-
2030 (Figure 22). As the subsolar latitude currently increases with time, northern latitudes that
were hidden in the polar night during the Voyager 2 flyby in 1989 start to be revealed. In the
following decades, the northern cap at 60°N (at least its seasonal deposits), if existing, should
therefore become visible below the northern limb in ~2025 (subsolar latitude ~30°S). Future
observations of Triton with HST, JWST, and the Extremely Large Telescope (ELT) would be able
to provide a new and rich dataset of Triton’s surface (e.g., surface composition, rotational light-
curves, and albedo maps at different wavelengths), which should give strong constraints on the
extent of the northern and southern caps as well as on the surface properties of the different
terrains (see examples in Section 8.6.2).

In our model, N2 ice sublimation is more intense at the south pole than at the cap edge during the
current season, and will continue until 2025-2030. The south pole may thus appear darker and to
be enriched in CH4 ice in the coming years. In 2030, the south pole should start to be dominated
by N2 condensation (Figure 22), which should reverse this trend. Finally, equatorial N2
condensation is predicted until ~2025, possibly forming bright No-rich frosts. After 2025, N
sublimation should dominate in the equatorial regions, and any equatorial seasonal N» frost
should start to disappear.
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Figure 27: A. Surface temperature vs latitude for the best-case simulations in 1989 (grey symbols,
as in Figure 23) and in 2030 (solid line with colored symbols). Without internal heat flux : TI=1000
SI - R=250 m - Aeq=0.6 (black circle), TI=1000 S| - R=450 m - Apeq=0.6 (blue triangle), TI=2000
Sl - R=450 m - Abea=0.7 (purple square). With internal heat flux: TI=200 S| - R=200 m - Apea=0.6
(green polygon), TI=500 Sl - R=250 m - Aweq=0.7 (cyan star), TI=1000 Sl - R=250 m - Apea=0.7
(red losange). The orange solid line shows the cases of a low reservoir and low thermal inertia
simulation (TI=200 SI - R=50 m - Aveq=0.7 - F=30 W m) that is consistent with observed caps
extent and volatile fractional area but inconsistent with the observed pressure in 2017 (too low,
see text in Section 8.3). Right. Same as A but showing the surface N ice thickness.

Atmospheric abundances of CO and CH4

According to our model and assuming a constant and uniform CO ice mixing ratio into Ny ice of
0.04%-0.08%, the CO gas volume mixing ratio should remain relatively constant with time, with
values around 0.005%-0.01% in 2040 (see Section 7.4.1). The evolution of the CH4 atmospheric
mixing ratio in the next decades remains uncertain (and very sensitive to the surface area covered
by CHs-rich deposits, see Section 7.4.2). It would tend to increase as the surface pressure
decreases, in particular if new CHs-rich deposits form in the mid-to-low latitudes at the edge of
the southern cap. However, if most of the CHy-rich deposits formed at the south pole, the CH4
atmospheric mixing ratio would decrease in the next decades (see Figure 24) as the south pole
will approach polar winter. CH4 gas is relatively easy to observe from the ground (Lellouch et al.
2010) and could be further monitored with e.g. CRIRES+ at the VLT, and subsequently with
HIRES on ELT.

8.6.2. Thermal lightcurve predictions for JWST

In this section, we model thermal lightcurves of Triton for different climate scenarios in 2022.
Thermal lightcurves of Triton have never been observed before due to the inability of previous
facilities (e.g., Spitzer, Herschel) to separate Triton from Neptune, given the maximum ~15”
angular distance. Although ALMA can easily resolve Triton from Neptune, thermal radiation at
mm wavelength is actually more sensitive to emissivity effects than to thermal inertia. JWST would
be able to measure Triton’s thermal lightcurve for the first time with the Mid-Infrared Instrument
(MIRI, imaging mode), at 21 and 25.5 ym. We show here that future observations of Triton with
JWST/MIRI would provide us with a one-of-a-kind dataset of Triton’s surface that would strongly
constrain the ice distribution and the surface properties (temperature, emissivity, roughness...) of
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the volatile-covered vs. bedrock terrains. In addition, these observations would be able to test our
model predictions and to discriminate between the climate scenarios presented in this section.

We designed and ran three simulations of the current seasonal cycle of Triton based on some of
our best-case simulations (TI=1000 SI, no internal heat flux, R=200 and 650m, A=0.6 and 0.7).
In these three simulations, we artificially prescribed the longitudinal asymmetry of the southern
cap seen in the Voyager 2 images and inferred from the IRTF/SpeX spectra, with the bright
deposits roughly extending to the equator on the sub-Neptunian hemisphere and to ~30°S in the
opposite hemisphere (peak-to-peak magnitude of £15° in latitude), and we assumed that the
longitudinal variation of the spectrum has not changed since 1989. The three simulations are
realistic in the sense that they are consistent with (1) a projected surface area of the volatile ice
(given by NIR spectra) of ~60-70% in the period 1995-2010 (2) a southern cap extending to 15°S
1+15° and no northern deposits south of 45°N in 1989 (consistent with Voyager 2 images), (3) a
disk-averaged brightness temperature of 38-41 K at 45 um in 1989 (consistent with the values
retrieved from Voyager 2/IRIS), (4) relatively high Bond albedos for all terrains (0.6-0.8), and (5)
a surface pressure of ~1.4 £ 0.2 Pa in 1989 and ~1.41 + 0.4 Pa in 2017 (see Figure 29.A).

However, the three simulations differ in terms of bedrock surface albedo (A=0.6 vs. A=0.7) and
of the extent of the southern cap in 2022 (large permanent cap to 7.5°S vs small cap to 37.5°S)
as shown by Figure 28, which leads to three different climate scenarios (relatively cold, relatively
warm, and intermediate):

(A) Warm scenario: Based on the simulation with TI=1000 SI, A=0.6, R=200m. In this scenario,
we artificially set the thickness of N2 ice to a few centimeters in the mid-to-equatorial southern
regions so that these deposits become seasonal, undergo sublimation since 1989, and lead to a
retreat of the southern cap from the equator in 1989 to 37.5°S in 2022. We also assume a warm
bedrock surface (A=0.6) north of these deposits, which leads to a relatively warm global mean
surface temperature.

(B) Intermediate scenario: Based on the simulation with TI=1000 SI, A=0.6, R=650m. This
scenario assumes a large permanent N2 southern cap (extending to 7.5°S) and a warm bedrock
surface (A=0.6).

(C) Cold scenario: Based on the simulation with TI=1000 SI, A=0.7, R=650m. This scenario
assumes a large permanent N2 southern cap (extending to 7.5°S), a cold bedrock surface (A=0.7),
and more extended Nzice in the northern hemisphere, which leads to a relatively cold global mean
surface temperature.

We also performed similar simulations with no longitudinal asymmetry for the southern cap or with
a longitudinal asymmetry amplified to a magnitude of £25° latitude. The boundary of the cap edge
in these cases is illustrated by the dashed lines on Figure 28.B.
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A. Warm scenario — Small S. polar cap B. Intermediate scenario —Large S. polar cap C. Cold scenario — Large S. polar cap
+ warm bedrock (A~0.6) + warm bedrock (A~0.6) + cold bedrock (A~0.7)
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Figure 28: Modeled surface temperatures on Triton in 2022 (at local noon) for three climate
scenarios with different extents for the southern cap and bedrock surface albedo. A. Warm
scenario: reduced cap extent and warm bedrock (A=0.6). B. Intermediate scenario: large cap
extent and warm bedrock (A=0.6). C. Cold scenario: large cap extent, cold bedrock (A=0.7), and
more extended N;ice in the northern hemisphere. Dotted lines indicate the modeled cap extent
in 1989 (the cap retreated only in scenario A). Dashed lines in panel B illustrate the cap extent in
alternative simulations in which the longitudinal asymmetry disappeared or amplified to a
magnitude of +25° latitude (+15° is the reference case and roughly corresponds to the asymmetry
seen by Voyager 2 in 1989).
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Figure 29: Triton climate model results. A. Surface pressure evolution for the 3 scenarios
presented on Figure 28. Black squares indicate the Voyager 2 and 2017 occultation observations
(Gurrola, 1995, Marques Oliveira et al., 2021). B. Triton 25.5 um lightcurve for the 3 climate
scenarios (with a 15° longitudinal asymmetry), with a diurnal thermal inertia of 20 SI (solid line).
Dashed lines show the light curve for the alternative simulations with no or with £25° longitudinal
asymmetry. Grey lines for the intermediate scenario are for TI=10 (warmer) and TI=40 Sl (colder).
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Figure 28 shows that the N» southern cap surface temperature in 2022 is ~37 K (at solid-gas
equilibrium) for the 3 cases while the equatorial volatile-free bedrock surface temperature (at local
noon) is ~46 K for the warm and intermediate scenarios (A=0.6) and ~44 K for the cold scenario
(A=0.7). In the case of a significant cap retreat since 1989, the volatile-free surface temperature
in the mid-southern latitudes may reach ~50 K in 2022 (Figure 28.A). We note that locally, even
warmer (resp. colder) patches could exist on Triton’s surface due to subsurface heating activity
(hot spots) or if the bedrock surface Bond albedo is significantly lower than 0.6 (resp. higher than
0.7). JWST/MIRI will be able to measure the thermal lightcurve of Triton (as seen from the Earth,
i.e. of the projected disk) at 25.5 ym (and also at 21 pm) with its F2550W filter. Figure 29.B shows
the modeled thermal lightcurves at 25.5 um for the 3 climate scenarios in 2022. The thermal
rotational variation on Triton is anti-correlated to the (subdued) optical light curve, with the
warmest brightness temperatures being associated with the darkest regions (note that Nz-rich
regions have a uniform temperature, ~37K, controlled by the surface pressure and the global
albedo but not the local albedo). The thermal lightcurve variation and overall flux level therefore
sensitively depend on ice distribution, mainly the presence/absence of volatile ice at the south
pole, the southern cap extent, and the longitudinal variability between 45°S-20°N. Although N2 ice
deposits could cover the latitudes 90°N-30°N in 2022 and thus be seen by Earth-based telescopes
in a small crescent below the terminator (56°N), they will have a weak quasi-negligible contribution
to the lightcurves due to their cold surface and their small contribution (~ 3% in 2022, see
Appendix A in Holler et al., 2016) to the total projected area relative to Triton’s visible disk.

The thermal lightcurve is also sensitive to the thermal and energetic properties of the Na-free
terrains (thermal inertia, surface roughness, bolometric and spectral emissivity, Lellouch et al.,
2011, 2016). In particular, the measured mean brightness temperature can discriminate between
warm or cold scenarios (Figure 29.B). We expect generally low diurnal thermal inertias (T1=10-30
Sl) as on Pluto (Lellouch et al., 2016), but this can be confirmed or disproved by thermal lightcurve
measurements as the amplitude, general flux level and shape of the light curve will decrease for
higher thermal inertia (see grey lines on Figure 29.B).

8.7. Uncertainties and future work

Although we explored the volatile cycles on Triton by using a large range of model parameters,
other combinations may exist that also reproduce the observations. In particular, in the volatile
transport simulations of this paper (Section 7), we fixed the diurnal and seasonal thermal inertia
of Nz ice to 20 Sl and 800 Sl respectively, and we only explored a north-south asymmetry in N
ice albedo (AAn2=0.1). Other values for the thermal inertia are possible, although they should not
impact the results to first order if they remain in the range of what has been suggested for Pluto
(10-40 Sl and 500-2000 S, respectively). Other north-south or local asymmetries in albedo,
emissivity, ice composition or internal heat flux are possible and may significantly impact the
results. In particular, albedos and ice composition feedback probably have a significant role as
geysers could deposit dark material (resp. bright ice grain) on top of the ice, and further darken
(resp. brighten) the ice. Haze particle deposition and volatile ice sublimation could also contribute
to darken the ice locally. We also consider that Triton’s atmosphere remains always global, even
when it hits a non-global limit in the past, with N2 ice temperatures varying over the body. These
processes are not taken into account in our model.

In addition, in our model, when both CHs and N ices are present on the surface and CH, is
sublimating, we assume that CHs is diluted in a solid solution N2:CH4 with a mole fraction of CHs4
in N2 ice of 0.05% (Quirico et al. 1999, Merlin et al., 2018). We apply Raoult’s law to compute the
CH. atmospheric mixing ratio at saturation, as in Forget et al. (2017). We do not take into account
possible variations and deviations from equilibrium. Tan and Kargel (2018) showed that these
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volatile ices should not exhibit such ideal behavior and form solid solutions whose phases follow
ternary phase equilibria (N2, CO, CH.). We note that sophisticated equations of state exist for the
N2-CO-CH. systems under Triton surface conditions (CRYOCHEM, Tan and Kargel, 2018). As
these equations of state have not been coded for use in a climate model or been applied to the
specific distribution of ices and temperatures seen on Triton, we have substituted the alternative
of relying on Raoult’s law.

Future work involving laboratory experiments, spectroscopic analyses, thermodynamic models,
and global circulation models (GCMs) is strongly needed to improve the models, constrain the
timescales for ice relaxation toward thermodynamic equilibrium, and explore in detail the effect of
the ternary phase equilibrium on Triton and Pluto (and on other Trans-Neptunian objects). Lastly,
coupling the volatile transport model with models of internal structure (including cryovolcanic
activity, obliquity tides) and outgassing could also help us better understand the formation of
geysers on Triton and atmospheric escape.

Conclusions

We simulated the long-term and seasonal volatile cycles of Triton, exploring a large range ofmodel
parameters (thermal inertia, bedrock surface albedo, global reservoir of N ice, internal heat flux)
and comparing with available observations (Voyager 2 images and surface pressure, infrared
surface emission measurements, albedo maps, volatile fractional area from Earth-based near-
infrared spectra and surface pressure evolution from stellar occultations) to better constrain these
parameters. In particular, we use an extremely high-quality occultation dataset obtained in 2017
to define our best-case simulations (Marques Oliveira et al., 2021). The following results were
obtained:

1. Permanent volatile ice caps form at the poles and extend to low latitudes through
glacial flow or through the formation of thinner seasonal deposits. North-South
asymmetries in surface properties can favor the development of one cap over the
other, as previously evidenced. A difference in topography has little impact on the
North-South N ice asymmetry.

2. Best-case simulations are obtained for a bedrock surface albedo of 0.6-0.7, a global
reservoir of Nz ice thicker than 200 m, and a bedrock thermal inertia larger than 500
Sl or smaller but with a large internal heat flux (>30 mW m). The large N ice reservoir
implies a permanent N> southern cap (several 100 m thick, and up to 1.5 km thick)
extending to the equatorial regions with higher amounts of volatile ice at the south
pole, which is not inconsistent with Voyager 2 images but does not reconcile well with
observed full-disk near-infrared spectra. In particular, the lack of variability of the non-
volatile ices (H20, CO2, and ethane) with longitude (Holler et al., 2016) is not explained
by our model.

3. Our results suggest that a small permanent polar cap should exist in the northern
hemisphere, in particular if the internal heat flux remains relatively low (e.g. radiogenic,
< 3 mW m™) and if the bedrock albedo is >0.7. A non-permanent northern polar cap
was only obtained for simulations with high internal heat flux (30 mW m?). The
northern cap will possibly extend to 30°N in the next decade, thus becoming visible by
Earth-based telescopes. The southern cap should not significantly retreat in the next
decades compared to what has been observed in 1989.

4. Our model predicts N> condensation at the northern edge of the southern cap in the
period 1980-2020, which could explain the bright equatorial fringe observed by
Voyager 2 in 1989. The model predicts that over the last 30 years, the southern polar
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cap lost ~0.3 m of Nz ice by sublimation, while ~0.1 m of ice deposited in the equatorial
regions and mid northern latitudes.

5. Best-case surface pressures are consistent with a moderate increase of pressure
during the 1990-2000 period. The model suggests that the peak of surface pressure
occurred between 2000-2010 and did not exceed ~2 Pa (although albedo feedback
may have increase the peak amplitude).

6. According to our model, the atmosphere of Triton never collapses. The surface
pressure should slowly decrease but remain larger than 0.5 Pa by 2060. Simulations
performed with low ice emissivity (en2=0.3-0.5) show that the surface pressure could
always remain larger than 0.5 Pa. Seasonal thin deposits play a significant role in the
evolution of the surface pressure. The internal heat flux does not significantly impact
the surface pressure curve since the ice albedo is adjusted to match the Voyager 2
pressure constraint (it impacts locally the sublimation-condensation rates but not the
net mass balance of Ny).

7. Inour model, CO tends to follow N2> and condenses where No-rich deposits are already
present. By using a CO/N: ice mixing ratio of 0.04%-0.08%, we obtain an atmospheric
CO gas volume mixing ratio of 0.006%-0.012% during the period 2000-2020, and
slightly slower values for the next decades (0.005%-0.01%).

8. Unlike for Pluto, no permanent CHy-rich deposit form in our Triton model. We tested
two scenarios with small CHs-rich ice patches to explain the observed CH4
atmospheric mixing ratio. Simulations with CHas-rich ice at the cap edge (equatorial
regions) produce a CHy partial pressure of 1-5x10* Pa that remains relatively constant
during the period 1980-2030. Simulations with CHs-rich ice at the south pole produce
a strong increase in CH, partial pressure until 2005, followed by a decrease as the
south pole exits polar day. Both “cap edge” and “south pole” scenarios could reconcile
the 2.45x10™* Pa partial pressure observed by Voyager 2 and the increase in the CHs
partial pressure (factor of 4) observed from 1989 to 2009 (Lellouch et al., 2010),
although the “cap edge” scenario would require a decrease in CH4 ice albedo or
increase in CHs ice coverage with time to lead to a significant increase in CHy partial
pressure.

9. JWST/MIRI will be able to measure the thermal lightcurve of Triton at 25.5, 21um,
which will help in discriminating several possible climate scenarios, as well as in
providing strong constraints on the thermal and energetic properties of the Na-free
terrains.

Triton remains relatively unexplored. In particular, we note that there is a strong need for more
and continuing Earth-based observations (JWST, HST, VLT, Keck, ELT) of Triton’s surface and
atmosphere in order to provide a temporal context and understand Triton’s seasonal evolution.
Surface ice distribution has never been mapped, only inferred from disk integrated rotational
curves of ice band depths, and except for very limited observations, surface temperatures have
not been measured. This manifests as a substantial gap in our understanding of Triton’s climate
evolution. Finally, an orbiter mission such as Neptune Odyssey or a flyby mission to Triton such
as Trident would provide a rich science-breakthrough dataset with which to understand the
physical and dynamical processes at play on Triton and their seasonal evolution (by comparison
with existing Earth-based observations), which would be insightful to further understand this class
of volatile-rich object, includingPluto, Eris, and Makemake.
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Appendix - Calculation of the temporal variations of Triton’s
subsolar latitude

In our volatile transport model, the calculation of Triton’s subsolar latitude is performed by using
a trigonometric equation corresponding to a fit of a solution obtained by a dynamic model of
Triton’s motion.

The solution of the dynamic model was obtained over the period 06/09/-807 to 01/01/2100 using
the ephemph application of the EPROC project (Berthier, 1998, Forget, 2000). The method,
described by Le Guyader, 1993, includes the disturbances caused by Neptune’s flatness at the
poles (Peters, 1981), by the Sun and by the 8 other planets of the solar system, with their revised
coordinates (Davies, 1996).

The trigonometric fit of this solution is based on the trigonometric equation proposed by Harris
(1984) and Trafton (1984), from a suggestion by Dobrovolskis (1980). Changes in subsolar
latitude A are expressed as a sinus function, resulting from the superposition of 3 harmonics of
different amplitudes and frequencies, as :

Sin(l(t)) = Acos(ag — ayp) + Bsin(ag — Bo + (B1 — a)w) + Csin(ag + By — (ay + )W)

With:
| 365.25t L,
HW="p

Where t is the time in Earth year from year 0 (i.e., t = 2000 corresponds to year 2000 A.D), Ls is
the length of one Triton day in seconds (507773 s) and L4 is the length of one Triton day in Earth
days (5.877 days).

Since the work of Harris (1984) and Trafton (1984), the angles and coefficients have been revised
(Berthier, 1998, Forget, 2000) and the values are:

A =0.429870
B =0.370543
C =0.0225091
D=31557595

oo = 241.52577°
a1 = 0.038142 rad/year
Bo =-100.79473°
1 =0.009131 rad/year

The first harmonic evolves at the frequency a,= 0.0381 rad/year, which corresponds to the sideral
period of Neptune (165 Earth years). The second harmonic has a frequency equal to (B1-a1) with
1 the frequency corresponding to the precession of Triton’s orbit around Neptune’s pole (period
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= 650 Earth years). The period of this harmonic is ~221 Earth years. The third harmonic has a low
amplitude compared to the others, and its frequency is equal to (a1+1), which corresponds to a
period of 131.5 Earth years.

The error made on the subsolar latitude by using the trigonometric equation (compared to the
dynamical solution) is always smaller than 0.5°, which is largely sufficient for the purpose of this
paper (the latitudinal resolution of our model is 7.5°). In fact, the errors are periodic and their
analysis in frequency (Laskar, 1999) show that the frequency peaks at 82.2, 93.4 and 683.4 years
with an amplitude of the order of 0.1°, while other peaks have an amplitude at least 10 times
smaller.

In conclusion, the trigonometric equation provides an excellent approximation of Triton’s subsolar
latitude that can be extrapolated in time. In our model, we compute the past climates of Triton by
using these equations with t typically ranging from t=-9x10° (9 million years ago) to t=2100 (end
of the current century). Note that over time, Triton's inclination is slowly increasing (getting closer
to perfectly retrograde) and its precession period is slowly getting shorter as its orbit shrinks, but
these are very long-term effects that are not significant over the timescale used in this paper (~10
Myrs). The obliquity of Neptune does not change significantly over this period either (it is
suggested to be primordial, Laskar and Robutel, 1993).
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