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Structure de la subsurface de la Lune et de Mars obtenu à partir de simulation numérique de la propagation des ondes sismiques en 3D et de l'analyse des données sismiques d'Apollo et d'InSight

par Keisuke ONODERA

Résumé

Il est important d'étudier la structure souterraine d'une planète car elle reflète fortement les processus géologiques passés, nous donnant une information cruciale pour révéler comment une planète a évolué jusqu'à aujourd'hui.

Cette étude se concentre particulièrement sur la Lune et Mars dont la structure souterraine reste incertaine.

Comme démontré sur Terre, l'observation sismique est un moyen puissant d'étudier le sous-sol, et elle a été appliquée à la Lune dans les missions Apollo et à Mars dans la mission InSight. Étant donné que l'observation sismique sur les planètes extraterrestres dépend fortement de la conception de la mission et de l'environnement de la planète cible, cette étude a adopté différentes approches en fonction des situations d'observation respectives afin de contraindre efficacement la structure du sous-sol.

Pour la Lune, j'ai effectué des simulations 3D de propagation des ondes sismiques en tenant compte de la structure hétérogène intense pour évaluer les propriétés de diffusion dans la croûte supérieure plus directement qu'auparavant. Bien que ce genre de calcul lourd n'ait pas été possible auparavant, le supercalculateur haute performance m'a permis de le mener. En fait, cette étude a réalisé un calcul stable jusqu'à 2 Hz qui couvre complètement la bande de fréquences du sismomètre à longue période Apollo, conduisant à la première comparaison directe entre les synthétiques et les données sismiques lunaires Apollo dans la même bande de fréquences. En conséquence, dans des conditions physiques raisonnables, la simulation a reproduit avec succès les ondes sismiques de type lunaire identiques aux données de référence, ce qui a permis l'évaluation quantitative des paramètres tels que la longueur de corrélation, la fluctuation de vitesse et le facteur de qualité de diffusion ( ). En particulier, la comparaison de entre différentes planètes a révélé que la diffusion lunaire est plus intense que celle sur Terre et Mars. J'ai constaté que cela était attribué à la différence dans l'évolution de la surface en termes de fragments d'impact. Je m'attends à ce que les paramètres de diffusion obtenus dans cette étude conduisent à une étude quantitative plus approfondie de l'évolution de la surface des planètes solides.

En ce qui concerne Mars, profitant de son atmosphère, je me suis concentré sur l'effet de couplage air-solide (combien le sol solide est déformé en raison des variations de pression, ce qu'on appelle la « conformité ») pour étudier la structure du sous-sol à l'aide des données InSight. L'atterrisseur InSight est situé près de la dichotomie géologique, et cette région est considérée comme ayant connu certains événements géologiques tels que le volcanisme et l'érosion fluviale. Ainsi, il est important d'estimer la structure du sous-sol pour connaître les activités géologiques passées sur Mars. Alors que les travaux précédents sondaient le sous-sol jusqu'à 20 m, j'ai non seulement étudié la profondeur (∼75 m), mais j'ai également affiné la résolution de profondeur à la couche supérieure en améliorant la méthode précédemment utilisée. Par exemple, alors que les études antérieures s'étaient principalement concentrées sur les gammes de basses fréquences (< 0,5 Hz) en raison du manque de données d'échantillonnage élevé au début de la mission, cette étude a tiré le meilleur parti des gammes à échantillonnage élevé et a réussi à étendre la fréquence jusqu'à 2 Hz, ce qui a conduit à la détection d'une discontinuité structurelle de 1 m sur le site d'atterrissage d'InSight. De plus, comme les vitesses du vent ambiant sont liées à la longueur d'onde, l'analyse de la conformité pour différentes vitesses de vent m'a permis de récupérer la structure élastique à différentes profondeurs. En particulier, les données de vitesse du vent élevé (>12 m / s) ont permis de contraindre la structure jusqu'à 75 m de profondeur.

Mot-clés

Sismologie planétaire, Structure de subsurface, Diffusion sismique, Apollo, InSight, Sismologie couplée a l'air and Heat Transport). Contrairement à la terrestre, la sismologie sur la Lune ou sur Mars repose sur des ressources limitées disponibles en fonction de la mission spatiale (par exemple, une seule station ou un petit réseau). De plus, les observations seraient fortement influencées par l'environnement du corps planétaire ciblé (ex. avec/sans atmosphère, état thermique). Dans cette étude, j'ai adopté différentes approches en fonction des objects telluriques et de leur environements afin de contraindre la structure de la subsurface de manière efficace.

indiquent que la coda caractéristique des sismogrammes lunaires est due à une diffusion élevée ( faible) et à une faible atténuation ( élevé). Cela implique un environnement sec de la Lune et une structure de subsurface très hétérogène qui est probablement une conséquence du bombardement continu sur la surface lunaire. Sur Mars, nous avons une contribution plus faible de la diffusion alors que l'atténuation intrinsèque est comparable à celle de la Lune. Ce fait est en accord avec les résultats des études précédentes. Par exemple, étant donné que les fragments d'impact sont moins développés dans des conditions de gravité plus élevées, il est logique que Mars ait une contribution plus faible de la structure hétérogène provenant des impacts de météorites par rapport à la Lune.

En utilisant la dernière ressource de calcul haute performance, j'ai réussi à donner une contrainte significative sur l'environnement de diffusion qui était l'un des problèmes clés de la sismologie lunaire non résolu jusqu'à présent. De plus, accompagnés des récents progrès de la sismologie martienne, mes résultats ont ouvert une fenêtre sur des comparaisons quantitatives des différentes caractéristiques sismiques sur divers corps planétaires, ce qui a ouvert la voie à et donc une discussion plus détaillée sur l'origine des différences dans les enregistrements sismiques. En outre, dans le but de fournir des implications constructives pour les futures explorations sismiques lunaires, j'ai fourni quelques propositions en termes de bande de fréquences d'observation et de collaboration de l'observation télescopique au sol avec la sismologie sur la Lune. La première proposition examine comment minimiser l'influence de la diffusion intense lors de l'estimation de la structure interne. La deuxième implication mentionne la collaboration de l'observation du flash d'impact avec la surveillance sismique lunaire du point de vue de : (i) la détermination de l'heure d'origine et de l'emplacement de la source avec une grande précision, (ii) la plage d'énergie cible et (iii) la période d'observation préférable. Je crois que ces discussions suivies des données d'observation et des résultats d'analyse réels nous donnent une instruction constructive pour mieux concevoir les futures explorations sismiques lunaires.

Pour la structure martienne, je profite du fait qu'il s'agit d'une planète avec atmosphère, ce qui n'était pas le cas pour la Lune. Les activités atmosphériques généreront des signaux sismiques qui nous permettront de sonder la structure de subsurface peu profonde sur Mars. Comme démontré sur Terre, la mesure de la déformation du sol due aux variations de pression nous fournira la rigidité du sol, ou la conformité. Étant donné que cette méthode ne nécessite pas la détermination précise de l'emplacement de la source et ne nécessite que des données sismiques avec variation de pression mesurée avec un capteur de pression co-localisé, elle fonctionne très bien pour l'InSight qui n'a qu'une seule station mais équipé de capteurs météorologiques. Dans cette étude, en appliquant cette idée à Mars, je vise à construire un nouveau modèle de structure de subsurface autour du site d'atterrissage d'InSight. Étant donné que l'atterrisseur InSight est situé près de la dichotomie géologique sur Mars (hautes terres dans l'hémisphère sud et basses terres dans l'hémisphère nord) et que cette zone aurait subi plusieurs événements géologiques tels que le volcanisme et l'érosion fluviale, les informations structurelles devraient nous donner un aperçu précieux des activités géologiques passées. Alors que les modèles initiaux de structure de subsurface montrent des propriétés élastiques (par exemple, le module de Young, la vitesse des ondes sismiques) jusqu'à 10-20 m, cette recherche a l'intention d'aller jusqu'à 100 m de profondeur, grâce au plus grand nombre d'événements acquis avec la mise à jour jeu de données d'InSight. Les nouveaux points de cette étude sont : (i) d'étendre la gamme de fréquences pour l'analyse de conformité (jusqu'à 2,0 Hz), et (ii) de prendre en compte les vitesses du vent ambiant qui sont étroitement liées à la longueur d'onde dans la situation que j'ai supposée. Le premier point est lié à la résolution en profondeur de la structure. Comme on n'avait pas de données hautes résolutions au stade initial de la mission, les travaux précédents ont dû limiter leurs analyses à la partie basse fréquence (< 0,5 Hz). Cependant, les données à échantillonnage élevé qui sont devenues disponibles au milieu de la mission ce qui a permis d'élargir bande de fréquences de l'étude (jusqu'à 2.0 Hz), et d'obtenir une meilleure résolution de profondeur que celle des études précédentes. En effet, mon analyse a réussi à détecter la discontinuité structurelle de 1 m sur le site d'atterrissage qui n'était pas contrainte auparavant. Le deuxième point nous permet d'étendre la profondeur d'investigation de 10-20 m à 100 m. Dans l'analyse de conformité, la vitesse du vent ambiant peut être considérée comme la longueur d'onde sous une certaine hypothèse, de sorte que la vitesse plus élevée du vent entraîne une longueur d'onde plus longue et nous permet de sonder une structure plus profonde. Grâce à cela, j'ai pu contraindre la structure élastique plus profondément qu'auparavant.

Mes résultats suggèrent que la structure autour de l'InSight est une structure assez simple se composant d'une couche de régolithe fin de 1 m suivie d'une couche d'éjecta grossier jusqu'à 75 m au moins. Surtout au niveau de la couche supérieure du régolithe, la structure de vitesse sismique estimée est conforme à celle obtenue grâce à une expérience sismique active qui est l'une des estimations les plus fiables sur Mars. Cela appuie fortement mes résultats et montre très bien que j'ai réussi à résoudre des structures plus fines par rapport aux études précédentes. Tant les observations géologiques que les analyses des données de télédétection suggèrent une couche à faible vitesse liée aux sédiments fluviaux autour du site d'atterrissage et il est intéressant de tester cela avec notre observation. Grâce à certaines études de paramètres prenant en compte une couche de faible rigidité, j'ai estimé la plage possible de rigidité pour cette couche ainsi que l'épaisseur de la couche qui pourrait expliquer l'observation. Bien que des recherches plus approfondies soient nécessaires pour confirmer une telle couche, j'ai fourni une nouvelle contrainte sur l'évolution de la surface de Mars qui donnerait une étape solide dans les analyses futures.

Pour résumer, en tirant le meilleur parti des dernières technologies informatiques, j'ai exploré la structure de subsurface de la Lune et de Mars. Alors que les deux objets telluriques ont un environnement complètement différent et que la différence des conditions d'observation a dû être prise en compte, j'ai pu faire des progrès significatifs dans la compréhension de la structure de diffusion sur le site d'atterrissage d'Apollo 12 sur la Lune et des propriétés élastiques sur le site d'atterrissage d'InSight sur Mars. En particulier, comme la sismologie planétaire souffre toujours d'un manque d'observation, la démonstration réussie de l'approche avancée qui reproduisait la diffusion lunaire intense a ouvert une nouvelle voie pour explorer davantage la structure interne des planètes telluriques. En outre, comme l'analyse de conformité améliorée sur Mars peut être appliquée à d'autres planètes contenant des atmosphères, cela contribuera également à faire avancer la planétologie comparative en termes de structure de subsurface.

1 Introduction

Investigation of planetary interior using seismic waves

The internal structure of a planet gives us significant pieces of information for better understandings of how it formed and evolved until today. For example, it is important to estimate the bulk chemical composition to infer the thermal environment at the initial stage of the formation (or how much energy was brought to the system). For the investigation of the planetary interior, seismic observation has been regarded as a powerful and well-established approach since the first scientific observation of a teleseismic event by von Rebeur-Paschwitz (1889).

The most fundamental idea is to measure the travel time of seismic waves generated by a certain earthquake at various points. Since the seismic waves propagate in various paths, observing the same earthquake at different stations allows us to retrieve the information at different regions of the planet. Plotting the travel time against the epicentral distance enables us to determine the internal velocity structure. Taking the P-wave as an example, one can easily imagine that the wave arrives later as the observation points get more distant and also find that the gradient changes with distance. As the gradient (travel time over distance) holds the information of the velocity with which seismic wave travels, the change in gradient means that the wave velocity varies with depth.

In Earth seismology, the 1-D internal velocity structure has been investigated in detail over the past century by using direct body waves (P and S), surface waves (Rayleigh wave and Love wave) and reflected and/or refracted body waves (e.g., PP, SS, PKP).

Furthermore, subsequent progress in seismology opened a way to investigate the 3D structure within the Earth.

For instance, the seismic wave tomography (e.g., [START_REF] Aki | Determination of three-dimensional velocity anomalies under a seismic array using first P-arrival time from local earthquakes: 1. A homogeneous initial model[END_REF][START_REF] Nolet | Seismic wave propagation and seismic tomography[END_REF]) is a representative method in which the internal velocity anomalies are assessed by measuring the time-delay of seismic waves coming from various directions (or observing the same event at several stations in a given area). These techniques revealed the detailed structures in the Earth such as superplume, slab, and heterogeneity in the mantle, which strongly reflect the present and/or past activities of the planet. In this way, seismology has contributed to understanding what kind of structure lies beneath us.

As the usability had been well demonstrated on Earth, the seismic observations were applied to extraterrestrial bodies such as the Moon in Apollo missions (e.g., [START_REF] Latham | The Apollo passive seismic experiment[END_REF] and Mars in Viking and InSight missions (e.g., [START_REF] Anderson | Seismology on Mars[END_REF]Banerdt et al., 2020). Unlike Earth, these planets are expected to hold the information at the initial stage of their evolution (several billion years ago) because the geological activities are extremely inactive compared with that of the Earth. In the following sections, let us recall what kind of observations have been conducted on other planets and satellites besides ours, then describe the main topics I will present in this thesis.

Seismic observation on the Moon

For the purpose of investigating the internal structure of the Moon in a direct way, the seismic observations were performed in the Apollo 11,12,14,15,16,17 missions by constructing a network on the near side of the Moon. The seismometers were included in the Apollo Lunar Surface Experiments Package (ALSEP) together with (1) Central station which received commands from Earth, sent observation data and delivered the power to each instrument, (2) Radioisotope thermoelectric generator (RTG) being used to supply the power for the ALSEP, (3) Charged particle lunar environment experiment (CPLEE) for the measurement of the charged particle flux (e.g., electrons and ions), ( 4) Cold cathode ion gauge (CCIG) to measure the lunar atmospheric pressure, (5) Heat flow experiment (HFE) to evaluate the thermal flux coming from the interior to surface, (6) Laser ranging retroreflector (LRRR) to which a laser beam was pointed in order to obtain the accurate distance between the Earth and the Moon, for example (see more details in respective Apollo Preliminary Science Reports; NASA [1969, 1970, 1971, 1972a, 1972b, 1973]).

Apollo seismic experiments are composed of three different experiments. The first one is the Passive Seismic Experiment (PSE) which conducted almost continuous passive observation (although it lost some data at some points). The PSEs were performed in the Apollo 11, 12, 14, 15, 16, which carried a long-period (LP) seismometer with two horizontal components (LPX, LPY) and one vertical component (LPZ), and a shortperiod (SP) seismometer with only one vertical component. As shown in Figure 1a, the LP seismometer has two modes: Flat and Peaked [START_REF] Sutton | Analysis of a feedback-controlled seismometer[END_REF]. Originally the flat mode was supposed to measure long-period parts, however, the main observations were performed with the peaked mode due to its unstable behavior [START_REF] Nunn | Lunar seismology: a data and instrumentation review[END_REF]. Figure 1b-c show an example of the lunar seismic record observed with both LP and SP sensors. As described later, the data obtained with the LP Peaked mode are mainly used in this study. The second type of experiment is called Active Seismic Experiments (ASE), which were solely carried out in Apollo 14 and 16 [START_REF] Kovach | Active seismic experiment[END_REF][START_REF] Kovach | Active seismic experiment[END_REF]. ASE had three types of artificial seismic sources:

(1) thumper assembly, (2) rocket-launched grenades, and (3) the lunar module (LM) ascent stage impacts. Since the LM impacts are described later in Section 2.2.3, let us focus on the thumper device and the grenades here.

The thumper device stored explosive charges at the tip of the rod. Triggering by an astronaut caused a firing, resulting in the ground shaking. The other type is a grenade, which was launched with mortar assembly and exploded at the point several tens of meters or hundred meters away from the stations. These two different types of artificial events were observed with the geophones whose natural resonant frequency is 7.5 Hz. These experiments contributed to revealing the uppermost regolith structure in particular (∼100 m depth).

The third experiment is Lunar Seismic Profiling Experiment (LSPE). This was performed only in Apollo 17 [START_REF] Kovach | Lunar seismic profiling experiment[END_REF]. The basic idea is the same as the ASE performed in Apollo 14 and 16 where the artificial quakes were generated in order to investigate the near-surface structure (∼100 m depth). The main difference is the seismic source. While the ASE used the thumper device and grenades, LSPE employed explosive packages (EP) which were widely distributed around the geophone array. Against 8 EPs, seismic signals were recorded with 4 geophones, which significantly contributed to constraining the seismic wave velocity structure around the Apollo 17 landing site (e.g., [START_REF] Cooper | Lunar near-surface structure[END_REF][START_REF] Heffels | Re-evaluation of Apollo 17 lunar seismic profiling experiment data[END_REF].

Besides these three seismic experiments, thanks to [START_REF] Kawamura | Lunar surface gravimeter as a lunar seismometer: investigation of a new source of seismic information on the Moon[END_REF] who showed that the Lunar Surface Gravimeter (LSG) functioned as a seismometer, recently the LSG becomes to be regarded as an additional seismic station on the Moon. Here, I leave the details to their paper.

Seismic observation on Mars

The first seismic observation on Mars took place in Viking mission that started the operation on September 4, 1976(e.g., Anderson et al., 1977) in the Utopia Planitia. Both Viking 1 and 2 landers carried three-axis Short period (SP) inertial seismometers with a natural frequency of 4.0 Hz, although the sensitivity is not as good as that of the Apollo SP (∼20 times lower; [START_REF] Lognonné | Planetary seismometry, Extraterrestrial seismology[END_REF]. Unfortunately, due to the uncaging problem of Viking 1's lander, only Viking 2's seismometer functioned nominally, and the operation continued until April 11 in 1980. Unlike Earth seismometers nor Apollo seismometers, the Viking seismometer was mounted on the lander and was not in contact with the martian surface. Although the first 5-month observation could be conducted under a very quiet condition (less contaminated by wind noise or lander shaking due to turbulence), not a single large quake was observed during that period [START_REF] Anderson | Seismology on Mars[END_REF]. After that, the observation got more contaminated by ambient winds or temporal wind disturbances. In fact, most of the observed signals are highly correlated with wind speeds (e.g., [START_REF] Anderson | Seismology on Mars[END_REF][START_REF] Lorenz | Viking-2 seismometer measurements on Mars: PDS data archive and meteorological applications[END_REF]. Although one possible candidate for marsquake was detected during the Viking operation, it has not been identified as marsquake because the possibility of wind contamination could not be excluded (due to the loss of wind data during the corresponding period). The recent re-analysis by [START_REF] Lorenz | Viking-2 seismometer measurements on Mars: PDS data archive and meteorological applications[END_REF] showed that this event could be a marsquake because it occurred during the nighttime when the wind noise is much lower than daytime. However, since they were not able to rule out the possibility of transient occurrence of dust devils or convective vortices, the conclusion reached the same as [START_REF] Anderson | Seismology on Mars[END_REF]. Thus, we had to wait for the first detection of the marsquake until the InSight (Interior exploration using seismic investigations, geodesy and heat transport) observation.

After almost 40 years from Viking mission, InSight landed in the western Elysium Planitia on Mars on Nov-26 ℎ in 2018, conducting seismic observation until today (e.g., Banerdt et al., 2020). In order to evaluate the present seismicity on Mars and give new information of the Martian interior from various aspects, the InSight lander carries three main packages: Folkner et al., 2018). SEIS enables us not only to evaluate the seismicity on Mars but also opens a way to probe the internal structure from superficial (∼ cm) to the deep interior (∼ a few thousands of km). Built on the lessons learned from Viking observation, the InSight deployed the seismometer on the ground using Instrumental Deployment Arm (IDA), and covered it with the Wind and Thermal Shield (WTS) to minimize the environmental noises. These operations actually worked well and realized a very low noise level that is comparable with that theoretically anticipated (Lognonné et al., 2020). RISE attempts to get the information of the state of the core by measuring the nutation, which gives a strong constraint independent from seismological analysis to investigate the core structure (Stähler et al., 2021). Unfortunately, HP 3 was not able to fulfill its prime goal to measure the heat flow. Yet, it still contributed to constraining the superficial elastic properties through the hammering experiments (i.e., active seismic investigations) (e.g., Lognonné et al., 2020).

In addition to these instruments, the Auxiliary Payload Sensor Suite (APSS) is installed on the InSight lander to measure the meteorological environment such as atmospheric pressure, air temperature, wind speed, and wind direction (Banfield et al., 2018). Since the SEIS is very sensitive to environmental noises due to turbulence or transient pressure variations, the APSS observation helps us discriminate the actual seismic events from other environmental origins (e.g., Kenda et al., 2017;Murdoch et al., 2017;Spiga et al., 2018).

One Martian year of observation by InSight has given us various new findings on Martian seismicity and the internal structure. First of all, clear seismic detection was accomplished, which opened a way to seismological investigation on Mars. The observed signals show a variety of different characteristics. In Figure 2a, two examples (red) are compared with an earthquake (blue) and a moonquake (gray). The first example (the second from the top) resembles very well an earthquake, showing clear phase arrivals of P and S. Besides, the longer coda indicates the influence of stronger scattering due to a more heterogeneous structure for Mars. This kind of characteristics are commonly seen in the terrestrial volcanic regions and everywhere on the Moon. Thus, as a natural consequence, this event literally falls in between earthquakes and moonquakes. The other example shows a strongly scattered wave just like a moonquake. Considering that the coda does not continue as long as that of the typical moonquakes (1-2 hours), the heterogeneity does not seem so intense as that of the Moon (Lognonné et al., 2020). This also implies a stronger effect of intrinsic attenuation expected for Mars which decays the coda more rapidly. With regards to the seismicity (Figure 2b), Mars (orange and yellow) is more active than the Moon (gray) but not so much as the Earth (e.g., blue) as predicted before (Banerdt et al., 2020). In addition, recent studies have been vigorously updating the internal structure of Mars such as the size of the core (Stähler et al., 2021), the structure of the crust and mantle (Khan et al., 2021;Knapmeyer-Endun et al., 2021), and the superficial regolith structure (e.g., Lognonné et al., 2020;Kenda et al., 2020). These scientific accomplishments are expected to give us strong constraints on Mars' formation and subsequent evolution.

今回、InSight 地震観測と、火星で頻繁に 発生するダス トデビルというつむじ風や、熱 流量計を設置する際に生じる振動を震源と して用いて、着 陸 地 点 周 辺の深 度 1 0 m 程 度までの浅 部 構 造を推 定 することに成 功し ています 4 。こ の 結 果 か ら 、 火 星 の 表 面 は 、 もデ ータにアクセスできる状 況 にあります 。 この 火 星 の 地 震 計 データを解 析 することに より 、 地 球 の 研 究 に もフィード バ ック で きる 可 能性もあり ます。地震に興味をお持ちの皆 様は、火星のデータにも興味を持っていた だければと思います。また遥か彼方で頑 張って記録を継続している地震計に思い を馳

Motivation to investigate a planetary subsurface structure

It is important to investigate the subsurface structure of solid planets for better understandings of the surface evolution over several billions of years since their formations. For example, since the subsurface structure, which could range from meters to kilometers scale, strongly reflects the past geological activities and/or impact history, finding the evidence of these activities and quantitatively evaluating them will help us reveal the history of an individual solid planet. Also, comparing the subsurface environment between various planets enables us to assess the differences in their present and past environment. This provides us with valuable information to explain how a wide variety of solid planets in the solar system or even in extrasolar systems were formed and what is a key to making differences among them.

One of the most powerful tools to probe the subsurface structure is seismic observations which are welldemonstrated on Earth and also applied to other planetary bodies. While the Earth has a global and dense seismic network that allows us to construct the three-dimensional mapping of Earth's interior, it is difficult to access the old-age information (>4.0 Gyr) since Earth's surface is significantly modified or resurfaced through activities such as vigorous geological metamorphism, erosion, weathering. Through the Apollo missions, a seismic network was constructed on the near-side hemisphere for the purpose of probing the internal structure of the Moon which is geologically inactive and expected to hold the record of the ancient period (∼4.5 Gyr). The lunar seismic observation not just enabled us to estimate the 1-D internal structure but also opened a way to comparative planetology in terms of seismology (a recent review was done by Garcia et al., 2019). That plays an important role in discussing the formation of the Earth-Moon system, the subsequent evolution on each body, and the superficial and/or subsurface environment which causes a large difference in seismic wave propagation. After a half-century since the termination of the Apollo observation, InSight realized the seismic observation on Mars since late 2018, which has been producing remarkable updates in the Martian seismicity and its internal structure (e.g., Banerdt et al., 2020;Lognonné et al., 2020;[START_REF] Giardini | The seismicity of Mars[END_REF]. In this study, I focus on exploring "the subsurface structure" of the Moon and Mars in order to further improve our knowledge of their past geological activities as well as current environment.

Topics and objectives -Moon

The main theme in the lunar part is "seismic scattering" within the upper crust which is one of the essential factors to make the seismic features so much different from those of the Earth. As shown in Figure 3, the lunar seismic waves show a spindle shape with long-lasting coda, ambient arrival of energy, and unclear seismic phases. According to Aki (1969) and subsequent studies of earthquakes, it is thought that these coda waves are caused by heterogeneous structures in a planet. In other words, analyzing the scattered waves will bring us useful information to evaluate how heterogeneous structure exists within the planet. Moreover, the differences in the subsurface heterogeneity among various planets could stem from the different evolution scenarios that the planets experienced since their formations. Thereby, making a comparison in terms of the subsurface structures would contribute to deepening our understandings of what makes a wide variety of differences seen in the solid planets. With these backgrounds, it is significant to perform a comparative study with respect to subsurface structure. However, the problem is that the subsurface structure of the Moon has not been fully determined yet, particularly concerning "heterogeneity" or "scattering structure" that essentially characterizes the lunar seismic waves. Thus, the goal of this study is to quantify the scattering parameters, focusing on the top several to a few tens of km from the lunar surface. 

Topics and objectives -Mars

After the two years of observation on Mars, InSight has produced a lot of updates in the seismicity and internal structure from superficial to the deep interior (e.g., Lognonné et al., 2020;Kenda et al., 2020;Stählar et al., 2021;Khan et al., 2021;Knapmeyer-Endun et al., 2021). However, some pieces are still missing. As an example, let us take the subsurface structure that is essential to elucidate the past geological activities on Mars. Although the initial analyses by Banerdt et al. (2020), Lognonné et al. (2020), and Kenda et al. (2020) constrained the subsurface structure with a scale of 10-20 m, the deeper structure of a few tens of metersa few hundreds of meters scale has been less investigated and needs updates to give a complete 1-D internal structure model of Mars. Additionally, the InSight lander is located near the North-South boundary where a distinct dichotomy occurs. According to the previous geological investigations using remote sensing data (e.g., Golombek et al., 2017;Pan et al., 2020), this area experienced several geological events such as fluvial and/or eolian erosion, volcanic activities, which resulted in a variety of geological units in this region. Since the subsurface structure strongly reflects the evolution of the Martian surface, it is important to get the information of the subsurface to better understand the history of Mars. Following these backgrounds, this study tries to better constrain the subsurface structure using the InSight data.

2 Scattering Structure of the Moon

Seismic scattering due to heterogeneous media

The study of seismic scattering due to heterogeneous structures within the Earth started in the late 1960s (e.g., Aki, 1969). Around the same time, the seismic waves recorded on the Moon during the Apollo 11 mission, which showed extremely low attenuation and intense scattering, drove a motivation of the development of this subject (e.g., [START_REF] Latham | Seismic data from man-made impacts on the Moon[END_REF]. Based on the previous works (e.g., [START_REF] Aki | Origin of coda waves: source attenuation and scattering effect[END_REF][START_REF] Sato | Energy propagation including scattering effects: single isotropic scattering approximation[END_REF][START_REF] Sato | Attenuation and envelope formation of three-component seismograms of small local earthquakes in randomly inhomogeneous lithosphere[END_REF], the size of scattering media and the intensity of perturbation in elastic properties are found to be important parameters to characterize the scattered seismic waves. For example, when the scale of heterogeneity is comparable with a wavelength (0.3 ≤ / ≤ 10; [START_REF] Sivaji | Aphysical-model study of the statistics of seismic waveform fluctuations in random heterogeneous media[END_REF][START_REF] Nishizawa | Seismic wave velocities in rocks I: modeling heterogeneous media and their elastic wave velocities[END_REF], it mainly affects the amplitude most efficiently. Also, since the scattered waves are delayed against the main phases, they form a subsequent wave group called "coda". In turn, if a heterogeneity size is much larger than a wavelength (10 ≤ / ), that causes a perturbation in travel time. Some possible causes, such as cracks, magma, and faults, are considered for the production of heterogeneous structures. However, in general, it is difficult to discriminate all these factors from the only seismological analysis. Such heterogeneity is modeled by spatially distributing the perturbation in elastic parameters (such as density and seismic wave velocities). For the estimation of heterogeneous structure within the Earth, there are two main approaches (e.g., [START_REF] Matsumoto | A review on structure of the Earth using scattered seismic waves by heterogeneity[END_REF]. The first approach is to use the signals around direct-wave which is considered reflecting the scattering effect due to the heterogeneity and inelastic attenuation within a medium. In this approach, the scattered waves can be modeled by giving spatial perturbations in elastic media in the constitutive equation. In fact, as it is challenging to get the solution to that kind of complicated equation, we usually assume the simplified solution by using some approximations such as Born approximation (e.g., [START_REF] Aki | Quantitative seismology[END_REF] and Markov approximation (e.g., [START_REF] Sato | Broadening of seismogram envelopes in the randomly inhomogeneous lithosphere based on the parabolic approximation: Southeastern Honshu, Japan[END_REF]. Since these are available in limited situations, sometimes it is difficult to get analytical solutions. Taking the two cases above as examples, the Born approximation is only applicable when we can assume single scattering (i.e., weak scattering media) while Markov approximation requires the wavelength to be much smaller than the size of heterogeneity. These approximations allow us to estimate the scattering parameters such as the size of heterogeneity (or correlation length), scattering attenuation factor . However, in the case of the upper crust of the Moon (i.e., megaregolith), the heterogeneity size within the medium is thought to be comparable to the wavelength. Thereby, both representative approximations above would not be suitable for the lunar environment. Instead, this study solves the equation of motion for elastic body including random media. Although this kind of approach was unrealistic for us to conduct before due to the requirement of large amount of computation resource, now it becomes more realistic (though still expensive) thanks to the development of high-performance supercomputers.

The second approach is to retrieve the scattering and/or inelastic effect from the coda (the superposition of scattered and time-delayed waves). The main theory associated with the strong scattering is the "radiative transfer theory" (e.g., [START_REF] Wesley | Diffusion of seismic energy in the near range[END_REF]AKi, 1969;[START_REF] Aki | Origin of coda waves: source attenuation and scattering effect[END_REF]. The radiative transfer theory of diffusion model or multiple-scattering model (i.e., assuming strong scattering environment) has been widely used not only on Earth but also on the Moon and on Mars recently, contributing to the estimation of diffusivity and attenuation factor of respective planets (e.g., [START_REF] Dainty | Seismic coda on the Earth and the Moon: a comparison[END_REF][START_REF] Blanchette-Guertin | Investigation of scattering in lunar seismic coda[END_REF][START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF]Lognonné et al., 2020;Karakostats et al., 2021;[START_REF] Menina | Energy envelope and attenuation characteristics of high frequency (HF) and very-high-frequency (VF) Martian events[END_REF].

For three-dimension, the radiative transfer theory of diffusion model with inelastic attenuation factor is expressed as:

( ℎ , , ) = ∇ 2 ( ℎ , , ) - ( ℎ , , ) (1) 
where is the energy of seismic wave at the hypocentral distance ℎ , time , and angular frequency , is diffusivity and denotes the intrinsic attenuation factor. In the right hand side of this equation, the first term corresponds to diffusion effect, and the second term shows the intrinsic attenuation. When ℎ >> , the solution can be written as follows:

( ℎ , , ) = 0 ( ) (4 ) 3/2 - 2 ℎ 4 - . (2) 
Thus, if we could fit the envelope with this solution, and would be obtained. It is worth noting that is not always equivalent to the observed quality factor, so-called "coda Q" . can be regarded as only when we can assume strong scattering (such as volcanic regions on Earth and the upper lunar crust). Figure 4b represents the fitted curves to the actual data for the Moon. Looking at the decay-part of the envelopes, Equation 2 well fits the data, resulting in the constraints on and (e.g., [START_REF] Dainty | Seismic coda on the Earth and the Moon: a comparison[END_REF]. Comparing the lunar value with the Earth (Figure 4a), the diffusivity shows much smaller values ( ≤ 4 2 / ). This means that the seismic energy is more likely to be trapped at a given area and hard to escape somewhere. Turning into the intrinsic attenuation (or absorption factor), it takes much larger values by about a factor of 10-20 compared to the terrestrial volcanic regions. That represents the seismic energy is less attenuated on the Moon.

On the other hand, focusing on the emerging part of the seismic coda where the forward scattering effect is more dominant (Figure 4b), it is found that the theoretical curve does not always fit the whole envelope. This tells us that this approach is not sufficient enough to explain the observation completely, especially the forward scattering effect. Thereby, modeling the first portion of the envelope (before energy peak arrival) should be a key to pushing forward our understandings of the seismic scattering on the Moon. In order to do that, since neither Born nor Markov approximation is not suitable for the lunar case, I will conduct the 3D forward modeling of the lunar seismic waves by solving the elastic equation that includes the spatially distributed random media. Because that was not realized before in the field of lunar seismology, this would be the first demonstration of the direct comparison between the Apollo seismic data and the synthetics for all three components (Radial, Transverse, Vertical). 

Methodology

Overview of workflow

I first describe the workflow of this work. This study will estimate the lunar crustal structure from a forward approach (Figure 5a) while the classical method such as travel-time analysis and/or decay-coda fitting invert for the structures. As inputs for the forward modeling I prepare a velocity structure, topography model, seismic source model, and random media (detailed in Section 2.2.5-2.2.7). Then, conduct numerical simulations of 3D seismic wave propagation utilizing an open code called "OpenSWPC (Open-source Seismic Wave Propagation Code; [START_REF] Maeda | OpenSWPC: an open-source integrated parallel simulation code for modeling seismic wave propagation in 3D heterogeneous viscoelastic media[END_REF]". For the computation, I use Earth Simulator 4 ℎ generation (Total Peak Performance: 19.5 PFLOPS, Total Memory: 556.5 TiB) provided by Japan Agency for Marine-Earth Science and Technology (JAMSTEC). See Section 2.2.2 and 2.2.8 for the details. After the simulations under different parameter settings, the comparisons between the Apollo seismic data and synthetics are made with respect to the envelope-shape, which is characterized by parameters such as the timing of rise-time arrival or the trend of energy development (starting in Section 2.2.10). Eventually, the most preferable model to explain the Apollo seismic data will be selected (Section 2.3). Based on that, I will quantitatively discuss the heterogeneous structure within the lunar crust and compare it with other observations (Section 2.4). 

Input

3D seismic wave propagation simulation

I use OpenSWPC [START_REF] Maeda | OpenSWPC: an open-source integrated parallel simulation code for modeling seismic wave propagation in 3D heterogeneous viscoelastic media[END_REF] for 3D numerical simulations of seismic wave propagation in localto-regional scale. Since this code was originally developed as a user-friendly tool, it is relatively easy for non-experts to start the computational seismology and also to implement their local environments as well as on a supercomputer.

As this code is based on Heterogeneity, Oceanic layer, and Topography Finite Difference Method (HOT-FDM; Nakamura et al., 2012a), it can take into account the free surface, a seawater layer, a fluid-solid boundary, complicated topographies, and heterogeneous media. In particular, the simulation including both topographies and heterogeneous media has less been conducted in the lunar seismology before. This is one of the strong advantages of the code and thus motivates us to apply the code to the Moon.

Because this code performs the simulations in the Cartesian coordinate system, it is not suitable for the computation of global wave-propagation. However, as this study has an interest in the upper crustal structure and considers impacts (i.e., superficial seismic source), the Cartesian would work better in terms of computational efficiency. Moreover, limiting the workspace allows us to compute the seismic waves up to a higher frequency.

In fact, this study accomplished a stable computation up to 2.0 Hz, which marks the highest computation frequency in the field of planetary seismology. This enables me to do the first full bandwidth comparisons of the synthetics with the Apollo LP data at the same frequency range (Figure 6: 0.3 -1.5 Hz).

Apollo LP (Peaked) Apollo-SP 0.3 1.5 The equation of motion for infinitesimal elastic media can be expressed as:

= + + + = + + + = + + + (3) 
where is density, , , is velocity, , , is external force. ( , = , , ) represents the stress defined as (for = ):

= ( + 2 ) + + + = + + = + + (4) 
in which and are Lamé constants, ( = , , ) is external stress. As the OpenSWPC considers the velocity-stress form, the elastic constitutive equation (Equation 4) becomes (for components):

= ( + 2 ) + + + = + + = + + (5) 
where ( = , , ) represents the temporal change in external stress. From Equations 3 and 5 with the boundary condition (free surface is assumed in this case), we can obtain the velocity and stress for each component if , , and external factors ( , ) are known.

As widely used in computational seismology (e.g., [START_REF] Levander | Fourth-order finite-difference P-SV seismograms[END_REF][START_REF] Moczo | The finite-difference modelling of earth-quake motions[END_REF], the OpenSWPC solves these equations with the staggered-grid finite difference method (FDM) with fourth-order accuracy in space and second-order in time. In the actual computation, the velocity and stress components are laid out in a voxel as shown in Figure 7. Considering the 1-D case for simplicity, the solutions of the equations ( / = / , / = / ) can be expressed in a discretized way as follows:

-Δ 2 , = -Δ 2 , -Δ + Δ Δ , -Δ 2 - -Δ , -Δ 2 , + Δ 2 = , -Δ 2 + Δ Δ + Δ 2 , - -Δ 2 , (6) 
The point is that the future behavior can be expressed using only the previous state (i.e., explicit solution). The time-development of and can be obtained by solving the Equations 6 alternately.

Besides these fundamental methods, the OpenSWPC implements the Generalized Zener Body (GZB) of the viscoelasticity in order to realize a frequency-independent intrinsic attenuation in the constitutive equation. Also, this code adopts Perfectly Matched Layer (PML; [START_REF] Chew | Perfectly matched layers for flastodynamics: a new absorbing boundary condition[END_REF] for absorbing boundary condition that helps us avoid the influence of artificial reflections at the workspace boundary. See [START_REF] Maeda | OpenSWPC: an open-source integrated parallel simulation code for modeling seismic wave propagation in 3D heterogeneous viscoelastic media[END_REF] and references therein for the details.

Reference events

Out of several types of seismic events on the Moon, I used artificial impacts as references because of their wellconstrained source locations, origin times, and impact parameters (i.e., source parameters). While there are more or fewer uncertainties in both source locations and origin times for natural events (i.e., deep moonquakes, shallow moonquakes, natural impacts, and thermal moonquakes), the precisely tracked and located events allow us to diminish these uncertainties. For example, even if we use the highest-quality natural impacts, the error of source locations ranges from a few tenshundreds of km [START_REF] Oberst | Meteoroids near the Earth-Moon system as inferred from temporal and spatial distribution of impacts detected by the lunar seismic network[END_REF]. This is comparable with the spatial-scale to which I pay attention (Figure 8), which might prevent us from the precise evaluation of the subsurface structures or scattering properties. Whereas, the source locations of the artificial impacts were precisely determined thanks to the discovery of the formed craters (e.g., [START_REF] Wagner | Coordinates of anthoropogenic features on the Moon[END_REF]. Since this is the first attempt to directly compare the Apollo data with simulations in three components at the same frequency range (0.3 -1.5 Hz), it would be reasonable to start with well-constrained events (i.e., artificial impacts). In Apollo 12,14,15,16,and 17, two types of artificial impacts were performed to observe how impact-induced seismic waves look and also to investigate the crustal structure of the Moon. One type is called Lunar Module (LM) impact and the other is called Saturn-V third stage rocket booster (S-IVB) impact. In the case of the LM impact, the ascent stage of the module in which the Apollo astronauts had stayed during their mission was used as an impactor after the astronauts left the lunar surface and completed the docking to the mother ship. Whereas, the Saturn-V third stage rocket booster (S-IVB), which had been used for both Earth orbit insertion and translunar injection, was controlled to make it hit on the lunar surface after its separation.
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All the artificial impacts are listed in Table 1 and2. Keep in mind that S-IVB impacts have 10 times larger kinetic energy compared to those of LM because of their larger mass and higher impact speed, and also that the LM impacts have much shallower impact angle (< 5°from the horizon) while the S-IVB struck the surface from the relatively vertical direction. While the S-IVB impacts created craters similar to those seen typically on the Moon and follow the scaling law by [START_REF] Teanby | Seismic detection of meteorite impacts on Mars[END_REF], the craters and their ray due to very oblique LM impacts show different features from the typical ones. These differences between the two types of impacts indicate that the source modeling of LM impacts is more complicated than that of S-IVB impacts. For this reason, I decided to focus on S-IVB impacts in this study. As shown in Figure 9, all five S-IVB impactors were guided to hit in the vicinity of the Apollo 12 and 14 landing sites. I selected two events out of these S-IVB impacts based on a criterion in terms of the computation resource, the efficiency for the forward problem, and some problems in the Apollo observation. Since the OpenSWPC conducts the seismic wave propagation simulations in the Cartesian coordinate system, one needs to cut out the region of interest which can be approximated like rectangular. That means the computation is intended to the local to regional scale (∼ several hundred km). Actually, one can take the curvature effect into account for the distant events (> 10; [START_REF] Takenaka | Quasi-Cartesian finitedifference computation of seismic wave propagation for a three-dimensional sub-global model[END_REF] by performing the Earth flattening transformation (e.g., [START_REF] Chapman | The Earth flattening transformation in body wave theory[END_REF]. However, this study only focused on the closer events (< 10) to run the simulation for parameter searching multiple times, which cannot be realized for the distant events because they require a huge amount of resources per run. For this reason, I decided to focus on the events whose epicentral distance is smaller than 10 (∼ 300 km) to conduct the forward modeling efficiently.

In addition to this criterion, I avoided using Apollo 14 seismic data because of its unexplained frequency peak around 1 Hz whose behavior is much different from any other station [START_REF] Garcia | Very preliminary reference Moon model[END_REF][START_REF] Onodera | Numerical simulation of lunar seismic wave propagation: investigation of subsurface scattering properties near Apollo 12 landing site[END_REF]. Taking Apollo 15 S-IVB impact as an example, while the LPX component of Station 12 returns a similar frequency response (Figure 10a right), that of Station 14 behaves differently having a peak at 0.9 Hz. This kind of behavior is hardly expected from the original instrumental response (broken line). Because the frequency response against noise signals (Figure 10c-d) seems consistent with each station, the unexpected peak at 0.9 Hz might be excited due to an event. While the whole spectral shape differs more or less from event to event, the peak resonance always shows up around 0.9 Hz at Station 14 (Figure 10f). Since the cause of this problem has not been explained yet, I decided not to use all artificial impacts observed at Station 14 to avoid misinterpreting the results.

-40°-35°-30°-25°-20°-15°-10°-5°0°- These two constraints for the epicentral distance (or the size of the workspace) and the instrumental problems resulted in three candidates: (i) Apollo 13 S-IVB impact observed at Station 12, (ii) Apollo 14 S-IVB impact observed at Station 12, and (iii) Apollo 16 S-IVB impact observed at Station 12. Unfortunately, Station 12 LP sensor experienced a gain change due to unexpectedly large signals, which caused a large gap around the energy peak (around 350 s in Figure 11). As this study wants to evaluate the rise-time (time from arrival to energy peak), this kind of data is not preferable and might cause misinterpretations. For this reason, the two events (Apollo 14 S-IVB and Apollo 16S-IVB impacts observed at Station 12) were left eventually for the following analysis.

Crustal structure model

In performing forward modeling, I gave some constraints on the velocity structure model so as to obtain reasonable or realistic parameters eventually. In this work, both the gravity data from the Gravity Recovery and Interior Laboratory (GRAIL) mission and the measurements of Apollo returned samples were considered.

With regards to the density structure estimated from the GRAIL data, [START_REF] Besserer | GRAIL gravity constraints on the vertical and lateral density structure of the lunar crust[END_REF] investigated it within the upper lunar crust using high-resolution gravity data (250 -550 harmonic degrees). As they used only higher degrees, their approach enabled to constrain the relatively shallow structure (< 20 km depth). Following Besserer's model, the density profile as a function of depth ( ) can be written as:

( ) = + Δ (1 --/ ) (7) 
where is the surface density, Δ is the density contrast between fractured surface materials and unfractured bedrock, and is the e-folding depth. At the Apollo 12 landing region, these parameters take the values of 2308 kg/m 3 , 786 kg/m 3 and 9.8 km, respectively. The porosity as a function of depth ( ) can be expressed using the density as:

( ) = 1 - ( ) 0 (8) 
where 0 = + Δ . Substituting Equation 7into Equation 8gives us

( ) = 1 - 1 + Δ [ + Δ (1 --/ )] (9) 
Figure 12 shows the profiles from Equation 7and Equation 9, respectively. At the Apollo 12 landing site, the porosity gets smaller than 5 % around 15 km depth. In terms of the laboratory measurements, we referred an experimental work by [START_REF] Sondergeld | Compressional velocity measurements for a highly fractured lunar anorthosite[END_REF]. They constructed an empirical model of the compressional wave velocity ( ) based on the measurements of the lunar anorthosite (Apollo sample: #60025, 174) like:

( ) = 0 1 -( ) ( ( ) 2 -) ( ) 2(1 -( )) (10) 
where 0 (= 7.15 km/s) is the P-wave velocity extrapolated from high pressure to zero pressure based on the results by [START_REF] Mizutani | Elastic-wave velocities and thermal diffusivities of Apollo 17 rocks and their geophysical implications[END_REF]. is an empirical constant and the value ranges from 2 to 24 covering almost all velocity structure models proposed by previous works [START_REF] Sondergeld | Compressional velocity measurements for a highly fractured lunar anorthosite[END_REF][START_REF] Besserer | GRAIL gravity constraints on the vertical and lateral density structure of the lunar crust[END_REF]. In other words, =2 gives the upper limit of the P-wave structure while =24 does the lower one.

Combining Equation 9with the empirical velocity structure by [START_REF] Sondergeld | Compressional velocity measurements for a highly fractured lunar anorthosite[END_REF] results in the reference model used in the simulations.

In order to determine the empirical constant in Equation 10, I computed the travel time for the two target artificial impacts. One is Apollo 16 S-IVB impact recorded at Station 12 and the other is Apollo 14 S-IVB impact observed at Station 12. The epicentral distances are 153.76 km and 175.34 km, respectively. Let us consider a stratified half-space like Figure 13 where is the epicentral distance, and represent the layer thickness and P-wave velocity at ℎ layer, respectively. is a critical angle at ℎ layer. According to Snell's law, = ( / +1 ). In the case of direct wave, the travel time can be computed as:

= / 1 (11)
The travel time for refracted wave ( ) can be estimated considering the shortest path from the seismic source to the station through the underground. When > Σ =1 2 , can expressed using the critical angles at respective boundaries like: 
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As

= (1 -2 / 2 +1 ) 1/2 and = ( 2 +1 -2 ) -1/2 , Equation 12 becomes = 2        Σ =1 1 -( / +1 ) 2 + 2 -Σ =1 2 +1 -2 / +1        (13) 
Travel times for several structure models shown in Figure 14 were computed using Equation 11or Equation 13(Table A.1 in Appendices summarizes the exact models used in the computation). Figure 15 displays the computed travel times for various structure models ( = 2.0 -24). The dotted lines show the estimated range of travel times for respective artificial impacts by [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF]. Note that while the reading error of P-wave arrival is about 1 s for both events, Apollo 16 S-IVB impact includes an extra error in origin time (or impact time) by at least 4 s due to the loss of radio-tracking during the operation [START_REF] Toksöz | Structure of the Moon[END_REF]. Since =7 explains the travel times for both impacts, I constructed a reference velocity structure based on that parameter.

With regards to / ratio, [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF] and [START_REF] Gagnepain-Beyneix | A seismic model of the lunar mantle and constraints on temperature and mineralogy[END_REF] suggested that it could range from 1.7 to 2.0 for high fractured materials. Also, [START_REF] Garcia | Very preliminary reference Moon model[END_REF] employs 2.0 for the top low velocity layer. In this study, following the previous results and also based on the trials and errors on / ratio (see Section A.1), the value in scattering layer is assumed to be 2.0. Concerning the consolidated layer, √ 3 is given as / . Concerning the intrinsic Q used in the simulation, it was given by combining the results by [START_REF] Nakamura | Seismic Q of the lunar upper mantle[END_REF], [START_REF] Blanchette-Guertin | Investigation of scattering in lunar seismic coda[END_REF] (Table 3). 

Topography models

For the surface topography model, I employed one of the highest-resolution lunar digital elevation models (DEMs) available today. It is called "SLDEM2015 [START_REF] Barker | A new lunar digital elevation model from the lunar orbiter laser altimeter and SELENE terrain camera[END_REF])", which was constructed based on the Lunar Orbiter Laser Altimeter (LOLA) data by Lunar Reconnaissance Orbiter (LRO) combined with the DEM produced by Terrain Camera (TC) onboard SELENE (Kaguya). This model covers from ± 60 degrees in latitude and ± 180 degrees in longitude with the highest horizontal spatial resolution being 59 m. The original data are available on NASA Planetary Data System (PDS).

Concerning the crust-mantle boundary and/or Moho boundary, the crustal structure models (GL0420A) provided by [START_REF] Wieczorek | The crust of the Moon as seen by GRAIL[END_REF] were utilized. Their models were constructed from the observation of gravity anomalies by the GRAIL mission. Particularly, in order to make it consistent with a density model shown before, I adopted Model 2 which was made with a combination of the GRAIL observation and the crustal thickness (30.8 km at the Apollo 12/14 landing site) estimated from the travel-time analysis using the Apollo seismic data by [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF]. As the crustal model truncates the degree higher than 310, it provides us the spatial resolution of 0.43 degrees. The original dataset was downloaded from GRAIL Crustal Thickness Archive [START_REF] Wieczorek | The crust of the Moon as seen by GRAIL[END_REF].

In addition to the surface and Moho topographies, I also assumed some layers to express the gradual change in the seismic velocity profile with depth. As shown in the previous section, since the seismic velocity changes rapidly near-surface, I prepared a more densely layered structure at the first 5 km compared to the deeper parts (Table 4). Following [START_REF] Onodera | Numerical simulation of lunar seismic wave propagation: investigation of subsurface scattering properties near Apollo 12 landing site[END_REF], the respective boundary depths are defined as

( , ) = ( , ) + ( , ) - ( , ) (14) 
where is the boundary depth of ℎ layer at the coordinates of longitude and latitude , and are the surface elevation from the mean radius of the Moon (1737.4 km) and the Moho boundary depth, respectively. is a constant to make the mean boundary at the target region (Figure 16) consistent with ℎ layer's depth (Table 4). Note that the surface DEM was downsampled to make the spatial resolution match that of Moho boundary model. This kind of procedure makes the deeper structure reflect the Moho undulations and the shallower reflect the surface topographical variations (Figure 17). Surface Topography km 
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Source assumption

As a source model for impacts, there are two approximations; one is the isotropic radiation with moment tensor and the other is the point force (or body force) expressed with the impulse. In past studies, either model was used to simulate the impact-induced seismic waves (e.g., [START_REF] Blanchette-Guertin | Modeling seismic energy propagation in highly scattering environments[END_REF][START_REF] Daubar | A new crater near InSight: Implications for seismic impact detectability on Mars[END_REF][START_REF] Onodera | Numerical simulation of lunar seismic wave propagation: investigation of subsurface scattering properties near Apollo 12 landing site[END_REF]. Since the detailed description of the impacts in terms of source modeling is still an open issue, this study just employed the simplest model, that is, isotropic radiation. In fact, under the intense scattering structure as considered in this study, the source information is lost just after the energy is radiated and the difference in the source model does not so much affect the resultant waveform (i.e., the structure is much more dominant to characterize the seismogram in this case). The comparison of the two source models is made in the Appendices A.2.

In the OpenSWPC, the seismic source is given in the form of:

= 0 * ( ) * (15) 
where 0 shows seismic moment, ( ) is source time function (corresponding to moment rate function), and ( , = , , ) is moment tensor which determines how the seismic energy radiates. Since this moment tensor is normalized, 2 = 1. In the case of isotropic radiation, = 0 ( ≠ ) and = 1/ √ 3 ( = ), giving us:

= 0 * ( ) * 1/ √ 3 0 0 0 1/ √ 3 0 0 0 1/ √ 3 (16) 
Concerning the source time function (STF), I used Küpper wavelet which is pre-fixed in the OpenSWPC. It is defined as:

( ) = 3 4 3 (0 ≤ ≤ ) 0 ℎ (17)
where is time and is the characteristic time. determines the maximum frequency = 2/ . Since a numerical dispersion occurs above , one needs to carefully select this parameter. In this work, as the maximum frequency needs to be 2.0 Hz in order to cover the Apollo LP (Peaked) sensitivity peak (0.3-1.5Hz), = 1 s is assumed for the computation. Keep in mind that ( ) is replaced with another STF preferable for impacts at the stage of data analysis. In other words, once the output signals are derived, they are deconvolved with ( ) then another STF is convolved (re-convolution). The STF for impacts comes from the spectral analysis of the Apollo artificial impacts by [START_REF] Gudkova | Large impacts detected by the Apollo seismometers: impactor mass and source cutoff frequency estimations[END_REF]2015), which is defined as:

( ) = 1 + 2 (-2 ≤ ≤ 2 ) 0 ℎ (18) 
where is the time constant (0.65 s for Apollo S-IVB impacts). The first derivative of Equation 18 with respect to time provides the moment rate function like:

( ) = -2 2 (-2 ≤ ≤ 2 ) 0 ℎ (19)
Figure 18 compares the frequency characteristics of each STF.

Over the course of computation, the seismic moment 0 is set to 1 Nm, then scaled up in the following data analysis. In other words, 0 is estimated by comparing the amplitude (or energy) between the simulation outputs with the Apollo seismic data. Once 0 in Nm is obtained, one can compute the seismic energy in Joules following [START_REF] Teanby | Seismic detection of meteorite impacts on Mars[END_REF] using: = 4.8 +2.9

-1.8 × 10 -9 1.24±0.01 0 (20) Also, taking the ratio of the seismic energy and input kinetic energy gives us the seismic efficiency expressed as:

= (21)
Although constraining these parameters (e.g., ,

) is not a primary goal of this study, I would like to save a space for the description of this topic because this parameter carries a large uncertainty (Table 5). For example, [START_REF] Gault | The partition of energy for hypervelocity impact craters formed in rock[END_REF] estimated the upper limit of seismic efficiency of 10 -2 by modeling the shock wave decay due to an impact based on their observation of the spallation of target materials used in their experiments. [START_REF] Mcgarr | Meteoroid impacts as sources of seismicity on the Moon[END_REF] obtained 10 -4 -10 -5 for from the analysis of seismic signals measured in a hyper-velocity impact into bonded sand target. [START_REF] Latham | Seismic data from man-made impacts on the Moon[END_REF] estimated using the actual impact-induced seismic waves on the Moon. They focused on the Apollo seismic data for both artificial impacts (LM and S-IVB) and obtained = 10 -7 for LM impact and = 10 -5 -10 -6 for S-IVB impact, respectively. In the 2010s, some laboratory impact experiments were conducted using regolith simulant [START_REF] Richardson | An experimental investigation of the seismic signal produced by hypervelocity impacts[END_REF] or glass beads [START_REF] Yasui | Experimental study on impact-induced seismic wave propagation through granular materials[END_REF] as target materials, simulating the surface environments on planets and/or asteroids. Seismic records obtained through respective experiments gave us a similar range of estimation for value as those of [START_REF] Mcgarr | Meteoroid impacts as sources of seismicity on the Moon[END_REF] and [START_REF] Latham | Seismic data from man-made impacts on the Moon[END_REF]. In turn, [START_REF] Hoerth | In situ measurements of impact-induced pressure waves in sandstone targets[END_REF] and Güldermeister and Wünnemann (2017) employed different approaches. In the case of [START_REF] Hoerth | In situ measurements of impact-induced pressure waves in sandstone targets[END_REF], they embedded several pressure sensors inside a target material to measure the stress induced by an impact. Then, they calculated seismic efficiency by converting the derived pressure into seismic energy using theoretical model by [START_REF] Rinehart | On fractures caused by explosions and impacts[END_REF] and [START_REF] Schultz | Seismically induced modification of lunar surface features[END_REF] such as:

= 1 3
(acceleration). More recently, Güldermeister and Wünnemann (2017) performed numerical modeling of stress wave using iSALE code [START_REF] Wünnemann | A strain-based porosity model for use in hydrocode simulations of impacts and implications for transient crater growth in porous targets[END_REF] to simulate the impact experiments by [START_REF] Hoerth | In situ measurements of impact-induced pressure waves in sandstone targets[END_REF], and reached the similar conclusion as [START_REF] Hoerth | In situ measurements of impact-induced pressure waves in sandstone targets[END_REF].

Although it is not simple to compare all estimated values on the same table, it appears to have 1 -2 orders uncertainty in magnitude at least within single and/or between similar experiments. A potential contribution of this study is to give a new estimation on from a different point of view since few studies provided from the aspect of seismic wave propagation simulation before.

Table 5 -List of the value of seismic efficiency estimated by previous works.

Research

Method [START_REF] Gault | The partition of energy for hypervelocity impact craters formed in rock[END_REF] Laboratory impact experiment 10 -2 McGarr et al. (1969) Laboratory impact experiment 10 -4 -10 -5 Latham et al. (1970) Estimation on Apollo artificial impacts 10 -5 -10 -7 [START_REF] Richardson | An experimental investigation of the seismic signal produced by hypervelocity impacts[END_REF] Laboratory impact experiment 10 -5 -10 -6 Hoerth et al. ( 2014)

Laboratory impact experiment 10 -3 Yasui et al. ( 2015)

Laboratory impact experiment 10 -4 -10 -5 Güldemeister and [START_REF] Güldemeister | Quantitatice analysis of impact-induced seismic signals by numerical modeling[END_REF] Numerical simulation (iSALE) 10 -3

Scattering media

In terrestrial seismology, the behaviors of seismic scattering have been measured by both laboratory experiments and data analyses of seismic signals (e.g., [START_REF] Sato | Seismic wave propagation and scattering in the heterogeneous Earth[END_REF][START_REF] Sivaji | Aphysical-model study of the statistics of seismic waveform fluctuations in random heterogeneous media[END_REF][START_REF] Sato | Seismic wave propagation and scattering in the heterogeneous Earth[END_REF]. To quantitatively evaluate the properties of seismic scattering due to the heterogeneity inside a medium, previous works investigated the distribution of perturbation from an average velocity of a sample and expressed it in a mathematical way using autocorrelation function (ACF) or power spectral density function (PSDF) (e.g., [START_REF] Shiomi | Broad-band power-law spectra of well-log data in Japan[END_REF][START_REF] Sato | Seismic wave propagation and scattering in the heterogeneous Earth[END_REF]. A thorough summary of these approaches is given by [START_REF] Sato | Seismic wave propagation and scattering in the heterogeneous Earth[END_REF].

According to [START_REF] Sato | Seismic wave propagation and scattering in the heterogeneous Earth[END_REF], there are a few types of ACFs: Gaussian, von Karman, and Exponential. Among these, von Karman or Exponential is usually adopted in the seismological approaches because they better explain the observed data than the Gaussian form which is mathematically tractable (e.g., [START_REF] Shiomi | Broad-band power-law spectra of well-log data in Japan[END_REF][START_REF] Suzuki | Deep well logs in the Kanto-Tokai area (in Japanese)[END_REF][START_REF] Sivaji | Aphysical-model study of the statistics of seismic waveform fluctuations in random heterogeneous media[END_REF]. I assumed exponential ACF (which is a specific case of von Karman ACF). It is defined as:

( ) = 2 (-/ ) (23) 
where is lag distance, is correlation length which tells us the characteristic scale of the heterogeneity within a certain medium, and is fractional fluctuation which determines the velocity perturbation from the mean velocity structure. Performing the Fourier transform gives us the power spectral density function (PSDF) as:

( ) = 8 2 3 (1 + 2 2 ) 2 (24)
where is wavenumber.

For the initial runs, I assume the isotropic random media (i.e., = = ) and varied the fractional fluctuation from 0.024 to 0.042 with the correlation distance fixed to 650 m (Table 6). The generated random media and their probability distributions of the velocity fluctuation are shown in Figure 19. To give complementary information on the assumed correlation distance, the value of 650 m is closely related to the Rayleigh wave in fact. In the case of surface impacts, the Rayleigh wave is likely to be excited and seen as a strong peak at the surface stations as shown in Figure 20. Since surface wave rapidly loses its energy with depth, the peak disappears when going down a few km. On the other hand, the Rayleigh wave propagates at the surface with its energy gradually decreasing (i.e., geometrical spreading). As seen in an example, the Rayleigh wave is expected to be observed as a strong peak at a distance of 160 km away from the source, which is comparable with the case of Apollo 16 S-IVB impact. However, there is no research claiming a clear detection of surface waves from the Apollo seismic data (Figure 21).

According to [START_REF] Sato | Seismic wave propagation and scattering in the heterogeneous Earth[END_REF] and references therein, the wave energy is strongly and efficiently scattered when there is a scattering media whose characteristic scale is comparable to the wavelength. Considering the sensitivity peak for the velocity structure I assume (Figure 22), the scale of several hundred meters seems to work better. Since this kind of spatial scale is not far from the fragment size for the lunar megaregolith estimated through numerical simulations of meteoroid impacts (e.g., [START_REF] Wiggins | Impact fragmentation and the development of the deep lunar megaregolith[END_REF], I assume 650 m (peak depth for radial component) for the characteristic scale (see the parameter study on the correlation distance in the discussion part). In short, the first goal of the analysis is to find out which scattering model shown in 

Configuration for numerical simulations

To realize a stable wave-propagation simulation up to 2.0 Hz, the parameters are optimized using a tool provided in the OpenSWPC (called "fdmcond.x"). It returns us the reasonable parameters for a computation we want to perform by evaluating "wavelength condition" and "stability condition" [START_REF] Maeda | OpenSWPC: an open-source integrated parallel simulation code for modeling seismic wave propagation in 3D heterogeneous viscoelastic media[END_REF]. The wavelength condition is related to the spatial resolutions ( , , ), requiring that the grid number is at least 5 -10 for a wavelength. The stability condition is related to both spatial and temporal resolution. In -dimensional space for the -order finite difference method, the condition is defined as:

≤ Σ /2 =1 -1 Σ =1 1 2 -1/2 (25)
where is the maximum velocity within a medium, is the coefficient of the finite difference formula ( 1 = 9/8 and 2 = 1/24 for 4th order accuracy in space as in this study), and is the spatial resolution (or spatial grid width) in ℎ direction. The parameters for the numerical simulations are summarized in Table 7, and the corresponding workspaces are visualized in Figure 23. 

Preprocessing of the Apollo and simulated seismic data

In this work, since the simulation outputs are compared with the Apollo seismic data in the physical unit of velocity, one needs to convert the Apollo data from the digital unit into the velocity unit. Before going into each process, I give a short summary of the workflow. The process goes like: (i) performing detrend and demean, (ii) pre-filtering, (iii) applying a window function, (iv) correcting the instrumental response, (v) post-filtering around the peak sensitivity of LP seismometer (peaked mode).

First, as generally done in the seismological analysis, a long-term trend is removed. Herein, the detrend process is performed using a linear function. Then, the demean is done to make the mean value of the time-series be zero. Concerning pre-filtering, the 4 ℎ order Butterworth filter is applied with the cut-off frequency being 0.05 and 3.0 Hz. After that, I applied the Tukey window function defined as:

( ) =          1 2 1 - 2 0 ≤ < 2 1 2 ≤ ≤ 2 ( -) 2 < ≤ (26)
where is data point, is data length, defines the lobe width (3% of data length in this study). Since the raw data include the information of real signals convolved with the instrumental properties, it is necessary to deconvolve the instrumental response from the original data so that one can perform a scientific analysis. These processes return the data in the physical unit, which I need for the comparison with simulation outputs. In the end, I perform bandpass filtering around the peak sensitivity of the LP sensor in peaked mode (0.3 -1.5 Hz; [START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF][START_REF] Onodera | Numerical simulation of lunar seismic wave propagation: investigation of subsurface scattering properties near Apollo 12 landing site[END_REF] in order to minimize the noises.

Because of the radio-tracking of the artificial impacts, the source locations are well-constrained, which enables us to obtain the radial and transverse components using the azimuth information. Notice that the seismometer was not aligned in a usual way, one needs to correct that in the case of Apollo 12. As the positive direction of LPX is oriented towards the south (+180°N) and that of LPY is towards the west (+270°E), the north and east components ( and ) can be obtained as:

( ) = -( ) ( ) = -( ) (27) 
The radial and transverse components ( and ) would be computed using the azimuth from a source to an observer like:

( ) = ( ) + ( ) ( ) = ( ) + ( ) (28) 
In the following analysis, I basically show the results in the vertical, radial and transverse components.

The numerical simulations return the synthetic signals in the unit of "nm/s" observed at the virtual seismic station (see Section 2.2.8). The initial propcess is a re-convolution of source time function as described in Section 2.2.6. The original output signals can be simply expressed as:

= * ( 29 
)
where stands for the Kupper wavelet STF and is the wave propagation factor. In order for STF to be consistent with the Apollo observations, I replace with Gudkova STF model , leading to:

= * (30)
Next, I downsample the synthetics from 465 Hz to 6.6 Hz to make the sampling rate coincide with that of the Apollo LP (6.6 Hz). After that, the same bandpass filter is applied, which gives us the synthetics with the sampling rate and filtering frequency matching with the Apollo LP records.

Estimation of rise-time

In this study, I evaluate the similarity between the simulated signals with the Apollo data in terms of "timing of peak energy arrival" and "envelope shape". This section describes the former factor.

As pointed out by [START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF] and [START_REF] Onodera | Numerical simulation of lunar seismic wave propagation: investigation of subsurface scattering properties near Apollo 12 landing site[END_REF], the first rise-coda (i.e., from the first arrival to peak energy arrival) contains the information of the forward scattering while the decay-coda (i.e., from the peak energy to noise floor) more reflects the diffusion and intrinsic attenuation factors. Since this study focuses on the forward scattering effects, I would pay closer attention to the rise-coda part. In the following analysis, a parameter called "rise-time", which is a time to reach the energy peak from the first arrival, is mainly used. As P or S arrival reading, the rise-time can be determined in a manual way (e.g., [START_REF] Onodera | Numerical simulation of lunar seismic wave propagation: investigation of subsurface scattering properties near Apollo 12 landing site[END_REF]. In the case of the Moon, it is estimated by taking a moving average of the seismic records and detecting the point where the energy trend starts to be stable (or the gradient of energy increase becomes flat) (Figure 24). For the estimation of rise-time in this work, all the seismic signals were smoothed with the window of 200 data points (∼30 s). See the Appendices A.3 for the selection of time window. Note that the moving average is calculated using ±100 data points for a certain point. That basically means the uncertainty of the rise-time corresponds to ±15 s. 

Equivalent energy density

Besides the rise-times, I also look into the envelope shapes and/or energy growth trends. These two factors help us assess how identical both real and synthetic data are. The seismic energy is proportional to the squared amplitude. Thereby, I define the equivalent energy as:

= Σ 2 ( ) ( = , , ) (31) 
where ( ) is the time-series of velocity signal for the radial, transverse and vertical components. Since this study aims to see how the energy develops with time, I divided a time series into some sections and evaluate the energy density in a certain section instead of computing the total energy. Here, I introduce a new parameter called "equivalent energy density (EED)" defined as:

= 1 +1 -Σ +1 = 2 ( ) ( = , , ; = 1, 2, ..., 2 -1) = ( = 1, 2, ..., 2 ) (32)
where stands for the rise-time, and determines how many sections the time-series is divided into. Thereby, the tells us how much energy is received at a station for a certain period, which is useful to track how the energy develops with time. In order to make this clear, let me give an example. Now, I compute the in the case of = 10 and = 50 s, assuming a simple velocity envelope modelled as: 

( ) = ( ≤ ) ( > ) (33 

Amplitude ratio

To quantitatively assess the envelope shape, I also look into how much the amplitude at the rise-time differs from the mean amplitude . Figure 26 shows two different cases. The typical lunar seismic signal represents a relatively flat feature after reaching the rise-time, which results in the / ratio of ∼1.4. Note that the time window between the first arrival and 2 is used to compute the average value. On the other hand, if a signal has a strong peak as in Figure 26b, which corresponds to Rayleigh wave in this case, the / ratio takes a higher value. Evaluating the envelope shape in this way will help us make quantitative comparisons between the Apollo data and simulated signals. is the amplitude at the rise-time, and stands for the average amplitude between arrival to 2 .

Results

As only two events are available in this study, the procedure goes like 1) constraining the scattering structure for the closer event (Apollo 16 S-IVB impact) first, then 2) applying the structure to another event (Apollo 14 S-IVB impact) to see whether one structure can explain both observations. Unless the structure can work well for two events, I give a revision in the scattering structure to minimize the discrepancy between synthetics and the data. Therefore, the first subsection is devoted to showing the results of rise-time, energy trend, and envelope shape for Apollo 16 S-IVB impact observed at Station 12. The latter sections explain whether the structure based on the Apollo 16 S-IVB event works for Apollo 14 S-IVB as well and describe how I can improve the scattering structure.

Comparisons between simulated waves with the Apollo seismic data

Following the approaches presented in the previous sections, I make comparisons between the simulated waves (from Case 1 through Case 4) and the Apollo seismic data. The first comparisons are made in terms of rise-time.

Figure 27 displays the smoothed envelopes of synthetics (colored) and Apollo data (black). The vertical lines with shade represent the rise-times. Looking through these envelopes, it is easy to find that synthetics for Case 1 (the weakest scattering condition) shows a clear peak around 100-120 s, which corresponds to surface wave energy. Also, the rise-time is delayed compared to that of the Apollo. On the contrary, as the scattering gets stronger (e.g., Case 3 and 4), the peak becomes flatter and flatter, becoming more similar to that of the Apollo. The rise-times for the simulated envelopes are accumulated in Figure 28. Each colored plot corresponds to each simulation case shown in Figure 27 and the black is for the Apollo data. As mentioned above, Case 3 and 4 better fit with the data while the rise-times are off the Apollo's error ranges for some weaker scattering cases (the vertical component of Case 1, and the transverse component of Case 2). Thus, in terms of rise-time, both Case 3 and 4 are preferable to explain the data.

Next, I compare the simulation with the data using the equivalent energy density described in Section 2.2.11.

Figure 29 shows the time development of the EED ratio (Apollo over synthetics), that is, the synthetics (colored) show a similar trend to the data (dashed black line) as getting closer to 1. Focusing on the vertical components, it can be found that both Case 3 and 4 (green and blue) take a similar trend to the Apollo while Case 1 and 2 show an obvious discrepancy with the data. On the other hand, two horizontal components display a different behavior from the vertical. Any cases in the first quarter (∼0.5) give plots away from the black broken line although Case 3 and 4 becomes to stay around 1 after that period. In order to judge which model is better Case 3 or Case 4, the EED ratios are compared together with the rise-time (Figure 30). Note that the EED ratio is averaged over 2 in this figure. However, it is still difficult to tell which model is more preferable just from this figure although it is clear that both Case 1 and 2 are not in accordance with the data. Thus, I leave the decision to the third comparison.

In the third place, I look into the amplitude ratio. Figure 31a-c shows the amplitude ratios for the three components (the vertical, radial, and transverse from the left to right), and 31d compares the average of the three components. As in the example in Section 2.2.12, the higher ratio basically means the peak-shaped envelopes while the ratio around 1.5 corresponds to the flat-shaped as seen in the Apollo observations. Focusing on the averaged ratios, Case 4 shows the closest value with the data although it does not coincide with the Apollo within the error bar.

In addition to the above three comparisons, the snapshots of wave-propagation help us make it clear that Case 4 better explains the data than the other cases. Figure 32 shows the time-development of compressional (red) and shear (green) wave propagation. In these snapshots, the Rayleigh wave can be seen as a black thick wavefront (e.g., t = 43.0 s in Case 1). The important point is whether this wave can be scattered enough to reproduce the observed lunar seismic data. It is obvious that the Rayleigh wave stably keeps its wavefront in Case 1 and 2, seen as the energy peak in the envelopes (Figure 27). On the other hand, the wavefront is collapsed when it travels within the intense scattering media such as Case 3 and 4. While the Rayleigh wave barely holds the wavefront in Case 3, it is completely scattered in Case 4, indicating that Case 4 is the minimum scattering intensity to explain the observation.

To summarize, built on the comparisons made above, Case 4 is more plausible to explain the observation. Although it does not completely reproduce the Apollo seismograms, it appears more than good enough for the first direct comparison with the data. Note that improving the simulated envelopes will be performed in Section 2.3.3 after the application of the derived structure to the other artificial impact. 

Application of the constrained structure to Apollo 14 S-IVB impact

In order to see whether Case 4, which is the best model for Apollo 16 S-IVB impact, can also explain the other event, I performed another simulation concerning Apollo 14 S-IVB impact, using Case 4 structure settings.

Figure 33 compares the simulated envelopes with the Apollo ones. Overall, the envelope shape shows similar features to the data. The rise-time is in accordance with the error range for all components, and the amplitude ratio averaged using the three components takes the value of 1.59 ± 0.10 close to that of the Apollo (1.30 ± 0.05).

Making a comparison with the Case 4 results for the Apollo 16 S-IVB impact, it does not seem that the fitting is as good as that for the Apollo 16 S-IVB case. In the following sections, I will give some modifications to the Case 4 structure to see what kind of model can improve the results. 

Modifications of the vertical scattering structure

To improve the simulation results for Apollo 14 S-IVB impact case, I modify the vertical structure, which was not taken into account in the initial runs. Since the computation is expensive (28 TB total memory for each run), I prepared three different structures to roughly see what kind of vertical structure makes the synthetics closer to the data. The assumed structures (Case 4 , and ) are shown in Figure 34a. Among these models, Case 4 shows a gradual decrease in velocity fluctuation following exponential function. In Case 4 , the scattering gets rapidly weak at 3.5 km (i.e., thin intense scattering). Case 4 keeps the intense scattering layer down to 10 km, then rapidly turning into a consolidated structure below that depth.

The simulation results are displayed in Figure 34b-d. Looking at the vertical components, there is little difference among the three cases. On the other hand, some differences can be confirmed in the horizontal components. For example, while the rise-times of Case 4 , (blue, green) coincide with the data within the error bars, the transverse component of Case 4 (red) does not. From the comparison between Case 4 with the rest of the two, it does not seem that the gradually changing structure is suitable for the Apollo 12 landing site. Concerning the preference between the thin (Case 4 ) or the thick scattering layer (Case 4 ), Case 4 looks more similar to the observation in particular, which can also be confirmed in the averaged amplitude ratio in Figure 35. Thus, the intense scattering appears to continue down to 10 km at least. As a side note, Case 4 also works for Apollo 16 S-IVB impact, showing as good results as those of Case 4 (Figure 36). To summarize, the scattering structure at the Apollo 12 landing site can be modeled with the autocorrelation function (ACF) with correlation length of 650 m and ( / ) = 0.1. The scattering structure is considered to extend at least down to 10 km. Concerning the source of the heterogeneity, I will discuss in detail in the next sections.

In the end, I show the waveforms, envelops, power spectral densities (PSDs), and spectrograms for the best cases derived in this study (Figure 37 -Figure 40). Although I do not go much into detail, I just would like to mention the seismic moment and seismic efficiency, which was briefly described in the methodology section (Section 2.2.6). From the comparison of the absolute amplitude between the Apollo and the simulation, it turned out that the seismic moment takes the value of (1.0 -2.0) × 10 12 Nm which is equal to the seismic energy of (3.6 -7.3) × 10 6 J following the model by Teanby and Woonkey (2011). Since the kinetic energy of the S-IVB impacts is (4.5 -4.6) × 10 10 J, the seismic efficiency can be estimated as (0.8 -1.6) × 10 -4 . As mentioned in Section 2.2.6, the seismic efficiency is one of the most uncertain parameters ranging several orders in magnitude. Thereby, just keep in mind that this result is just an example, and the thorough discussion is beyond this study. compared to the isotropic medium, which can be also seen as the robust Rayleigh wave in the snapshots (e.g. black circle pattern at t = 64.5 s in Figure 42b). This indicates that the thin basalt layer has little influence on the Rayleigh wave propagation. In other words, there must be a heterogeneous structure whose scale is comparable with the wavelength of the Rayleigh wave in the basalt layer, which can be better modeled with the isotropic medium. The simplest interpretation is that the mare basalt was well fractured due to the continuous impacts over 3.0 Gyr since its formation. As concluded in the previous section, it is indicated that the scattering layer at the Apollo 12 landing site continues down to 10 km, then rapidly drops its intensity below that depth. In fact, this kind of trend is expected to explain the Martian seismic coda though it is still a preliminary conclusion [START_REF] Menina | Energy envelope and attenuation characteristics of high frequency (HF) and very-high-frequency (VF) Martian events[END_REF]. Based on the impact simulations by [START_REF] Wiggins | Impact fragmentation and the development of the deep lunar megaregolith[END_REF], a 20 km scale crater is able to develop the fragments comparable to the wavelength I am considering (several hundreds of meters) down to several -10 km. Notably, due to the increase of confining pressure with depth, the fragments get more difficult to develop at a given depth, which might correspond to the rapid decrease in Case 4 model. In fact, the craters larger than 20 km in diameter are globally distributed on the Moon, especially in the highland areas (e.g., [START_REF] Head | Global distribution of large lunar craters: implications for resurfacing and impactor populations[END_REF]. It can be easily imagined that the fragments affecting the wave propagation could exist down to the scale of 10 km depth in a global scale. On the other hand, it is worthwhile to note that the number of large craters (> 20 km) is smaller in the mare region, such as Oceanus Procellarum where Apollo 12 site is located, compared to the highland region (e.g., Fig 1 in [START_REF] Head | Global distribution of large lunar craters: implications for resurfacing and impactor populations[END_REF]. The craters currently observed in the mare region have been produced after the volcanism having formed the region (∼ 3.2 Gyr ago). Considering the crater density in this region is not large enough to develop the fractured structure whose heterogeneity scale affects the wave propagation, there must be another cause instead of the continuous impacts since the formation of the Apollo 12 mare region. From the detection of low-calcium pyroxene at the largest basins on the Moon such as the South Pole-Aitken (SPA), the Imbrium basin, and even in Oceanus Procellarum (Nakamura et al., 2012b), it is considered that these basins were formed due to large impacts in the ancient era (> 3.2 Gyr ago). If I follow this scenario, the heterogeneous structure seen through the seismic scattering could be originated from the large impact having created the Procellarum basin whose diameter is about 3000 km. It is expected that such a large impact could fracture the crust much deeper than that of my interest (10 km). From the porosity model based on the GRAIL observation (e.g., [START_REF] Besserer | GRAIL gravity constraints on the vertical and lateral density structure of the lunar crust[END_REF], it is indicated that the fragments or cracks are completely closed around 20 km because of the confining pressure. Within this 20 km thick, the fragments affecting the wave propagation lie especially in the top 10 km based on my simulation results. On the contrary, I hardly imagine that a single large impact could form the isotropic scattering media as suggested in this study. The subsequent impacts after the formation of the putative mare region contributed to the development of fragments more or less. It might be possible that the shallow part (let's say < 5 km depth) is originated from the meteoroid impacts after the formation of the mare region while the deeper part (> 5 km depth) is mainly characterized by the large impact having formed the mare region. In this case, the correlation length (and the scattering intensity) can vary with depth. Since this kind of computation was not conducted in this study and also there are still some discussions on how impact fragments develop, I will not dig into much further discussions. However, as further simulations would be able to shed a light on this topic, I suppose it is worth continuing this subject in the future, collaborating with those in the field of impact physics.

Isotropic Anisotropic

Comparison of scattering parameters with other planets

From the viewpoint of comparative planetology, I compare the obtained scattering parameters for the Moon with those observed on other planets. Following the convention in the Earth seismology (e.g., [START_REF] Aki | Origin of coda waves: source attenuation and scattering effect[END_REF][START_REF] Sato | Seismic wave propagation and scattering in the heterogeneous Earth[END_REF], I focus on two parameters: (i) scattering coefficient , and (ii) scattering quality factor . The scattering coefficient is defined as the reciprocal of the mean free path (e.g., [START_REF] Sato | Seismic wave propagation and scattering in the heterogeneous Earth[END_REF]. In this study, assuming is equivalent to the scale of correlation length , I define the parameter as:

= 1 (34)
Using , the scattering quality factor can be written as:

-1 = = 2 (35) 
where is wavenumber, is frequency, and is seismic wave velocity (here it corresponds to S-wave). Figure 43 compares the scattering coefficients between various terrestrial regions and the Moon. Focusing on the Earth lithosphere, values are relatively stable between 1 -10 Hz, showing the average value of 10 -2 km -1 . The maximum value is observed in Southern California (10 -1 km -1 ). Moreover, the high (∼ 1 km -1 ), which is comparable with the lunar environment, can be found in volcanic regions where heterogeneous structure develops (e.g., Asama volcano in Japan: [START_REF] Yamamoto | Multiple scattering and mode conversion revealed by an active seismic experiment at Asama volcano, Japan[END_REF]. The low value is confirmed in the Earth mantle by [START_REF] Lee | Estimation of S-wave scattering coefficient in the mantle from envelope characteristics before and after the ScS arrival[END_REF]2006), which indicates that there are large-scale heterogeneities, unlike cracks or faults, within the mantle.

Concerning the Moon, [START_REF] Dainty | Seismic coda on the Earth and the Moon: a comparison[END_REF] gave one of the initial estimations of , ranging from 0.05 -0.5 km -1 at the LP frequency band. More recent works by Blanchette-Guertin et al. ( 2012) and [START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF] provided some implications for scattering parameters based on the radiative transfer modeling with diffusion theory and/or decay-coda fitting though they did not explicitly show values in their works. In addition, the estimation of fragment-size distribution using impact simulations by [START_REF] Wiggins | Impact fragmentation and the development of the deep lunar megaregolith[END_REF] enabled us to evaluate this parameter in a completely different way. In this study, I succeeded in reproducing the lunarlike seismic waves based on the impact simulation results by [START_REF] Wiggins | Impact fragmentation and the development of the deep lunar megaregolith[END_REF], showing the relatively high scattering coefficient compared to the previous works. In order to see whether the low (i.e., large ) can also explain the data, I compare the simulation results for three correlation-length cases ( = 0.20, 0.65, 2.0) (Figure 44). In the case of = 0.20, the envelope looks relatively well fitted with the data although its spectrogram indicates the surface wave energy is not completely scattered. Compared with the spectrogram of = 0.65, it is considered that the correlation length of 0.20 km is not large enough to influence the lower frequency components. On the other hand, = 2.0 shows a strong peak around 140 s in the envelope, which can also be seen as the concentration of energy around 1 Hz in the spectrogram. Therefore, this random medium does not appear suitable for the Apollo 12 landing site either. Based on these results, the estimations from the radiative transfer modeling (e.g., [START_REF] Dainty | Seismic coda on the Earth and the Moon: a comparison[END_REF][START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF] might lead to the overestimates in the correlation length. Or, these variations might stem from the difference in the spatial scale on which each study targets. While this study focuses on the regional impact, the other studies deal with various types of moonquakes such as impacts, shallow moonquakes and deep moonquakes. Indeed, [START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF] conducted the numerical modeling based on the radiative transfer theory with the spatial resolution of ∼18 km, which makes sense that their results show the lower (i.e., longer ) than mine. Taking this into account, their results could more reflect the global-scale heterogeneity rather than the regional megaregolith property.

Figure 45 compares the scattering Q ( ) among the Moon, the Earth, and Mars. The terrestrial -1 values are widely distributed from 10 -1 to 10 -5 . My result for the lunar megaregolith shows much higher -1 (lower ) than those for any places on the Earth and Mars. This is consistent with the past interpretations on the lunar seismic waves mostly based on the qualitative observations of codas and/or the evaluations from the radiative transfer theory. Because of this study's concentration on the scattering effects of the megaregolith which is the main cause of the scattering on the Moon, it enabled me to give a quantitative comparison between the three solid bodies in terms of . Keep in mind that the for the top 10 km by [START_REF] Gillet | Scattering attenuation profile of the Moon: implications for shallow moonquakes and the structure of the megaregolith[END_REF] might be underestimated because their computation did not fully cover the typical scale of megaregolith. Focusing on Mars [START_REF] Menina | Energy envelope and attenuation characteristics of high frequency (HF) and very-high-frequency (VF) Martian events[END_REF], -1 takes similar value to those of the terrestrial lithosphere, which indicates that the Martian crust (or upper mantle) has similar properties to those of the Earth in terms of heterogeneity.

It is also interesting to make a comparison of the intrinsic Q values ( ) (Figure 46) where the lower shows that the wave energy is likely to be more attenuated per wave period, that is, the higher -1 indicates the larger attenuation effect. At a similar frequency range (0.5 -1.0 Hz), the -1 decreases ( increases) with the order of the Earth, Mars, and the Moon. Generally, the value is strongly dependent on the amount of fluid inside the medium, which is consistent with our qualitative understandings of each planetary environment. For example, the Earth has a thick atmosphere and ocean, Mars has a thin atmosphere (0.6% of Earth's one) with less liquid, and the Moon shows an extremely dry environment without atmosphere. Another interesting point is that the Martian -1 (red filled region in Figure 45) coincides with the -1 for the terrestrial lithosphere whereas it is off the trend from the mainstream of the -1 of the Earth's lithosphere. On the other hand, the lunar -1 and -1 (the cyan region in Figures 45 and the gray area in Figure 46) are not in accordance with other planets. This fact tells us that both intense heterogeneity and dry environment on the Moon play an important role in characterizing the lunar seismic signals, leading to completely different features from those observed in any terrestrial region. On the other hand, the dry environment could more affect the wave propagation on Mars, resulting in a longer duration compared with the typical scattered seismic waves on Earth (e.g., Figure 2a). In other words, the main cause which separates the lunar seismic features from the Martian ones is the scattering environment. In fact, this can be discussed by focusing on the geological observations and numerical simulations of the spatial development of impact-fragments. While the Earth is geologically vigorous (such as plate tectonics, volcanic activities, and erosion), the lunar geological events are considered to have terminated a few billion years ago. Instead, the Moon has experienced continuous impacts over a long period without any erosion as seen on Earth. Thus, it is plausible that the main cause of the heterogeneity within the upper lunar crust is the fragmentation due to the continuous meteoroid impacts. Turning to Mars, it is said to have experienced vigorous geological activities until today such as volcanism, fluvial and/or aeolian erosion, and sedimentation. In addition to these, the impact-fragment could contribute, however, its influence could be much smaller compared to that on the Moon. As shown in Figure 47, the impact-fragments simulated under the same situation except for the gravity condition (the Moon, Mars, and the Earth) indicate that the impact-induced fragments are easily developed under the smaller gravity condition [START_REF] Wiggins | Impact fragmentation and the development of the deep lunar megaregolith[END_REF]. Besides, there is an atmosphere on the Earth and Mars, making it more difficult to produce the heterogeneous structure in the same way as on the Moon. Taking this into account, the discrepancy of between the Moon and Mars reflects the difference in the impact-fragmentation. Since the study of seismic scattering on Mars has just begun and the results are preliminary, further updates in the future would be able to change the discussion. However, the important point here is that this study made it possible to compare the different solid bodies in the same criterion and paved the way to further discussion on how the observed differences were generated. The first is how to minimize the scattering effect. Generally, the intense scattering hinders us from reading the phase arrivals precisely, which directly results in the uncertainty of the estimated structure. The easiest way to minimize the scattering effect is to observe the seismic waves at a lower frequency range. Because the waves are likely to be less affected if their wavelength gets larger than the scatterer size (e.g., [START_REF] Sato | Seismic wave propagation and scattering in the heterogeneous Earth[END_REF].

Figure 48(top) compares the vertical components of simulated waves at various frequency bands (a: 0.3-1.5 Hz, b: 0.1-0.5 Hz, c: 0.1-0.3 Hz). Looking at the peak frequency range of the Apollo LP peaked mode (0.3-1.5 Hz), it is hard to find when the body (especially, S-wave) and surface wave components arrive due to the intense scattering. Whereas, shifting to the lower frequency band makes it easier for us to identify the phases such as , , 1 (Rayleigh wave) (top panels in Figure 48bc). Since the Apollo LP peaked mode rapidly loses its sensitivity below 0.3 Hz, it does not bring us a reliable comparison in terms of the phase identifications between the synthetics and the data although some similarities can be seen around 130 s in Figure 48bc, for example. In other words, if we can stably observe the seismic signals around 0.1 Hz in future lunar explorations, that should allow us to do better phase identifications, which surely contribute to the better estimation of the internal structure. Keep in mind that the thickness of the megaregolith layer could vary depending on where we observe (e.g., highland or mare, near-side or far-side), and that these differences might affect the frequency band useful for the phase identifications. Thus, in reality, the future missions would be better designed with the combination of the available observation data (such as topography, spectral image, gravity field) and the numerical simulations as presented in this study. The second point is how to improve the determination of source locations. Taking meteoroid impacts as an example, even if we could read the seismic phases better than the Apollo era, it might still be difficult to locate the hypocenter (or epicenter) as good as the artificial sources (see an example in Section 2.2.3). For this problem, the ground (or orbital) observation of lunar impact flashes would be useful. Although this kind of observation was not performed in the Apollo era (the 1970s), it is now widely taking place all over the world accompanied by the development of image sensors (e.g., [START_REF] Suggs | The flux of kilogram-sized meteoroids from lunar impact monitoring[END_REF][START_REF] Bonanos | NELIOTA: First temperature measurement on lunar impact flashes[END_REF][START_REF] Yanagisawa | Low dispersion spectra of lunar impact flashes in 2018 Geminids[END_REF].

In fact, I have constructed an observation system at the Institute of Space and Astronautical Science (ISAS) and performed the observation since 2017 (Figure 49), collaborating with some Japanese universities and a science museum (e.g., The Univeristy of Electro-Communications [UEC], Nihon University, Hiratsuka-city museum).

An excellent example is shown in Figure 50a where the image includes the lunar impact flash simultaneously detected at ISAS and UEC at 5h11m21±3s on December 14, 2017. Based on the rough estimation of the impact location from these images (∼2°), [START_REF] Morikawa | Development of a detection system for new craters using feature-based image registration[END_REF] succeeded in finding the corresponding crater by making a temporal pair of LROC Narrow Angle Camera imagery (i.g., the images before/after the impact; Figure 50b). In this way, it is possible to individually determine the source location and origin time from the ground observation and image analysis. Moreover, combining the estimated luminous energy and the size of the formed crater with my numerical simulation would be not only useful to do the realistic observation simulation but also supportive during future seismic observations. One of my concerns is that the frequently observed impact flashes have smaller energy (10 7 -10 9 J) than that estimated from the impact-induced seismic signals which were observed in the Apollo observation. Figure 51 shows the cumulative number of impact events on the Moon observed as impact flashes (colored) and moonquakes (black), respectively. Paying attention to the slope of the fitted lines, a similar exponent can be found between the impact flash observations (red and cyan) and the largest energy range of the seismic observation (10 11 -10 12 J), which basically means the energy frequency distributions of the two individual observations are harmonious. Looking at the smaller energy range (< 10 11 J), there is a big discrepancy between impact flashes and moonquakes. A notable point is that there are a few kinks seen in the trend of black plots, which is related to the detection efficiency of the Apollo seismic network. To make this clear, let us consider a simple situation. When an impact large enough to be detected at any place on the Moon occurs, all four seismometers can detect this event, and the rate of event occurrence would be precisely estimated. On the contrary, a very small impact may be detected just by one station which is the closest to the source and not detected by the rest. This can cause an underestimation of the frequency distribution, which can be seen as the kinks in Figure 51. In other words, if many seismometers were placed globally on the Moon, the slope at the lower energy (< 10 11 J) would get closer to that of the largest energy range or that of the impact flash. Thus, when combining the impact flash observation with the seismic observation, one needs to care both the energy range and the number of seismic stations (needless to mention the sensitivity of a seismometer).

Another implication would be the preferable observation period when combining the observations of impact flashes and seismic waves. As pointed out by [START_REF] Oberst | Meteoroids near the Earth-Moon system as inferred from temporal and spatial distribution of impacts detected by the lunar seismic network[END_REF], it is well known that the number of seismic events recorded by the Apollo is correlated with the timing of meteoroid showers. Figure 52(top) shows the peak periods of the meteoroid showers registered in the International Astronomical Union (IAU) meteor data center (Jennisken et al., 2020), and the bottom panel show the number of impact-induced seismic events observed by the Apollo in each month. Note that the number of events is averaged over 7 years (1970)(1971)(1972)(1973)(1974)(1975)(1976). Focusing on some of the major meteoroid showers (red plots), it is obvious that the number of seismic events increases at the timing of Leonids and Geminids. Whereas, other showers do not necessarily show a clear correlation with the seismic observations (e.g., Perseids in August). In addition, there is a clear increase in the number of seismic events in June when any peak periods of major nighttime meteoroid showers do not coincide. According to [START_REF] Dorman | On the time-varying properties of the lunar seismic meteoroid population[END_REF] and [START_REF] Oberst | Meteoroids near the Earth-Moon system as inferred from temporal and spatial distribution of impacts detected by the lunar seismic network[END_REF], it is implied that daytime meteor showers might play an important role in increasing the number of events based on radio meteor observations. However, as the radio meteor observation was not widely conducted at that time, it was difficult to discuss this subject in detail, leaving the mystery unsolved until today. The radio observations of meteor showers have been actively taking place all over the world since the 1990s, allowing me to verify their hypothesis. Before jumping into the results, let me ISAS UEC introduce the daytime meteor shower and the measurement principle of radio meteor observation. As shown in Figure 53a, when the trajectory of the dust trail crosses the Earth's orbit twice, the daytime shower is observed at one intersection and the nighttime shower is observed at the other intersection. When a meteor occurs, it locally ionizes the atmosphere and reflects the radio waves. By making use of this phenomenon, one can detect meteors even during the daytime or cloudy days (Figure 53b). Based on a few decades' observations, it is now well-known that the activity of daytime meteor showers reaches its peak in June (IPRMO, 2021), which explains why the number of impact-originated seismic events increased in June. Moreover, comparing the results from the radio meteor observations with the temporal distribution of the impact-induced seismic events can tell us which meteor shower causes the seismic events. Figure 54 shows the temporal variation of meteor activities. The color shows the number of events detected per hour per day in June. Keep in mind that the local time is derived by adding 9 hours to the UTC. It is obvious that the meteor activity gets stronger during the daytime in local time. Especially, the peak seen in the first half period appears almost every year, which coincides with the active period of Arietids and Perseids, respectively. On the other hand, the activity of Taurids and June Bootids largely differs from year to year. Figure 55 shows the histogram of occurrence of the impact-originated seismic events from 1970 to 1976. The results indicate that the increases in the event number are in accordance with the peak period of respective meteor showers although the detailed trend differs every year. At least, the strong peaks seen in the event statistics are correlated with the daytime meteor activities when the 7 years observation is accumulated (bottom right panel in Figure 55). To summarize, the past observations of meteors using radio waves strongly support the idea that the increase of the lunar seismic events in June is ascribed to the daytime meteor shower. Also, the results allowed me to figure out that four daytime showers could be the dominant cause of the vigorous seismic activities in June on the Moon.
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Going back to the initial question "when is the better period for combining the impact flash observation with the seismic observation on the Moon?", following three months are the best windows: (i) June -The peak period of daytime meteor showers (e.g., Arietids, Perseids) (ii) November -The peak period of Leonids (iii) December -The peak period of Geminids.

In addition to this, keep in mind that the impact flash observation can be carried out when the near-side of the Moon is illuminated by less than 50%. Arietids Japan Japan Japan Japan Japan Japan Japan Japan ! Perseids " Taurids, June Bootids 
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Summary

For the purpose of giving better constraints on the scattering properties of the lunar subsurface, I performed 3D seismic wave propagation simulations with a heterogeneous structure. Although that kind of heavy computation had been hard to conduct before, the latest high-performance supercomputer (ES4) made it possible to conduct.

In fact, this study succeeded in computing the wave propagation stably up to 2.0 Hz for the first time, realizing the first direct comparison between the synthetics and the Apollo seismic data at the same frequency range.

The numerical simulations combined with some constraints from past observations, experiments, and theoretical modeling (such as the GRAIL gravity data, impact simulations) well reproduced the seismic records of the Apollo artificial impacts. This allowed the quantitative evaluation of the scattering structure like correlation length, velocity fluctuation, scattering coefficient, and scattering Q. These parameters were compared with the terrestrial and Martian values. As a result, it is shown that the lunar scattering is much more intense compared with that of any terrestrial region. The conclusion itself is not surprising because it has already been recognized through the qualitative observation of the long-lasting and spindle-shaped waveforms. However, the important thing is that the scattering parameters, which are essential factors to characterize the lunar seismic waves, are assessed quantitatively. Moreover, as one of the most benefits from this study, comparing the intrinsic and scattering attenuation factor among three planets together with the past geological observations and impact simulations allowed us to open the discussion on how the heterogeneous structure is different on the respective planets.

To summarize, this study did provide the comparative planetology with a novel quantitative criterion, which allowed us to compare the subsurface environment between different planets in terms of "seismic scattering".

Data and Resources

All Apollo seismic data used in this study were provided by Data Archive and Transmission System (DARTS) of ISAS, JAXA. For the computation of 3D seismic wave propagation simulation, Earth Simulator 4 of JAMSTEC was utilized. The lunar digital elevation model was downloaded from PDS, and the lunar crustal thickness model was from GRAIL Crustal Thickness Archive [START_REF] Wieczorek | The crust of the Moon as seen by GRAIL[END_REF].
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3 Subsurface Structure of Mars

Investigation of subsurface structure at the InSight landing site

The subsurface structure at the InSight landing site has been investigated through both geological observations (e.g., Golombek et al., 2017;[START_REF] Golombek | Geology of the InSight landing site on Mars[END_REF]Pan et al., 2020) and analyses of seismic and meteorological data (e.g., Lognonné et al., 2020;Kenda et al., 2020;[START_REF] Hobiger | The shallow structure of Mars at the InSight landing site from inversion of ambient vibrations[END_REF]. From the orbital imagery by Mars Reconnaissance Orbiter (MRO), it was found that InSight landed on a degraded crater in Elysium Planitia, often referred to as "Homestead hollow". Together with our knowledge of the geology through the remote sensing data before the launch, [START_REF] Golombek | Geology of the InSight landing site on Mars[END_REF] described the geology of the InSight landing site from the color image data taken by Instrument Context Camera (ICC) and Instrument Deployment Camera (IDC) which are mounted on the lander and its arm (Instrument Deployment Arm; IDA), respectively. Their observation suggests that the first 2-3 m is filled with unconsolidated sand and fine grained regolith, then grades into coarse blocky ejecta followed by fractured basalt flows. Besides, it is suggested that there is a fluvial sediment layer below the basalt flows based on the detection of phyllosilicates which are strong indicator of rock-water interactions (e.g., Pan et al., 2020).

On the other hand, seismological data analyses by Banerdt et al. (2020), Lognonné et al. (2020), andKenda et al. (2020) uncovered the elastic structure down to 20 m depth. For the estimation of subsurface structure, they focused on the coupling effects between the atmosphere and the ground because it has a high sensitivity to the scale of metersseveral tens of meters. This kind of approach has already been demonstrated on Earth (e.g., [START_REF] Sorrells | A preliminary investigation into the relationship between long-period seismic noise and local fluctuations in the atmospheric pressure field[END_REF][START_REF] Sorrells | Earth motion caused by local atmospheric pressure changes[END_REF][START_REF] Tanimoto | Low-frequency seismic noise characteristics from the analysis of colocated seismic and pressure data[END_REF]. Banerdt et al. (2020) and Lognonné et al. (2020) gave the first demonstration on Mars. The idea is to measure the ground response against a certain pressure variation, which is called "compliance". Since the compliance highly depends on the rigidity of the ground, this approach can tell us the elastic properties in the vicinity of the landing site (see Section 3.3 for the details). The latest model by Kenda et al. (2020) indicates the existence of a structural discontinuity at 0.7-7 m depth which is consistent with the report by [START_REF] Golombek | Geology of the InSight landing site on Mars[END_REF] although the depth resolution is not good enough to conclude where the discontinuity lies. Also, from the estimated ground rigidity (Young's modulus), it is suggested that large-scale ejecta and/or fractured basalt exists at least down to 20 m depth following a fine regolith layer at the top.

Additionally, the recent work by [START_REF] Hobiger | The shallow structure of Mars at the InSight landing site from inversion of ambient vibrations[END_REF] proposed the subsurface structure at the landing site (∼ 300 m) by analyzing the H/V ratio of the observed seismic noises related to the Rayleigh waves. According to their model, there is a sedimentary layer around 50 m depth sandwiched between the high rigidity layers which might correspond to Amazonian and/or Hesperian basalts. While their model is expected to provide a significant contribution for revealing the past geological events at the Elysium Planitia, there are some severe problems. Firstly, they did not demonstrate that the observed seismic signals were generated by Rayleigh waves and there is no consensus, even within the InSight science team, on the cause of the putative seismic energy seen around 2.4 Hz to which they paid attention. More severely, most of the representative models obtained through their analysis are not harmonious with the compliance observation by Kenda et al. (2020) which will be discussed in detail in Section 3.5. With these potential problems, it is considered that their results are not sufficient enough to determine the existence of the low rigidity layer that could give us a strong constraint on the geological history at the landing site. One of the strongest motivations of this study lies here. In order to establish a reliable subsurface structure model, this study will focus on compliance (i.e., the ground response against pressure load) which has a better sensitivity at the scale of our interest. While the previous compliance analyses probed 10-20 m, this study will investigate the deeper structure (∼ 100 m) comparable with that of [START_REF] Hobiger | The shallow structure of Mars at the InSight landing site from inversion of ambient vibrations[END_REF] by improving the method used in the previous works and using many more events than those used in the initial series of analyses (e.g., Lognonné et al., 2020;Banerdt et al., 2020;Kenda et al., 2020).

In addition, I will also try to better resolve the shallow structure (e.g., transition depth from the regolith into the coarse fractured structure) by expanding the target frequency to the higher range (> 1 Hz), which was not accomplished in the past studies.

In the following section, I first introduce the Martian convective vortices (i.e., the moving local low-pressure)

on which I will focus in this study (Section 3.2), then describe the background theory to make it clear what the compliance analysis is and how we can retrieve the subsurface structure from the InSight data (Section 3.3), followed by a description of dataset and data processing (Section 3.4). In Section 3.6, I briefly explain the inversion scheme to obtain the rigidity structure as a probability distribution. Finally, I present a new model of subsurface elastic structure around the InSight landing site and discuss how my model differs from previously proposed models (Section 3.7).

Convective vortices on Mars

Convective vortices are one of the most common phenomena on Mars observed on a daily basis. When the ground is heated by the Sun, air at the surface starts to rise and create a low-pressure field. This develops the circulation of air, generating a convective vortex. When a vortex is strong enough to lift dust particles, it is called a "dust devil". While the convective vortices reflect the temporal variations of the thermodynamical structure of the atmosphere, they can also produce the ground deformation and/or seismic signals, allowing us to investigate the subsurface structure (e.g., [START_REF] Lognonné | Planetary seismology[END_REF]Kenda et al., 2017;Murdoch et al., 2017). As observed on Earth, when a vortex moves around, the nearby ground is deformed due to the negative pressure load at the center of the vortex [START_REF] Lorenz | Seismometer detection of dust devil vortices by ground tilt[END_REF]. with transient pressure drops have been observed as in Figure 56 (right), and many of them are thought to be excited by vortices passing near the seismic station (e.g. Banerdt et al., 2020;Lognonné et al., 2020). From terrestrial observations, it is well known that there is a strong correlation between pressure perturbations and ground response. This relation is often described with "Sorrells'theory hypothesis" [START_REF] Sorrells | A preliminary investigation into the relationship between long-period seismic noise and local fluctuations in the atmospheric pressure field[END_REF][START_REF] Sorrells | A preliminary investigation into the relationship between long-period seismic noise and local fluctuations in the atmospheric pressure field[END_REF] where the pressure and ground velocity are linked with elastic parameters such as Young's modulus and Poisson's ratio. This relation allows us to estimate the subsurface elastic properties when one can access both seismic and pressure data for a given pressure variation events such as convective vortices and/or dust devils (e.g., Lognonné et al., 2020;Banerdt et al., 2020;Kenda et al., 2020). In addition, the background pressure fluctuations can be useful for compliance analysis as suggested and demonstrated in previous works (e.g., Murdoch et al., 2017;[START_REF] Garcia | Pressure effects on the SEIS-InSight instrument, improvement of seismic records, and characterization of long period atmospheric waves from ground displacements[END_REF]. In this study, I especially focus on convective vortices and/or dust devils because their excited energy range is more suitable for our target frequency range (0.02-4.0 Hz) and more sensitive to a meter to tens of meters of structure, which is the main target of this research. In particular, the high-frequency contents (> 1.0 Hz) would provide an advantage to get a better depth resolution compared to previous studies (Banerdt et al., 2020;Lognonné et al., 2020;Kenda et al., 2020).

Background theory

Relation between ground deformation and pressure fluctuations

From the seismic and meteorological observations on Earth, [START_REF] Sorrells | A preliminary investigation into the relationship between long-period seismic noise and local fluctuations in the atmospheric pressure field[END_REF] and [START_REF] Sorrells | Earth motion caused by local atmospheric pressure changes[END_REF] found that the seismic noises are highly correlated with the background pressure variations and revealed the relationship between them in a mathematical way. As the simplest example, let us consider the pressure fluctuations traveling with constant advection speed ( << ) (Figure 57a). Assuming that the propagation of pressure fluctuation ( , ) is regarded as the superposition of plane waves and it travels stably along -axis, ( , ) can be expressed as:

( , ) = ∫ ( ) ( -) (36)
where is the wave number. Note that is related with the angular frequency and the advection speed (i.e., = / ). Following [START_REF] Sorrells | A preliminary investigation into the relationship between long-period seismic noise and local fluctuations in the atmospheric pressure field[END_REF], the ground velocity as a function of angular frequency can be written using the elastic parameters of half-space as:

( ) = -2 1 -2 ( ) (37) 
( ) = (1 + ) (1 -2 ) ( ) (38) 
where and are the vertical and horizontal velocity, and are Young's modulus and Poisson's ratio, respectively. The and are usually called "inertial velocities" (i.e., true ground motion) for separating them from the apparent effect accompanied by the ground deformation due to pressure fluctuation. Normally, the deformation causes the ground tilt which produces the apparent acceleration in horizontal component expressed as:

, ( ) = 2 1 -2 ( ) (39) 
where =3.71 m/s 2 . Thus, when observing this kind of phenomenon with the inertial seismometer, the horizontal sensors record both inertial and apparent effect while the vertical only records the inertial velocity.

The absolute intensity of Equation 37 and 38 divided with ( ) gives us the compliance, that is,

= 2 1 -2 (40) ℎ = 2 (1 + ) (1 -2 ) (41) 
where and ℎ are called the vertical and horizontal compliance, respectively. In the analysis, the normalized form derived by dividing Equation 40 and 41 with the advection speed is often used (e.g., Kenda et al., 2020), which can be written as follows:

= 2(1 -2 ) (42) ℎ = 2 (1 + ) (1 -2 ) (43)
This kind of relation is often referred to as "Sorrells' theory" [START_REF] Sorrells | A preliminary investigation into the relationship between long-period seismic noise and local fluctuations in the atmospheric pressure field[END_REF][START_REF] Sorrells | Earth motion caused by local atmospheric pressure changes[END_REF]. The same kind of relation has also been confirmed in the seismic observation at the ocean bottom [START_REF] Crawford | Seafloor compliance observed by long-period pressure and displacement measurements[END_REF] and U.S. Transportable Array [START_REF] Tanimoto | Low-frequency seismic noise characteristics from the analysis of colocated seismic and pressure data[END_REF], contributing to the investigation of the subsurface elasticity on Earth. Concerning the application to Mars, the seismic and meteorological observation by InSight proved that Sorrells' theory is also applicable to the Martian environmental noises (e.g., Kenda et al., 2020;[START_REF] Garcia | Pressure effects on the SEIS-InSight instrument, improvement of seismic records, and characterization of long period atmospheric waves from ground displacements[END_REF]. Also, the application of the theory to convective vortices has been attempted through numerical simulations as well as analyses of the data from InSight (e.g., Kenda et al., 2017;Kenda et al., 2020).

In the case of a convective vortex (i.e., local low pressure), the situation could be more complicated than the background pressure variations (Figure 57b). As in [START_REF] Lorenz | Seismometer detection of dust devil vortices by ground tilt[END_REF] and Murdoch et al. (2017), a convective vortex is generally modeled as a point load advecting with the speed of . Since it is considered that the vortices are flowed by the background wind, is usually assumed to be equal to the ambient wind speed (e.g., Kenda et al., 2017). At the InSight landing site, the wind direction is stable over a long period of time compared with the time scale of each event (e.g., [START_REF] Perrin | Monitoring of dust devil tracks around the InSight landing site, Mars, and comparison with in situ atmospheric data[END_REF], therefore, the above assumption for looks plausible for the situation we think. With regard to the approximation for the propagation of the pressure fluctuations, the plane wave approximation does not always work for the vortex, especially when the vortex radius is smaller than the closest approach distance to the seismometer. Actually, through the numerical simulations of pressure field by Kenda et al. (2017), it has been confirmed that Sorrells' theory is also applicable to the vortices even if they are not approximated as plane waves (see Kenda et al., 2017 for the details). As another way, Murdoch et al. (2017) estimated the ground deformation due to pressure variation by computing Green's tensor ( , = 1, 2, 3) based on the point source model proposed by the past studies [START_REF] Vatistas | A simpler model for concentrated vortices[END_REF]Ellehoj et al., 2010;[START_REF] Lorenz | Seismometer detection of dust devil vortices by ground tilt[END_REF]. In their approach, the ground displacement can be written as = Σ where shows a point force induced by the pressure load. Lognonné et al. (2020) applied these two approaches to the Martian vortices observed by InSight. Their results showed that both models were able to well reproduce the observation for the vertical component while there are some difficulties in fully fitting the horizontal in both approaches. Since the horizontal component includes both inertial and tilt effects, one needs to discriminate one effect from another so as to evaluate the horizontal compliance correctly. In order to estimate how much the ground is tilted due to a certain pressure load, it is necessary to determine the vortex trajectory (i.e., how the vortex moved). However, for most of the Martian vortices, that kind of information is rarely available. In addition, the results could easily change depending on which pressure model is assumed [START_REF] Vatistas | A simpler model for concentrated vortices[END_REF]Ellehoj et al., 2010;[START_REF] Lorenz | Seismometer detection of dust devil vortices by ground tilt[END_REF]. Since all the models can fit the observations equally well (e.g., Banerdt et al., 2020;[START_REF] Murdoch | Constraining Martian regolith and vortex parameters from combined seismic and meteorological measurements[END_REF], it is difficult to tell which model is the most reliable for the moment. For these reasons, it is considered that the vertical component returns more reliable estimates compared to the horizontal (Kenda et al., 2020). In terms of the vertical component, it is expected that the free-air effect caused by a static loading could affect the observation. Following the calculation based on the generally observed acceleration caused by vortices (∼ a few tens of nm/s 2 ), I found that the free-air effect is negligible because its magnitude is smaller than 0.02% of the inertial effect (true ground velocity) even at the lowest frequency targeted [0.02 Hz]).

In this study, I take the advantage of the vertical component in the following analysis to establish a reliable rigidity model. Although the horizontal component is out of the scope of this study, it is worth noting that the recent work by [START_REF] Murdoch | Constraining Martian regolith and vortex parameters from combined seismic and meteorological measurements[END_REF] attempts to reconstruct vortex trajectories using the SEIS and APSS data, and combining their approach and my compliance analysis might enable us to use the horizontal component or the tilt effect for constraining the subsurface elastic properties in future.

Before going into details, I would like to point out that Equations 37, 40 and 42 are valid only for a homogeneous half space. When considering a potentially stratified half space like this study, one can use the Thomson-Haskell propagator method [START_REF] Haskell | The dispersion of surface waves on multilayered media[END_REF][START_REF] Thomson | Transmission of elastic waves through a stratified solid medium[END_REF] as in [START_REF] Sorrells | Earth motion caused by local atmospheric pressure changes[END_REF] and Kenda et al. (2020) where the compliance is calculated as a function of frequency for a given structure models of Young's modulus and Poisson's ratio as shown in Figure 58.

The main parameter concerned in this study

From the InSight data, we can use the ground velocity , pressure load and ambient wind speed to determine Young's modulus and Poisson's ratio. As shown in Figure 58, the compliance is more sensitive to the change in Young's modulus or the transition depth where the rigidity changes rapidly whereas it is little sensitive to the Poisson's ratio. With this reason, it is obvious that Young's modulus is the main parameter I can constrain from this approach. Even though Poisson's ratio will be solved simultaneously with Young's modulus in the inversion, this study pays attention only to the results of Young's modulus. 

Application of Sorrells' theory to higher frequency

In principle, Sorrells' theory is valid at any frequencies, that is, one is able to estimate the shallow structures by looking into a higher frequency content while one needs to go to lower frequencies for a deeper part. Yet, in reality, the accessible (or useful) frequencies are restricted due to both environmental and instrumental noises and also a limited frequency range available in the observations. In the case of the InSight mission on Mars, since the high-sampling data (20 samples per second [sps] for Very Broad-Band seismometer [VBB; Lognonné et al., 2019] and 10 sps for Pressure Sensor [PS; Banfield et al., 2018]) were less available at the start of the mission, previous studies analyzed the InSight data mainly at low frequency (< 0.3-0.5 Hz) (e.g., Banerdt et al., 2020;Kenda et al., 2020;[START_REF] Murdoch | Constraining Martian regolith and vortex parameters from combined seismic and meteorological measurements[END_REF]. On the other hand, this study makes use of the VBB and PS data sampled at a higher rate that became available after Sol175 (175 Martian days from the landing date, which correspond to Sol0), allowing us to expand the frequency range.

In the following, I will discuss how I can benefit from extending the frequency band. Figure 59 compares two vortex events observed by InSight VBB and PS on Sol706 and Sol600, respectively. Note that following Sorrells' theory (Equation 37), the pressure data were phase-shifted by /2. Looking at Sol706 event, it shows a good correlation (correlation coefficient [CC] > 0.8) at the 0.1-0.5 Hz, then rapidly loses CC at the higher frequency ranges (> 0.5 Hz). On the other side, Sol600 case keeps the high correlation even at the higher frequencies (∼1.0 Hz). Events like Sol600 are useful for the estimation of shallow structures although they could not be used in previous works due to the limited sampling rate available at the beginning of the mission. Thus, one of the most advantageous points in my work is to take these events into consideration, which especially contributes to improving the depth resolution. 

Sensitivity kernel

One of the novelties of this study is to compute the compliance for different ambient wind speeds. Among the parameters in Equation 40, the advection speed of pressure perturbation is related to the sounding depth, that is, different advection speeds make it possible to access the information at various depths. The advection speed can be replaced with the ambient wind speed under the situation I consider (i.e., wind direction is less perturbed and keeps stable over a long enough time against the time-scale of vortex's encounter), thereby, measuring the compliance for various wind speeds allows us to sample the various depth structures (tens of meters ∼ 100 ).

To demonstrate this, I calculated sensitivity kernels (e.g. [START_REF] Tanimoto | Theory for deriving shallow elasticity structure from colocated seismic and pressure data[END_REF]Kenda et al., 2020) defined as

= ∫ 0 -∞ ( ) (44) 
where is a normalized vertical compliance, shows Young's modulus, and ( ) corresponds to a sensitivity kernel as a function of depth. represents the perturbation of Young's modulus from a reference structure (Figure 60a) and is the variation of the normalized compliance from the reference profile. Thus, Equation 44tells us how much the compliance changes against a certain perturbation in Young's modulus for a single layer in the reference model. Figures 60b-d compare the sensitivity kernels for different ambient wind speeds (5, 10, 15 m/s) at three frequency bands (0.05, 0.3, 0.8 Hz). In terms of frequency, it is natural that the lowest frequency can probe the deepest structure and high frequencies are more sensitive to the shallower structure. Focusing on wind speed dependency, the higher wind speeds enable us to sample deeper structures. For instance, in the case of 0.8 Hz (Figure 60d), for 5 m/s wind speed, I can only probe to about 5 m depth whereas the 15 m/s wind speed allows probing deeper. Thus, the compliance for different ambient wind speeds is capable of retrieving the elastic properties at different depths. Obviously, the high wind speeds (10-15 m/s) are useful to investigate the deeper part at any frequency ranges. As pointed out by [START_REF] Doran | Seismic structure of marine sediments and upper oceanic crust surrounding Hawaii[END_REF], since the sensitivity kernel is highly dependent on the assumed elastic structure, I will not go into further details here. I leave a thorough discussion on the sensitivity to Section 3.7 where I perform sensitivity tests against the models obtained through the compliance analysis to confirm how reliable my results are. The idea herein is to show that the higher frequency components for the lower ambient winds enable us to improve the resolution at the shallower depths, and that the lower frequencies for the higher ambient wind speeds events enable to investigate the deeper depths. 

Preprocessing of seismic and pressure data

For pressure data, I use the calibrated data (i.e., converted from the original voltage data into Pa unit considering the sensor status such as the sensor temperature). Since I aim to analyze the higher frequency contents than previous works (∼4 Hz), the additional correction is applied to the calibrated pressure data in order to get a more accurate response at higher frequencies (>1 Hz), following the technical report by [START_REF] Garcia | PS hardware delay analysis[END_REF].

The readers may refer to [START_REF] Garcia | PS hardware delay analysis[END_REF] for the detailed description of the procedure. In addition to this, I also removed the response of FIR (Finite Impulse Response) filters applied to the original data in the InSight lander, which is also a crucial step to get a better response at higher frequencies (see Section A. Concerning the seismic data, the raw data were corrected to velocity and then rotated into the vertical, north, and east (ZNE) geographical reference frame. In the following analysis, only the vertical velocity component (Z) is considered.

With regards to the preprocessing of seismic and pressure data, since these data are recorded with different instruments, I pay careful attention to the following two points: (i) synchronizing the time-stamp between these different data and, (ii) correcting the difference in a filtering process applied onboard the lander between seismic and pressure data (See Section A.5 and Figure A.11 in Appendices for more details). Performing these processing gives me the pressure and seismic data with their time-stamp and filtering process synchronized. Additionally, the general preprocessing such as detrending, demeaning, and tapering with Tukey window with the lobe width of 5% of the data length, were applied to each dataset.

Data window for analysis

As shown in Figure 63, for each event, I extracted a two minute event time window from the continuous data (centered on the minimum value of the pressure) since the typical time-scale of a temporal pressure drop due to a vortex lasts several to a few tens of seconds for full width of half maximum (that is a parameter to quantify the duration of an event: [START_REF] Murdoch | Constraining Martian regolith and vortex parameters from combined seismic and meteorological measurements[END_REF][START_REF] Lorenz | The whirlwinds pf Elysium: a catalog and meteorological characteristics of "dust devil" vortices observed by InSight on Mars[END_REF]. To estimate the ambient wind speed, I take an average of the wind speed data in a two-minute time window before the event time window. Observations of wind speeds during a pressure drop may be contaminated by direct wind related to the vortex that differs from the ambient wind speed. Taking a time-window before the event enables to minimize the wind effect induced by the vortex winds. The time window for estimating the ambient wind speed was selected manually based on visual criteria (e.g., less noisy and lower correlation with pressure perturbations). The list of the time window for every event is summarized in Table A.2 in Appendices. 

Selection of highly correlated data for different wind speeds

I divide the events into three groups depending on the ambient wind speed at the time of the vortex encounter (Figure 64a). WS1 covers ambient wind speeds in the range of 0˘6 m/s, WS2 in the range of 6˘12 m/s, and WS3 in the range of 12˘18 m/s. The groups consist of 176, 308 and 16 events, respectively. Then, in order to select the events following Sorrells' theory (i.e., the events that show a good correlation between ground that the correlation coefficients are computed by taking cross-correlations between the vertical velocity data and /2 phase-shifted pressure data. For the following compliance analysis, I selected the vortex events with a correlation coefficient higher than 0.8, following the similar manner suggested by Lognonné et al. (2020) and Kenda et al. (2020). This screening procedure results in sub-datasets; Band1 having 292 events (sum of all wind speed groups) out of 500 events, 321 events for Band2, 62 for Band3, 8 for Band4 and 1 for Band5 (Figure 64b-f). Note that the events whose standard deviation (1 ) of the ambient wind speed exceeds the half of bin size of wind speed group (3 m/s in this study) were excluded during the screening (Figure 65). Additionally, I excluded Band5 from the analysis because it has only one event, which is not suitable for a statistical analysis.

Considering the statistics of convective vortices in terms of ambient wind speeds, there are fewer high ambient wind speed events (WS3) than the lower ones (WS1 and WS2) (Figure 64a). This is because the shear forces generated by the fast winds prevent vortices from forming. On the other hand, focusing on the distribution of the events with respect to frequency, the number of useful events (correlation coefficient >0.8) decreases as the frequency gets higher. As observed in previous works (e.g., Kenda et al., 2020;[START_REF] Murdoch | Constraining Martian regolith and vortex parameters from combined seismic and meteorological measurements[END_REF], a higher correlation is likely to be obtained at lower frequencies where the static loading dominates. Moreover, the data get more contaminated by wind noises at higher frequencies. Thus, it makes sense that it becomes more difficult to find the events with a high correlation between seismic and pressure data as the frequency gets higher and higher. This trend can also be seen as the variations of histogram shape from the low frequency to the high frequency. The long-period pressure variations (i.e., low-frequency content) are less affected by winds or local turbulence, leading to a positive correlation for most of the events (Figure 64ab). On the contrary, as the higher frequency contents are more likely to be influenced by even small turbulence, that makes the correlation coefficient low and also does the phases disturbed, which results in the bimodal distribution of the histogram as seen in Figure 64d-f. 

Excluded from analysis

Compliance as a function of frequency

For the events that have passed the screening process based on the correlation coefficient, I converted the time-series into the spectra by performing Fourier transform. Then, to get the normalized compliance as a function of frequency, the respective velocity spectra were divided by pressure spectra and the corresponding ambient wind speeds. Note that this process was performed at each frequency band (Band 1-4). For example, if an event showed a correlation coefficient higher than 0.8 at Band 1 and 2, the normalized compliance would be computed at only Band1 and 2 then added to the statistics.

Figure 66a-c displays all the vertical normalized compliance profiles of the selected events in each frequency band for the three wind speed groups. In other words, all events applicable to Sorrells' theory in the respective frequency bands are shown in this figure. Keep in mind that since not all events show the high correlation (>0.8) at all frequency bands, the number of profiles could be different at each frequency band. In the analysis, I took the average of these profiles in log-scale at the respective frequency bands (Band 1-4) in order to minimize the influence of outliers. Using the Markov Chain Monte Carlo (McMC) algorithm shown in the next section, I solve the inverse problem for the averaged normalized compliance profiles considering their errors (standard deviation in log-scale: 1 ) to estimate the elastic structure at the InSight landing site.

Note that Band 4 of WS2 was excluded from the inversion because it contains an outlier showing a much larger compliance value (Figure 66b). This outlier strongly influences the derived mean compliance profile, which in turn contaminates the estimation of the average structure at the landing site. This higher value for single event might reflect the local variation of the rigidity at the landing site (e.g., [START_REF] Murdoch | Constraining Martian regolith and vortex parameters from combined seismic and meteorological measurements[END_REF]. Although this is a significant point to better understand the subsurface structure and the lateral variations, I leave it to future work as this study focuses on deriving the average subsurface structure. 

Quick comparison with previous results in terms of compliance

This section compares my compliance profiles derived in the previous section with those observed and/or estimated by previous works to see whether my results are consistent with those obtained previously. Figure 67 makes comparisons of the compliances for various wind speeds between mine with those of two previous works (Kenda et al., 2020 and[START_REF] Hobiger | The shallow structure of Mars at the InSight landing site from inversion of ambient vibrations[END_REF]. Note that the compliances for Hobiger et al. ( 2021) were computed using their four representative models shown in Figure 67a 

Inverse problem

The inverse problem consists of retrieving the model parameters (Young's modulus and the Poisson's ratio as a function of depth) from the normalized compliance measurements. This problem is however ill-posed, in the sense that different structure models can yield similar compliance values. In addition, the presence of data noise amplifies this phenomenon. Due to the ill-posed nature of the problem, inversions based on least-squares or grid search methods in the absence of regularization are not well suited to estimate the model uncertainties, because the parameter space should be sampled at high resolution. To solve the inverse problem, we employ a Bayesian approach based on a McMC method [START_REF] Mosegaard | Monte-Carlo sampling of solutions to inverse problems[END_REF][START_REF] Tarantola | Inverse problem theory -and methods for model parameter estimation[END_REF]. This technique allows us to sample a large range of models and provides a quantitative measurement of model uncertainty and nonuniqueness. The algorithm we employed is similar to the one developed by Kenda et al. (2020), and used in Banerdt et al. (2020) and Lognonné et al. (2020) (see Kenda et al. [2020] for more details on the algorithm's implementation).

The solutions are sampled according to a set of rules named prior, which define the set of possible models thus reducing the configuration space and representing our state of knowledge. The models are parameterized using several layers of variable thickness (a good compromise turned out to be eight layers, as shown in Kenda et al., 2020). The varying parameters are the depth of each layer, Young's modulus, and Poisson's ratio for each considered layer. The parameters are randomly sampled from a relatively wide parameter space: the layer's depth, Young's modulus, and Poisson's ratio can vary between 0-200 m, 10 6 -10 11 Pa, and 0.05 and 0.45, respectively. Figure 68 shows the a priori distribution of the Young's modulus with depth. Note that these prior bounds cover a larger range of these properties than expected, but remain physically possible. This guarantees the robustness of the inversion scheme and ensures that no physically acceptable region may be missed because of boundary effects. Also, it is worth mentioning that I only focus on Young's modulus in the following results and discussions because of Poission's ratio having little sensitivity to the compliance (Figure 58) although it is simultaneously solved with Young's modulus in the inversion. new models are proposed by randomly perturbing the previously accepted model. Here, the sampling of the parameter space is performed using a continuous proposal function. Let us consider the Markov chain where is the -th parameter at the iteration . In this case 22 parameters in total are considered since I assume 8 layers stratification following Kenda et al. (2021): 8 for Young's modulus, and Poisson's ratio respectively and 6 for depth since the top and bottom values are fixed. Then the subsequent step may be defined as +1 = + , where is the -th stepsize, randomly sampled from a normal distribution with a zero mean. A Gaussian probability density distribution, centered at is used to randomly sample +1 , which explains why, for a given depth, the pdf decreases when moving away from the center of the parameter space (Figure 68). As in Kenda et al. (2020), it is worth noting that no covariance structure is imposed to the prior. This allows us to explore all possible structural models in this study, with no assumption on the depth of the structural discontinuities. Each time a new model is randomly sampled, the normalized compliance as a function of frequency is computed by dividing the calculated compliance by a wind speed value randomly sampled between a given wind speed range (between 0-6, 6-12, or 12-18 m/s). The normalized compliance is then compared to the mean value of the normalized compliance data as a function of frequency. Following Banerdt et al. (2020), the misfit value is estimated using a 1 norm:

1 = | obs -calc | , (45) 
where 1 quantifies the sum of the misfits between the observed and computed normalized compliances obs and calc (in decimal logarithm) at each of the frequencies, taking into account the standard deviation on the observed mean normalized compliance. 69a-c) and the probability density function (pdf) of Young's modulus with depth for the respective wind speed groups (Figures 69d-f). Notably, the inversion scheme is able to well-reproduce the observed distributions of compliance with frequency (Figures 69a-c). Note that the results are valid within a range of 0.02 -2.0 Hz for WS1 and 0.02 -1.0 Hz for WS2 and WS3. Since there is no constraint outside these ranges, any solutions are acceptable and the pdf becomes divergent accordingly. A common feature seen in all the pdfs is to have a transition zone where Young's modulus jumps up by a factor of 10 between the surface and 5 m depth, which was also reported in the previous study (0.7 -7 m; Kenda et al., 2020). A trade-off between the Young's modulus value in the shallowest layer and the depth of the transition is observed: the data can be fitted equally well by either small Young's modulus values and a shallow discontinuity, or larger Young's modulus values and a deeper discontinuity. Considering that WS1 covers the higher frequency (∼ 2 Hz) than other groups, WS1 has a finer depth resolution and results in placing the discontinuity at 1 m depth. This can be easily demonstrated by conducting a sensitivity test as follows. For some rigidity models with different transition depths (0.5 -2.0 m: Figure 70a), the synthetic compliance profiles are computed and compared with the observations for various wind speeds (Figures 70b-d). Note that the red model represents one of the best fits retrieved from the pdfs. Judging from the variations of compliances for WS1 and WS2 cases, the transition-depth could range from 0.5 to 2.0 m although the 0.6 or 1.0 m model fits the data much better. For WS3 case, the profiles for the 2.0 m transition-depth model show larger values than those observed, indicating the 2.0 m discontinuity is less preferable. Thus, the 0.6-1.0 m transition looks better to explain the observation. Focusing on the rigidity distribution in Figures 69d-f, the median values of Young's modulus vary between 10 7 and 10 8 depending on ambient wind speeds. Based on geological studies around the InSight landing site, it is suggested that there is a fine regolith layer down to about three meters, followed by coarse blocky ejecta, fractured basalt layer and basaltic bedrock (e.g., Golombek et al., 2017;[START_REF] Ansan | InSight landing site: Stratigraphy of the regolith beneath the lander and in its surroundings, and implications for formation processes[END_REF][START_REF] Golombek | Geology of the InSight landing site on Mars[END_REF][START_REF] Warner | An impact crater origin for the InSight landing site at homestead hollow, Mars: implications for near surface stratigraphy, surface processes, and erosion rates[END_REF].

With regards to the estimate of Young's modulus, regolith takes the value of several tens of MPa, coarse ejecta several hundred MPa and fractured basalt or bedrock have values larger than 10 5 MPa (e.g., [START_REF] Delage | An investigation of the mechanical properties of some Martian regolith simulants with respect to the surface properties at the InSight mission landing site[END_REF]Golombek et al., 2017;[START_REF] Morgan | A pre-landing assessment of regolith properties at the InSight landing site[END_REF]. From these estimates, the low Young's modulus values found in the first 1 m from the surface (for WS1 case in particular) seem to reflect the properties of regolith.

Below the transition zone, the three wind speed groups show different trends. While Young's modulus slightly likely corresponds to the compaction of a coarse ejecta layer. It seems that this layer continues down to 100 m from the surface whereas the high probability zone (nomarlized pdf > 0.5) stops around 75 m depth. Since the deeper structure responds to the surface pressure load to a lesser extent, the compliance loses its sensitivity and the model gets less reliable with depth.

To confirm how reliable our results are at 75 m or deeper depths, I computed the synthetic compliances for different rigidity structures (Figure 72). Note that the red model is one of the best fits among the pdf in Figure 71e. The rigidity at 75 m or deeper depths was varied from 10 8.4 to 10 11.5 Pa. The results show that all three models can explain the observation within error ranges, which in turn means that it is hard to discriminate one from another. Therefore, our results are more reliable down to 75 m. Below that depth, there could be a low-velocity layer (LVL), which might correspond to the fluvial sediments suggested by Pan et al. (2020). However, since there is little sensitivity at this depth, one needs to be careful about the interpretation of the structures deeper than 75 m.

Potential existence of a low velocity layer due to fluvial sediments

From the geological observation based on remote sensing data, it is suggested that the InSight landing region experienced various geological processes such as volcanism, fluvial erosion, and sedimentation (e.g., [START_REF] Golombek | Geology of the InSight landing site on Mars[END_REF]Pan et al., 2020). Pan et al. (2020) propose that an LVL related to the fluvial sediments could exist below the InSight landing site. Although my results are not in favor of the LVL down to ∼ 60 m (Figure 72), I attempted some forward modelings to see whether I can really rule out the possibility of the existence of an LVL beneath the landing site. In the forward modelings, a 20 thick LVL is added to one of the better models derived through the inversion.

Regarding the rigidity of LVL , I assumed that it falls in between that of regolith and coarse ejecta (i.e., 3 × 10 7 < < 3 × 10 8 ). The two cases (a: = 10 7.5 Pa, b: = 10 8 Pa) are presented in Figure 73. A notable point seen in both cases is that a characteristic peak pattern shows up when an LVL is added to the reference model (Model 1) at any depths between 5 and 60 m. This peak pattern disappears with the rigiditycontrast getting smaller. Looking at the observed compliance (black line), there is no such sign suggesting the LVL. That means a low-rigidity layer thicker than 20 m does not seem to lie at the top several tens of meters in the vicinity of the InSight landing site.

Another test is shown in Figure 74 where a 5 m thick LVL is assumed. While the case of = 10 7.5 Pa shows a strong peak for any model, there are several models acceptable for the case of = 10 8 Pa. This indicates that the 5 m thick LVL with Young's modulus of 10 8 Pa could exist somewhere between 20 and 60 m from the surface. Getting back to the pdf in Figure 71e, there is a low-probability zone between 20 and 40 m depths with ∼ 10 8 Pa. Although it is less probable in terms of the probability distribution, it looks possible to have an LVL at that depth if it exists. In the principle of compliance analysis, it becomes more challenging to precisely detect such a thin layer as it gets deeper. Thereby, it would not be sufficient enough to rely just on compliance measurements to fully resolve the deeper structure, and this requires the discussion by combining different types of analysis, which is definitely done in future works. Assuming the material below 1 m mainly consists of coarse blocky ejecta, I estimated the seismic wave velocity structure by fitting the Young's modulus pdf with the Lesage's model. In the model, the wave velocity is expressed as:

( ) = 0 [( + ) -+ 1] ( 51 
)
where 0 is the velocity at the surface, and are constant values. Note that the depth is scaled with Martian gravity. Young's modulus can be obtained substituting Equation 51 into Equation 50. For S-wave velocity I fixed and varied 0 and , then fitted my Young's modulus pdf (Figure 75b). Although the pdf can be fitted as good as varying both and , the takes much different from those obtained on Earth by 2 -3 orders higher in magnitude (too much large for the maximum depth concerned in the model). To keep the estimated constants as close as those for Earth, was fixed in this study. The assumed and estimated values of each parameter are summarized in Table 11. The expected seismic velocity profiles are shown in Figure 75c. The top panel displays the regolith velocity structure and the bottom panel shows the model for coarse ejecta layer. Following the constant velocity model (Table 10), and take 115 ± 27 m/s and 69 ± 20 m/s at the top 1 m layer, respectively. Below that depth, tracing the well-fitted model (solid lines), the P-wave velocity takes 533 m/s at 1 m while the S-wave does 311 m/s at the same depth. They both monotonically increase with depth and eventually reach ∼670 m/s for P-wave and ∼390 m/s for S-wave at 75 m depth. Since the compliance starts to lose the sensitivity at that depth, one should keep in mind that the reliable estimates are from 0 to 75 m depth.

Comparison with previous results

My results indicate that the InSight landing site has a quite simple structure on average: approximately 1 m of a fine regolith layer followed by a sharp transition leading to coarse blocky materials to a depth of at least 75 m. In this section, I make a comparison of my results with previously proposed models.

The initial results concerning the elastic structure at the landing site using InSight seismic data were provided by Lognonné et al. (2020). In their work, three approaches were used to constrain the subsurface structure from cm-scale to tens of meters scale. For instance, the cm-scale structure was inferred by modelling the resonant frequencies of the SEIS levelling system [START_REF] Fayon | A numerical model of the SEIS leveling system transfer matrix and resonances: Application to SEIS rotational seismology and dynamic ground interaction[END_REF], giving us 137±15 m/s as P-wave velocity at 5 cm depth (orange plot in Figure 75c). Also, the 1 m scale structure was estimated based on a travel-time analysis for the active seismic experiment of HP 3 hammering, which resulted in the apparent P-wave velocity of 118±34 m/s at this scale (green shaded area in Figure 75c). Combining these P-wave velocity model and convective vortices (i.e., compliance data like used in this study), they performed an inversion in a similar way to mine, giving the first subsurface structure model down to 10 m depth. Their results imply a thin regolith layer (∼ 2 m) followed by more consolidated layers. Kenda et al. (2020), who conducted the compliance analyses using a very similar approach to mine, would be another representative example in this subject. Using the seismic and pressure data relevant to convective vortices and/or dust devils, they computed compliances as a function frequency and inverted it, constructing the subsurface elastic model down to 20 m depth (cyan hatched area in Figure 75c).

Comparing these two works with my model, all models are consistent with each other within the error ranges, and the subsurface structure seems to be composed of two components (fine-regolith and coarse ejecta) down to 20 m. From my results, I can claim that the coarse ejecta extends at least down to 75 m. Concerning the transition depth (from regolith to coarse ejecta), it was challenging for Kenda et al. (2020) to determine it due to the limited frequency range (or the unavailability of the high sampling-rate data). These restrictions might have led to the larger P-wave velocity at the first 1 m than that of HP 3 hammering experiment results and also my results. Using high-frequency contents for low wind speed allowed me to well resolve the top layer and resulted in constraining the seismic velocity of the unconsolidated layer, which is harmonious with that derived from HP 3 hammering experiments being more reliable at this scale. The Kenda's model indicates that the transition depth is between 0.7 -7 m, which is still consistent with both the seismological estimation by Lognonné et al. (2020) and the geological observation by [START_REF] Golombek | Geology of the InSight landing site on Mars[END_REF]. My compliance analysis using up to 2 Hz contributed to better resolving the vertical structure and revealed the existence of 1 m discontinuity. This looks slightly thinner than the estimation based on geological observations (e.g., 3 m: [START_REF] Golombek | Geology of the InSight landing site on Mars[END_REF]. I consider this is because my model shows the average structure around the landing site (several tensa few hundreds meters in radius) while their model is specific within the homestead hollow crater whose diameter is 27 m.

On the other hand, the model by [START_REF] Hobiger | The shallow structure of Mars at the InSight landing site from inversion of ambient vibrations[END_REF], who obtained the subsurface structure through the analysis of H/V ratio of the observed seismic signals, shows completely different features from other models (blue and magenta lines in Figure 75c). At the top 1 m, Hobiger's P-wave velocity shows twice higher values than those of Lognonné et al. (2020) and my model while it coincides with that of Kenda et al. (2020). As pointed out above, due to the lack of the high-frequency contents in Kenda's analysis, their model could not resolve the structural discontinuity. With respect to the first 1 m, the result of the active seismic experiment is more reliable than any other results. Considering this fact, [START_REF] Hobiger | The shallow structure of Mars at the InSight landing site from inversion of ambient vibrations[END_REF] might overestimate the elastic wave velocity of the regolith when they performed an inversion with some constraints. For the deeper structure, Hobiger's model shows a higher velocity layer around 25 m depth which is not indicated from other results. Taking into account that the compliance based on the constrained MAP model is consistent with that of mine at a certain frequency range, this kind of structure could be possible. However, I would like to point out there might be a problem in the density structure proposed by [START_REF] Hobiger | The shallow structure of Mars at the InSight landing site from inversion of ambient vibrations[END_REF]. As shown in Figure 76, their density model looks unnatural in terms of relative trend with depth. Since Young's modulus is proportional to the density (Equation 50), the computed compliance in Figure 67 does not necessarily show the exact response to their model. In order to explain the discrepancy between Hobiger's model with the rest, their density model should be re-evaluated, which would be done in future studies.

Another point is that it would be interesting to combine the compliance analysis with the H/V ratio analysis to narrow down the candidate structures. Based on the comparison made above, my results are in accordance with the most reliable estimate (HP 3 hammering) and also with most of the initial results. Thus, it would be reasonable to use my compliance results as a constraint. In fact, this kind of study has already started [START_REF] Carrasco | H/V spectral ratios at the InSight landing site and implications for the Martian subsurface[END_REF] and their results seem to well explain the 8 Hz resonance observed with the SEIS instrument. This fact, though it is still preliminary, indicates that my results are supported by two independent approaches (active seismic experiment and H/V ratio analysis for 8 Hz resonance). Further investigation is necessary to give a critical constraint on the geological history on Mars, however, I believe that this study provided a solid stepping stone to move on to the next stage, judging from the consistency with the past and ongoing studies. 

Summary

By analyzing the InSight seismic and pressure data obtained during almost one Martian year, I investigated the subsurface elastic property in the vicinity of the InSight landing site. While previous studies (e.g., Kenda et al., 2020) constrained the elastic properties down to 10-20 m, I provide the constraints to larger depths (∼75 m) by using the compliance profiles for different ambient wind speeds.

As a result, I not only revealed the deeper elastic properties than before but also achieved a higher depth resolution by fully using the higher frequency contents, making it possible to resolve the existence of an abrupt increase of Young's modulus at 1 m depth, followed by a gradual increase of rigidity down to 75 m.

In a geological context, my results indicate that the first 1 m consists of fine regolith followed by a sharp transition to coarse blocky materials down to a depth of at least 75 m. Regarding the seismic wave velocity, I estimated P-and S-wave velocities following the empirical model from laboratory measurements of regolith simulants and also a generic model for terrestrial volcanic areas. These models have enabled me to construct a novel subsurface velocity model. Moreover, some forward modelings suggest that there is not a large-scale sediment layer (≥20 m thick at least) within the first several tens of meters. While my model is in accordance with most of the previously proposed models (Lognonné et al., 2020;Kenda et al., 2020), I found a discrepancy between mine and that of [START_REF] Hobiger | The shallow structure of Mars at the InSight landing site from inversion of ambient vibrations[END_REF]. Since the source of 2.4 Hz resonance seen in the VBB data to which Hobiger et al. ( 2021) paid attention has not been fully understood yet, a further investigation on that topic is required to discuss this more in detail. Another point is that a joint analysis of the compliance and the H/V ratio would allow us a thorough investigation of the detailed subsurface structure, which is definitely done in future works.

Data and Resources

The SEIS and TWINS data from the InSight mission used in this study can be retrieved through InSight Mars SEIS data Service (2019) and PDS (Mora, 2019a[START_REF] Mora | APSS TWINS Data[END_REF].
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Concluding remarks

To better understand the subsurface structure of the Moon and Mars which could give us valuable constraints on the evolution of the planetary surface, I explored the respective planetary bodies through seismological analysis. As demonstrated on Earth, seismic observation is a powerful way to investigate the underground, and it has been applied to the Moon in Apollo missions and to Mars in the InSight mission. Unlike terrestrial seismology, seismology on the Moon or Mars relies on limited resource available for each mission (e.g., single station or small network). Furthermore, observations would be strongly affected by environment of the target planetary body (e.g., with/without atmosphere, thermal condition). In this study, I adopted different approaches depending on the respective observation situations in order to constrain the subsurface structure in an efficient way.

In the case of the Moon, the particular attention was paid to the seismic scattering which has been regarded as one of the most serious problems in the lunar seismology. Normally, the precise reading of seismic phases is required to determine the internal structure precisely. However, the intense scattering masks the signal arrivals, which results in 1-2 orders of magnitude worse than the case of earthquakes and this leads to a large uncertainty in the resultant structure, accordingly. This leaves the detailed lunar internal structure ambiguous and we still struggle to give a critical constraint on its origin and evolution. Therefore, it is important to understand the scattering environment on the Moon and extract information from the available data as much as possible.

Although some studies have worked on this subject from the radiative transfer modeling, these estimations still have wide range of uncertainties and the lunar scattering properties left unconstrained.

In order to evaluate the seismic scattering on the Moon more directly than before, this study focused on the 3D seismic wave propagation simulation considering heterogeneous media. Making the best of the recent high-performance supercomputer, such as the Earth Simulator of JAMSTEC, enabled me to conduct the wave propagation simulation stably up to 2.0 Hz. This completely covers the frequency band of the Apollo LP seismometer, realizing the direct comparison of the synthetics with the Apollo data at the same frequency for the first time. As a result, I succeeded in generating the lunar-like seismic waves which well reproduced the actual data, leading to the quantitative evaluation of scattering parameters such as scattering coefficient and scattering attenuation factor. These parameters allowed me to discuss the differences in scattering environment between different planets. Comparisons of the scattering quality factor ( ) and the intrinsic quality factor ( ) between the Earth, the Moon, and Mars indicate that the characteristic coda of lunar seismograms is due to high scattering (low ) and low attenuation (high ). This implies a dry environment of the Moon and a highly heterogeneous subsurface structure resulting from a consequence of continuous bombardment on the lunar surface. Whereas on Mars, we have a weaker contribution from the scattering while the intrinsic attenuation is comparable to that of the Moon. This fact is in accordance with the results from previous studies. For example, since the impact fragments are less developed under the larger gravity condition, it makes sense that Mars has a smaller contribution from the heterogeneous structure originated from meteoroid impacts compared to the Moon. To summarize the key accomplishment, by making use of the latest high-performance computation resource, I succeeded in giving a significant constraint on the scattering environment which was one of the key problems in lunar seismology unsolved so far. In addition, accompanied by the recent progress in Martian seismology, my results opened a window to quantitative comparisons of the different seismic features between various planetary bodies, which did pave the way to more detailed discussion on how the differences in seismic records were originated.

In addition to those scientific aspects, to make the best of future lunar seismic explorations and to maximize their science returns, I provided some proposals in terms of observation frequency band and the collaboration of the ground telescopic observation with the seismology on the Moon. The first proposal discussed how to minimize the influence of the intense scattering when estimating the internal structure. The second implication described the collaboration of impact flash observation with the lunar seismic monitoring from the viewpoint of (i) the determination of the origin time and source location with high precision, (ii) the target energy range, and (iii) preferable observation period. I believe these discussions followed by the actual observation data and analysis results give us constructive instruction for better designing future seismic explorations on the Moon.

For the Martian subsurface structure, I took advantage of the fact that it is a planet with an atmosphere, which is not the case for the Moon. Atmospheric activities generate seismic signals which enable us to probe shallow structure on Mars. As demonstrated on the Earth, measuring the ground deformation due to pressure variations provides us with ground rigidity or compliance. Since this method does not require the precise determination of the source location and only requires seismic data with pressure variation measured with a co-located pressure sensor, it works very well for InSight. In this study, by applying this idea to Mars, I constructed a new subsurface structure model around the InSight landing site. While the initial subsurface structure models show the elastic properties (e.g., Young's modulus, seismic wave velocity) down to 10-20 m, this research went into as deep as 75 m. The most novel points of this study were (i) to extend the frequency range for the compliance analysis (up to 2.0 Hz), and (ii) to take into account the ambient wind speeds which are closely related to the wavelength under the situation I assumed. The first point is related to the depth-resolution of the structure. Due to the lack of high-sampling data at the initial stage of the mission, the previous works had to limit their analyses to the low-frequency part (< 0.5 Hz). Whereas, this study makes use of the high-sampling data which became available in the middle of the mission. Therefore, I have an advantage in the accessible frequency band (∼ 2.0 Hz), leading to getting a better depth-resolution than that of the previous studies. Indeed, my analysis succeeded in detecting the 1 m structural discontinuity at the landing site which was not resolved before. The second point allows us to extend the investigation depth from 10-20 m to 75 m. In compliance analysis, the ambient wind speed is closely related to the wavelength under a certain assumption, thereby the higher wind speed results in a longer wavelength and allows us to probe deeper structure. Thanks to this, I was able to constrain the elastic structure deeper than before.

My results suggest that the structure around InSight shows a quite simple structure having 1 m fine regolith layer followed by coarse ejecta layer down to 75 m at least. Especially at the top regolith layer, the estimated seismic velocity structure is in accordance with that obtained through an active seismic experiment which is one of the most reliable estimations on Mars. This fact strongly supports my results and shows that I succeeded in resolving finer structures compared to the past compliance analyses. Both geological observations and analyses of remote sensing data suggest a low-velocity layer related to fluvial sediments around the landing site and it is interesting to test this with our observation. From the results, I did not find any clear evidence of such layer down to 75 m depth. While further investigation is needed to explore deeper in the subsurface to search for such layer, I was able to exclude such layer (≥ 20 m thick, at least) shallower than 75 m, which provides a new constraint on the surface evolution of Mars including the development of the fluvial sediments.

To give a final summary, making the best of the latest computational technology, I explored the subsurface structure of the Moon and Mars. While two targets have completely different environments and the difference in observation conditions had to be considered, I was able to make significant progress in understandings of scattering structure at the Apollo 12 landing site on the Moon and the elastic properties at the InSight landing site on Mars, respectively. In particular, since planetary seismology always suffers from a lack of observation, the successful demonstration of the forward approach that reproduced the intense lunar scattering paved a new way to further exploring the internal structure of extraterrestrial planets. Besides, as the improved compliance analysis on Mars can be applied to other planets holding atmospheres, this will also contribute to pushing forward the comparative planetology in terms of subsurface structure.
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A.3 Selection of time window for moving average

For the determination of rise-time arrival, smoothing the seismic envelopes is a general way. In the process, the larger time window makes it easier for us to see where the whole trend changes, whereas the shorter window can hold the envelope shape similar to the original.

Generally, since the local peak, such as seen at 155s in Figure A.9, affects the envelope with the shorter window, it is not suitable to observe the overall features. On the other hand, if the time-window is too large, the median value of the rise-time gets much delayed, leading to a large discrepancy from the actual rise-time arrival. For example, as seen in Figure A.9, the 80 s time-window case (cyan) shows the delay of rise-time by 20 s from the actual arrival (around 75 s). Taking the large error bar could solve this problem, however, that in turn makes it difficult to see the difference between one and others. That is, one could say that every event is consistent within a large error bar. In this study, I adopted a 30 s time window to make the error range as small as possible and to minimize the influence of the local signal peak simultaneously. Also, the window was taken longer than 15 s to avoid the resonant frequency of the seismometer's pendulum (∼15 s). 

A.4 Correction of two-stage FIR filter

In addition to analog transfer function mentioned in Section 3.4.3, one needs to correct the effect of FIR filter which is used to downsample the original data stored in the InSight lander. As we mainly use the data sampled at 10 sps (sample per second) for PS, the explanation here is dedicated to those sampled at 10 sps. However, as it is the case for other sampling rates, one can apply the same logic described below.

As shown in Figure A.10a, the original pressure data are sampled at 500 sps in APSS (Banfield et al., 2018) electronics then downsampled to 20 sps by applying a FIR filter with decimation by 25 (I call it as "1st FIR filter" in this study). After that, the second filtering process is done using a FIR filter with decimation by 2 ("2nd FIR filter") in the lander, ending up with 10 sps. The 10 sps data are transmitted to the Earth and referred to as continuous data. Note that the PS continuous data were originally sampled at 2 sps until Sol 175, and then it changed to 10 sps.

One can confirm the effect of FIR filter around cut-off frequency (e.g., around 4 Hz for black spectrum shown in 

A.5 Supporting description of preprocessing

As presented in Section 3.4.3, one needs to consider (i) the synchronization of sampling time for two differently sampled data (namely, pressure and seismic data) and (ii) correction of the influence of the different filtering processes between pressure and seismic data.

For the first point, as the pressure and seismic data are obtained with two different instruments (VBB and PS), the time-stamp does not completely match with one another (see red and black profiles in Figure A.11). Since this study used the continuous data of VBB and PS, the sampling rates are 20 and 10 sps respectively. In order to synchronize the sampling time between VBB and PS data, we upsampled the 10 sps pressure data to 80 sps by padding zero in the frequency domain. Then, the interpolation with spline fit was performed in the time domain using the time information of the VBB, which gives us the time-series pressure data sampled at the same timing as seismic data (red and blue lines in Figure A.11).

For the second point, as VBB and PS data experience different filtering processes, each continuous data has a different trend of energy decrease at the respective cut-off frequency, which is not preferable for the interpretation of the compliance at higher frequency. To overcome this problem, we applied exactly the same filtering process to VBB data as done for PS data. Technically, the 2nd FIR filter of PS ( A.6 Supporting tables 
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 1 Figure 1 -(a) The response curve of the Apollo lunar seismometers. (b) An example of time-series for an impactinduced seismic event observed on July-17-1972. The blue and red signals correspond to SPZ and LPZ components, respectively. The SP component is filtered between 1.0 -10 Hz and the LP one is filtered between 0.3 -1.5 Hz. (c) Spectrogram for each component. The top panel covers SP frequency range (1.0 -26.5 Hz) and the bottom does up to 1.0 Hz.
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 2 Figure 2 -(a) Comparison of seismic waves observed on the Earth (blue), Mars (red) and the Moon (gray). This figure is revised from that of Tsuji and Kawamura (2020). (b) Cumulative number of seismic events per Earth year for the Earth (blue, cyan and green lines), Mars (red, orange, yellow) and the Moon (gray). This figure is referred from Banerdt et al. (2020), copyright by Springer Nature.

Figure 3 -

 3 Figure 3 -An example of lunar seismogram recorded with the Apollo long-period seismometer on July 31 in 1972. The figure displays the vertical component filtered between 0.3 and 1.5 Hz.

Figure 4 -

 4 Figure 4 -(a) Comparison of diffusion and intrinsic attenuation factor among various terrestrial regions, the Moon and Mars. This figure is referred from the supplementary materials of Lognonné et al. (2020), copyright by Springer Nature. (b) Coda-fit for the artificial impact events on the Moon (Dainty and Toksöz, 1981, copyright by Elsevier). The solid lines are smoothed envelopes of the Apollo seismic data and the dashed lines are theoretical curves.
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 5 Figure 5 -(a) Workflow of this study. See the text for the details. (b) Schematic diagram of classical analyses of the Apollo data.

Figure 6 -

 6 Figure 6 -The Apollo response curves for Long-period (LP) in peaked mode and Short-period (SP) seismometers. The gray shaded area covers the peak sensitivity range of LP peaked mode (0.3 -1.5 Hz).
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 7 Figure 7 -Schematic illustration of the layout of a voxel.
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 8 Figure 8 -Histogram of source location error for 18 largest natural impacts.

Figure 9 -

 9 Figure 9 -Source locations of S-IVB impacts. Green points show the impact sites of Apollo S-IVB impacts and yellow inverted triangles show the Apollo 12 and 14 landing sites, respectively.

Figure 10 -

 10 Figure 10 -Comparison of waveforms and power spectral densities for Apollo 15 S-IVB impact observed at Station 12 (a) and Station 14 (b), Noise 1 h before Apollo 15 S-IVB impact recorded at Station 12 (c) and Station 14 (d), and Apollo 16 S-IVB impact observed at Station 12 (e) and Station 14 (f), respectively. Waveforms are shown in the digital unit (DU). The black broken lines correspond to the instrumental response of the Apollo LP seismometer in the peaked mode whose intensity is scaled for simplicity of comparison with the data signal.

Figure 11 -

 11 Figure 11 -Waveform of Apollo 13 S-IVB impact observed with the vertical component of Apollo 12 Long-period seismometer. The unit is shown in digital unit (i.e., the raw data).

  Figure 12 -(Left) Density profile based on Equation 7. (Right) Porosity profile based on Equation 9.

Figure 13 -

 13 Figure 13 -Schematic diagram of ray path for a certain stratified half-space. See the details in the text.
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 1415 Figure 14 -(a) Reference P-wave velocity models based on Equation 10 ( =2, 4, 7, 10, 14, 18, 24). The velocity jump at 30.8 km corresponds to the Moho boundary at the Apollo 12 landing site. below 30.8 km is from VPREMoon by Garcia et al. (2011). (b) Ray path for each velocity model for Apollo 16 S-IVB at Station12 case. (c) Ray path for each velocity model for Apollo 14 S-IVB at Station12 case. The horizontal axis corresponds to the distance covering from the source to the halfway of the station. Table 3 -Intrinsic Q structure for P and S waves. Layer Q Q Reference 0 -10 km 6750 6750 Nakamura and Koyama (1982) 10 -20 km 5000 5000 Blanchette-Guertin et al. (2012) 20 -30 km 4000 4000 Blanchette-Guertin et al. (2012) > 30 km3750 1500[START_REF] Nakamura | Seismic Q of the lunar upper mantle[END_REF] 

Figure 17 -

 17 Figure 17 -Input layers from different view angles.

Figure 18 -

 18 Figure 18 -Comparison of power spectra between Küpper wavelet (black) and Gudkova model (red). The intensity is scaled with the values at 0.5 Hz, respectively. The grey shade covers the peak sensitivity of the Apollo LP peaked mode (0.3 -1.5 Hz).
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 20 Figure 19 -(Left column) Images of the produced random media for (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4. Color scale represents the velocity fluctuation from the average velocity. (Right column) Probability density distribution of the velocity fluctuation for each case. The standard deviation value is shown on the top right corner of each panel.

Figure 21 -

 21 Figure 21 -Waveform of Apollo 16 S-IVB impact recorded at Apollo 12 long-period seismometer. The panel shows the vertical component.

Figure 23 -

 23 Figure 23 -Computation region for (a)Apollo 16 S-IVB impact and Station 12 and (b) Apollo 14 S-IVB impact at Station 12. The locations of the source and seismic station are shown on the XY plane (topography in grayscale), and the density structures along yellow dotted lines are displayed on the right and bottom panels, respectively. Note that top ∼5 km includes random media. The blue regions on XY and XZ plane correspond to the vacuum space.

Figure 24 -

 24 Figure 24 -Examples of the rise time reading for Apollo 16 S-IVB impact observed at Station 12 LPZ (top) and Apollo 14 S-IVB impact observed at Station 12 LPZ (bottom). The black lines are the envelopes of the velocity signal, which is scaled with each maximum value. The red lines are smoothed envelopes with a time window of 7.5 s. The vertical orange lines with shade represent the rise-time with error. This figure is referenced from Onodera et al. (2021).

  ) As = 10, 100 s time-series is divided into 20 sections as shown in the top of Figure 25. The equivalent energy density computed for each section end (i.e., from 0 to /20 for = 1) is plotted in the bottom of Figure 25.

Figure 25 -

 25 Figure 25 -An example of computation of equivalent energy density in the case of = 10 and = 50 . (Top) The assumed velocity envelope defined as Equation 33. The red solid line corresponds to rise-time, and the dotted red lines show the respective time-sections. The top texts represent section numbers. (Bottom) The equivalent energy density computed at each time-section (e.g., from 0 to /20 for = 1 in Equation32).

  Figure 26 -Examples of the amplitude ratio for (a) Apollo data and (b) simulation (Case1).is the amplitude at the rise-time, and stands for the average amplitude between arrival to 2 .
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 27 Figure 27 -Comparisons of rise-times for (a) the vertical, (b) the radial, and (c) the transverse components. From the top to bottom, synthetics are compared with the data for respective cases. Remember that Case 1 is the weakest scattering condition while Case 4 is the most intense condition (Table 6). The black envelopes correspond to the Apollo data and the colored ones are the envelopes for each simulation case (Case1: red, Case 2: yellow, Case 3: green, Case 4: blue). The vertical lines with shade represent the rise-time arrivals and their error ranges. As each envelope is smoothed with 30 s time window, the error bar follows the window size. The amplitudes are normalized with the value at the respective rise-times.
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 2829303132 Figure 28 -Rise-time readings of synthetics for (a) the vertical, (b) the radial, (c) the transverse components. Each colored plot is the rise-time shown in Figure 27. The gray shaded area shows the Apollo rise-time with error.

Figure 33 -

 33 Figure 33 -Smoothed envelopes of Apollo 14 S-IVB impact observed at Station 12 in (a) the vertical, (b) the radial, and (c) the transverse components. The black envelopes are for the Apollo data, and the magenta profiles are for the simulation assuming Case 4 structure. The vertical lines with shade show the rise-time arrivals with error ranges. All envelopes are normalized with the value at each rise-time.
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 3435 Figure 34 -(a) Assumed scattering structures. The black line is Case 4 which was used in the previous section. The red, blue, and green are Case 4 , , , respectively. See the text for each characteristic. (b)-(d) The comparisons between the simulation results (colored) with the Apollo data (black) for the vertical, radial, and transverse components from left to right. The first row is for Case 4 , followed by Case 4 , and Case 4 . The vertical lines with shade represent the rise-times with their error ranges.

Figure 36 -

 36 Figure 36 -Comparisons of the simulation results of Apollo 16 S-IVB impact between Case 4 and Case 4. The vertical, radial, and transverse components are aligned from left to right. The black envelopes are for the Apollo data, and the colored are for the simulated. The first row corresponds to Case 4 , followed by Case 4.
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 3738 Figure 37 -The best results for Apollo 16 S-IVB impact derived in this study. (Top row) Simulated waveforms in nm/s. The vertical, radial, transverse components are shown from the left to right. The waveforms are filtered between 0.3 -1.5 Hz. (Middle row) The vertical, radial, and transverse waveforms of the Apollo data from the left to right. The same filter is applied to respective data as that of the simulation. (Bottom row) Comparisons of smoothed envelopes between the Apollo (black) and the simulation (colored).
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 3940 Figure 39 -The best results for Apollo 14 S-IVB impact derived in this study. (Top row) Simulated waveforms in nm/s. The vertical, radial, and transverse components are shown from the left to right. The waveforms are filtered between 0.3 -1.5 Hz. (Middle row) The vertical, radial, and transverse waveforms of the Apollo data from the left to right. The same filter is applied to respective data as that of the simulation. (Bottom row) Comparisons of smoothed envelopes between the Apollo (black) and the simulation (colored).
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 41 Figure 41 -Summary of differences between isotropic and anisotropic media.
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 42 Figure 42 -Snapshots of the X-Y plane for (a) isotropic model and (b) anisotropic model. For comparison, no scattering model with the same velocity structure is shown in (c). The snapshots are aligned with time from the left to right. The red wave corresponds to the compressional component and the green to the shear component. The yellow cross shows the source location and the inverted triangle shows the location of the Apollo 12 seismic station.
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 43 Figure 43 -Comparison of the total scattering coefficient of S-waves (this figure is updated from that of Sato et al., 2012). The coefficients at: 1 Estimated from lunar impact simulation (Wiggins et al., 2019), 2 Moon (Dainty and Toksöz, 1981; Toksöz et al., 1974), 3 Moon (Dainty and Toksöz, 1981; Nakamura, 1976), 4 Moon (LP: Blanchette-Guertin et al., 2012), 5 Moon (SP: Blanchette-Guertin et al., 2012), 6 Moon (Gillet et al., 2017), 7 Kanto, Japan (Sato, 1978), 8 Kanto-Tokai, Japan (Fehler et al., 1992), 9 Long Valley, California, 10 Central California, 11 Hawaii (Mayeda et al., 1992), 12 Average in Japan (Hoshiba, 1993), 13 Southern California (Jin et al., 1994), 14 Southern California (Leary and Abercrombie, 1994), 15 Northern Greece (Hatzidimitriou, 1994), 16 Southern Spain (Akinci et al., 1995), 17 Southern California (Adams and Abercrombie, 1998), 18 Northeastern Venezuela (Ugalde et al., 1998), 19 Eastern Turkey (Akinci and Eyidogan, 2000), 20 Southern Apennines, Italy (Bianco et al., 2002), 21 Central France (Lacombe et al., 2003), 22 South Central Alaska (Dutta et al., 2004), 23 Southern Netherlands (Goutbeek et al., 2004), 24 Northeastern Colombia (Vargas et al., 2004), 25 Northeastern Italy (Bianco et al., 2005), 26 Southern Sicily, Italy (Giampiccolo et al., 2006), 27 Germany (Sens-Schönfelder and Wegler, 2006), 28 Japan (Carcolé and Sato, 2010), 29 Asama volcano, Japan (Yamamoto and Sato, 2010), 30 Lithosphere and Upper Mantle (0 -670km) (Lee et al., 2003; Lee et al., 2006), 31 Lower Mantle (> 670 km) (Lee et al., 2003; Lee et al., 2006), 32 Moon (This study).

Figure 44 -

 44 Figure 44 -Comparison of synthetics with different correlation length (a: 0.2 km, b: 0.65 km, c: 2.0 km). The top row shows the smoothed envelopes for the vertical component. The black envelopes are for the Apollo data (Apollo 16 S-IVB impact), and the blue are for the respective simulation cases. The second row displays the spectrogram for the Apollo, and the third row is the spectrogram for the simulation outputs.

Figure

  Figure 45 -Comparison of scattering Q factor. Earth lithosphere: 1 Kanto-Tokai, Japan (Fehler et al., 1992), 2 Long Valley, California, 3 Central California, 4 Hawaii (Mayeda et al., 1992), 5 Average in Japan (Hoshiba, 1993), 6 Southern California (Jin et al., 1994), 7 Southern California (Leary and Abercrombie, 1994), 8 Northern Greece (Hatzidimitriou, 1994), 9 Southern Spain (Akinci et al., 1995), 10 Southern California (Adams and Abercrombie, 1998), 11 Northeastern Venezuela (Ugalde et al., 1998), 12 Eastern Turkey (Akinci and Eyidogan, 2000), 13 Southern Apennines, Italy (Bianco et al., 2002), 14 South Central Alaska (Dutta et al., 2004), 15 Southern Netherlands (Goutbeek et al., 2004), 16 Northeastern Colombia (Vargas et al., 2004), 17 Northeastern Italy (Bianco et al., 2005), 18 Southern Sicily, Italy (Giampiccolo et al., 2006) 19 Asama volcano, Japan (Yamamoto and Sato, 2010), 20 Lithosphere and Upper Mantle (0-670km) (Lee et al., 2003; Lee et al., 2006), 21 Lower Mantle (>670 km) (Lee et al., 2003; Lee et al., 2006), 22 Mars (Menina et al., 2021), 23 Moon (Gillet et al., 2017), 24 Lunar megaregolith (This study).

Figure 47 -

 47 Figure 47 -The size distribution of impact-induced fragments under the lunar, Martian and terrestrial gravity (from the left to right). The color scale shows the fragment size. The original figure is referred from Wiggins et al. (2019).

  Figure 48 -Waveforms filtered at (a) 0.3 -1.5 Hz, (b) 0.1 -0.5 Hz, and (c) 0.1 -0.3 Hz. The blue signals show the simulated waves for Apollo 16 S-IVB impact under Case 4 model, and the black show the corresponding Apollo data. All signals are for the vertical component. P, S, R 1 stand for P-wave, S-wave, and Rayleigh wave components, respectively.

Figure 49 -

 49 Figure 49 -Impact flash observation system at ISAS.

  Figure 50 -(a) Simultaneously observed lunar impact flash at ISAS and UEC on December 14, 2017. Roughly estimated location is shown at the bottom of each panel. (b) Newly formed crater due to the impact seen in (a). The left image is "before image" taken by LRO on August 24, 2015. The right image is "after image" taken by LRO on December 29, 2017. The newly formed crater is pointed with yellow arrow.

Figure 51 -

 51 Figure 51 -The cumulative energy frequency distribution of impact-induced events per year and unit area. The colored plot shows the results from the impact flash observations (red: Suggs et al., 2014; cyan: Ortiz et al., 2006; green: Madiedo et al., 2014), and the black shows the results from the impact-induced seismic waves in the Apollo[START_REF] Oberst | Meteoroids near the Earth-Moon system as inferred from temporal and spatial distribution of impacts detected by the lunar seismic network[END_REF]. Solid lines represent the fitted curve with a power law.

Figure 53

 53 Figure 52 -(Top) The distribution of the peak activity of meteoroid showers registered in the IAU meteor data center (Jennisken et al., 2020). The horizontal axis shows the ecliptic longitude of the Sun at each shower's peak which can be converted into Month-Day representation as shown in the top axis. The vertical axis shows the ecliptic latitude of the respective radiant points. All star plots show the established meteoroid shower (Jennisken et al., 2020) and red filled plots show some of the most active showers (LYR: Lyrids, ETA: eta Aquarids, PER: Perseids, ORI: Orionids, LEO: Leonids, GEM: Geminids, URS: Ursids, QUA: Quadrantids). (Bottom) The number of the impact-induced seismic events observed by the Apollo seismometers between 1970 and 1976. The event numbers are averaged over 7 years of observation (blue plot). The standard deviation is shown as blue filled area.

Figure 54 -Figure 55 -

 5455 Figure 54 -Temporal variation of meteor activities in June for respective years. The horizontal axis shows the day and the vertical axis shows the universal time. Note that since all observations are performed in Japan, the local time can be obtained by adding 9 hours to the UTC. The color shows the number of meteors detected for an hour per day. The filled square in the horizontal axis represents the peak periods of some daytime meteor showers (red: Arietids, blue: Perseids, green: Taurids or June Bootids). The original data were downloaded from the website of the radio meteor observing bulletin (RMOB, 2021).

Figure 56 -

 56 Figure 56 -(left) Schematic illustration of the ground deformation caused by a convective vortex. (right) An example of the InSight seismic and pressure data during the encounter of a vortex. The blue signal shows the ground acceleration recorded with Very Broad-Band seismometer (VBB; Lognonné et al., 2019) and the black shows the pressure data obtained with Pressure Sensor (PS; Banfield et al., 2018).

Figure 57 -

 57 Figure 57 -Schematic diagram of propagation of pressure fluctuations for (a) simplified plane wave case and (b) small-scale low pressure. In both cases, the pressure fluctuation is assumed to move with a constant speed of along the -axis. Note that the core pressure with radius is shown in darker blue in panel (b), which typically affects the pressure field in a range of 2-5 from its center (light blue). The expected time-series data for the pressure and the vertical ground acceleration are shown at the bottom of each panel.

Figure 58 -

 58 Figure 58 -Comparison of compliance profiles for various structure models. The top row shows the assumed structures. The varied parameters are (a) Young's modulus, (b) transition depth and (c) Poisson's ratio. The bottom row shows the corresponding compliances for respective structure. Note that the ambient wind speed is assumed to be 4 m/s for all cases.

Figure 59 -

 59 Figure 59 -Examples of correlation between the ground response and pressure load observed by the InSight VBB and PS, respectively. These two examples were observed on (a)Sol706 and (b)Sol600. The black lines correspond to the vertical ground response in velocity and the red lines to the pressure load. The left and middle columns show the waveforms filtered at 0.1 -0.5 Hz (left) and 0.5 -1.0 Hz (middle), respectively. Note that the amplitude is scaled with each maximum value and that the pressure signals are phase-shifted by /2 following Sorrells' theory. Additionally, a systematical time shift by -0.25 s is added to all pressure time-series in order to make it easily compare with the velocity signals. The highest (or the lowest) correlation coefficient values are shown at the right top corner of each figure. The right column shows the power spectral densities for respective signals whose amplitudes are scaled with the values at 0.5 Hz.

FigureFigure 62 -

 62 Figure 60 -(a) Reference model to be perturbed. Sensitivity kernels at (b) 0.05 Hz, (c) 0.3 Hz, and (d) 0.8 Hz, in which the solid lines correspond to wind speed of 5 m/s, dashed lines to 10 m/s and dotted to 15 m/s.

  4 and Figure A.10 in Appendices).

Figure 63 -

 63 Figure 63 -An example of data window for (a) the vertical acceleration observed with VBB, (b) pressure observed with PS, and (c) wind speed observed with TWINS. This event was recorded on Sol456. In each panel, the black line is 20 min data, red is 2 min data for an event, and green is a 2 min window for ambient noise. For wind speed, the solid magenta line represents the average value for the 2 min window shown in green, which we call ambient wind speed in this study. The broken magenta lines show the standard deviation for the same time window.

  Figure 64 -(a) Distribution of wind speed for the selected 500 events. (b) Histograms of correlation coefficient at (b) Band1: 0.02-0.1 Hz, (c) Band2: 0.1-0.5 Hz, (d) Band3: 0.5-1.0 Hz, (e) Band4: 1.0-2.0 Hz, and (f) Band5: 2.0-4.0 Hz. The number of total events with more than 0.8 correlation is shown in red text. For the analysis, only events with highly correlated (> 0.8) are used.

Figure 65 -

 65 Figure 65 -Distribution of standard deviation of ambient wind speed for all selected events. In the analysis, the events having the standard deviation larger than the half bin size of wind speed group (3 m/s in this case) were excluded.

Figure 66 -

 66 Figure 66 -All normalized compliance profiles for respective wind speed groups: (a) WS1 [0-6 m/s], (b) WS2 [6-12 m/s] and (c) WS3 [12-18 m/s]. The black profiles are for Band1 [0.02-0.1 Hz], the red for Band2 [0.1-0.5 Hz], the blue for Band3 [0.5-1.0 Hz], and the green for Band4 [1.0-2.0 Hz]). The number of profiles within each frequency range is shown above each panel.

  while the Kenda's profiles are made based on their observations. From the comparison, I can see that my compliances are in good agreement with Kenda et al.(2020) while three out of the four profiles of Hobiger's model are not compatible with either Kenda et al. (2020) nor mine. This indicates that those three models by Hobiger et al. (2021) are rejected with high confidence in terms of the compliance measurements and that only the constrained MAP model (solid magenta) can provide a partial fit between 0.05 and 0.3 Hz. Especially, at higher frequencies, the compliance is much too small, meaning that the very shallow layer ( = 8.6 × 10 7 Pa, = 160.5 m/s) is too rigid to explain the observed compliances derived byKenda et al. (2020) and this study. With this knowledge, let us move on to the inversion and find out what kind of structure is needed to explain the observation.

Figure 67 -

 67 Figure 67 -(a) The four representative models by Hobiger et al. (2021). Since their approach is completely different from ours, we calculated the plausible compliance profiles based on their models for the various ambient wind speed cases. From (b)-(d), the computed and observed compliance profiles are shown. The black lines with shade are our compliances and their error ranges, the blue and magenta profiles are for ML and MAP models by Hobiger et al. (2021). The dotted lines are for weakly contrained case and the solid lines are for constrained case. The red filled area shows the range of the frequency distribution of the compliance by Kenda et al. (2020) for the case of the wind speeds < 6 m/s for (b) and the wind speeds > 6 m/s for (c).

Figure 68 -

 68 Figure 68 -Probability density functions (pdfs) of the Young's modulus, considering that all the sampled models which are in good agreement with a priori information are accepted. These are the priors of the inversions detailed below. Red and blue colors show high and low probabilities, respectively. The prior pdf is computed by counting the number of sampled profiles in each of the cases. The discretization for the Young's modulus is log-constant (with an incremental step of 10 0.1 , whereas the discretization for depth is constant [0.1 m]). For a given depth, the sum of the pdf over all the parameter intervals is equal to 100%.

3. 7

 7 Subsurface structure around the InSight landing site 3.7.1 Elastic structure derived through individual and integrated inversions From the inversion using the McMC algorithm, I obtained the fits to the normalized compliance (Figures

Figure

  Figure 70 -(a) Input rigidity models. The respective models have transition-depth at 0.5 m (green), 0.6 m (red), 1.0 m (cyan) and 2.0 m (purple). The corresponding compliance profiles for wind speed of (b) 4 m/s, (c) 8 m/s and (d) 12 m/s. The black lines with shade show the compliance profiles and their error ranges obtained from the InSight data.

Figure 71 -

 71 Figure 71 -Inversion results using the compliance measurements from the three wind speed groups into the same inversion scheme. Figures (a), (b), and (c) show the mean measurements of the normalized compliances (thick black line) and their standard deviation (thin black lines) for the respective wind speed groups (WS1, WS2, and WS3 from the left to right). The fits to these profiles are shown in color scales as the probability density function. Figures (d) and (e) exhibit the output probability density distributions of Young modulus from surface to 2.5 m depth and surface to 100 m depth, respectively. The pdfs are normalized with the maximum probability in each case. Red and blue colors show high and low probabilities. The white dots show the error range defined with the full width of half maximum of the distribution at each depth.

Figure 72 -

 72 Figure 72 -(a) Input rigidity models. The rigidity below 75 m ranges from 10 8.4 to 10 11.5 Pa. (b) Computed normalized compliance profiles (colored) for the ambient wind speed of 12 m/s compared with the observation (black with shade).

Figure 73 -

 73 Figure 73 -Results of forward modelings considering the 20 m thick low rigidity layer: (a) = 10 7.5 Pa and (b) = 10 8 Pa. On each figure, the left panel shows the input models where Model 1 is one of the best fits derived through the inversion and the Model 2∼6 have a 20 m thick low-rigidity layer inserted at 5, 15, 25, 35, and 40 m depth, respectively. The black profile with shade is the observed compliance profile for WS3.

  Figure 75 -(a) The fitted rigidity model using Morgan model (solid magenta line) and the constant model (solid black line). The dashed lines show the upper and lower limits for respective models. The color scale corresponds to the pdf obtained through the integrated inversion. (b) The fitted rigidity model using Lesage's model (solid black line). The dashed lines show the upper and lower limits. (c) The expected P-(black) and S-wave (red) velocity structure around the InSight landing site. The colored dashed lines show the error ranges for respective wave velocities. The green hatched area represents the P-wave velocity estimated from HP 3 hammering experiments by Lognonné et al. (2020). The orange dot with error bar is the estimated by modeling the resonant frequency caused by the SEIS levelling system (Lognonné et al., 2020). The cyan shaded area corresponds to the P-wave velocity proposed by Kenda et al. (2020) through compliance analysis. The blue and magenta lines represent the P-and S-wave velocity of MAP (Constrained) by Hobiger et al. (2021).

Figure 76 -

 76 Figure 76 -(Left) S-wave velocity of the constrained MAP model by Hobiger et al. (2021). (Right) Corresponding density structure model to the constrained MAP model.

  Dr. Matthieu Plasman, Dr. Eleonore Stutzmann, Dr. Zongbo Xu, Mr. Maxime Vincent, Ms. Alice Jacob, Dr. Antoine Lucas, Dr. Sebastien Rodriguez of IPGP, Dr. Mélanie Drilleau, Dr. Naomi Murdoch, Dr. Raphael F. Garcia of ISAE-SUPAERO/Université de Toulouse, Dr. Clément Perrin of Nantes Université, Université d'Angers, Le Mans Université, Dr. Martin Schimmel of Geociencias Barcelona, Dr. Mark Panning, and Dr. William B. Banerdt of NASA/JPL. I really appreciate their contribution to this work and also constant support even in the unexpected situation caused by COVID-19. Third, I am really grateful to the thesis committee members for reviewing my dissertation and upgrading the quality of discussions: Dr. Noriyuki Namiki of NAOJ, Dr. Anne Mangeney of IPGP, Dr. Kiwamu Nishida of ERI/Univ. Tokyo, Dr. Florent Brenguier of ISTerre/Univ. Grenoble Alpes, Dr. Koji Matsumoto of NAOJ, Dr. Masanao Abe of ISAS/JAXA.

  Search for volatile at the lunar polar region using Spectral Profiler data of SELENE (KAGUYA) Dr. Makiko Ohtake of University of Aizu, Dr. Yusuke Nakauchi of ISAS/JAXA, Dr. Hiroshi Nagaoka of RIKEN Ground observation of lunar impact flash Dr. Ryuhei Yamada of University of Aizu, Dr. Shinsuke Abe of Nihon University, Dr. Masahisa Yanagisawa of The University of Electro-Communications (UEC), Ms. Yuki Uchida of UEC, Mr. Seiya Kurihara of UEC, Mr. Ryota Fuse of Nihon University, Dr. Chrysa Avdellidou of Observatoire de la Côte d'Azur, Mr. Daichi Fujii of Hiratsuka-city Museum, Dr. Kei Shirai of Kobe University. Astronomical observation with 1.3 m infrared telescope at ISAS

Figure A. 2 -

 2 Figure A.2 -Amplitude ratio for various / ratio case. The horizontal axis shows the / ratio assumed in the respective simulations. The vertical axis shows the ratio of the amplitude at the rise-time and the mean amplitude (See Section 2.2.12 for the details). The dotted line with shade corresponds to the result for Apollo data.

Figure A. 4 -

 4 Figure A.4 -The simulated waveforms and envelopes assuming the isotropic radiation and the Case 4 model for the case of Apollo 14 S-IVB impact. (Top row) Simulated waveforms in nm/s. The vertical, radial, transverse components are shown from the left to right. The waveforms are filtered between 0.3 -1.5 Hz. (Middle row) The vertical, radial and transverse waveforms of the Apollo data from the left to right. The same filter is applied to respective data as that of the simulation. (Bottom row) Comparisons of smoothed envelopes between the Apollo (black) and the simulation (colored).

Figure A. 6 -

 6 Figure A.6 -Spectral features for the isotropic radiation model. The input waveforms correspond to Figure A.4. (Top row) Power spectral densities for the vertical, radial and transverse components from the left panel to the right one. The shaded are shows the filter band applied to the original data. (Middle row) Spectrograms of the Apollo data for the vertical, radial and transverse components from the left to right. (Bottom row) Spectrograms of the simulation for the vertical, radial and transverse components from left to right.

Figure A. 9 -

 9 Figure A.9 -Comparison of envelopes calculated using various time-window. The black profile shows the nonsmoothed envelope of Apollo 16 S-IVB impact observed with the vertical component of LP seismometer. The yellow shows the envelope with the time-window of 10 s. the red with 30 s, and the cyan with 80 s. The colored vertical lines with shade show the rise-time arrival and their error ranges.

  Figure A.10c). To remove this effect, we conducted a deconvolution process using the combined response of the two FIR filters(Figure A.10b). The red spectrum shown in Figure A.10c corresponds to the deconvolved pressure response. As the numerical noise starts to show up over 4.5 Hz, the energy is dropped to zero over 4.5 Hz in the following analysis.

  Figure A.10 -(a) Schematic filtering flow onboard InSight lander. (b) Frequency responses of FIR filters used in the filtering process onboard the lander. The black line corresponds to 1st FIR filter, the red to 2nd one, and the cyan response shows the combined filter used in this study to remove the effect of FIR filter from the PS data. (c) An example of the deconvolved pressure spectrum. This is one of the convective vortex events observed by InSight on Sol 233 (02:46:25UTC on Jul-24-2019). The black solid line shows pressure spectrum calibrated with analog transfer function. The cyan line is the combined FIR filter which is scaled to make it easier for comparison, and the red spectrum represents the deconvolved signal.

  Figure A.11 -Comparison of pressure data before and after time correction with VBB data. Horizontal axis shows Local Mean Standard Time (LMST) in Sol. Black, red and blue dotted lines correspond to PS continuous data (10 sps), VBB continuous data (20 sps) and upsampled PS data (20 sps). Note that each profile has an intentional offset so that one can observe the difference easily.

  地下構造, 地震波散乱, アポロ, インサイト, 大気励起地震 Structure de la subsurface de la Lune et de Mars obtenu à partir de simulation numérique de la propagation des ondes sismiques en 3D et de l'analyse des données sismiques d'Apollo et d'InSight par Keisuke ONODERA Résumé étendu L'un des objectifs principaux de la sismologie planétaire est de déterminer la structure interne d'une planète, car cela nous donne des informations importantes pour mieux comprendre comment une planète s'est formée et a évolué jusqu'à aujourd'hui. Par exemple, la structure physique globale et la composition chimique peuvent contribuer à estimer l'environnement thermique au stade initial de la formation planétaire. D'autre part, les structures superficielles sont essentielles pour comprendre l'évolution géologique depuis la formation (comme le volcanisme, le métamorphisme et l'érosion). Il est important d'explorer la structure interne à plusieurs échelles pour expliquer et comprendre la formation des planétes et leur histoire géologique passée à partir des différents points de vue. Comme démontré sur Terre, la sismologie est un moyen puissant d'étudier la structure interne. Cette méthode a été appliquée à la Lune durant les missions Apollo et à Mars dans le cadre de la mission InSight (Interior Exploration using Seismic Investigations, Geodesy

	3次元地震波伝搬シミュレーションおよびアポロ・インサイトで取得された で本研究では、月の地震波形を本質的に特徴付けるパラメータである「散乱減衰」をより直接的に
	惑星地震データの解析による月・火星の地下構造の推定 評価することを目的として、輻射伝達理論の枠を抜け出し、不均質構造を伴う三次元地震波伝搬シ
	ミュレーションを行った。具体的には、様々な条件下で理論波形を計算し、観測データを説明でき
	る散乱特性を順問題的に推定する。このアプローチ自体は、一昔前から考案されていたものの、計 小野寺 圭祐 算資源の観点から実施が困難であった。しかしながら、近年のスーパーコンピュータの発展に伴
	い、上記のような複雑で計算コストのかかるアプローチが可能になってきた。本研究では、地球で 背景 用いられている地震波伝搬シミュレーションコードを月に応用し、世界で初めてアポロ月震データ
	惑星天体の内部構造は、その起源や進化を探る上で重要な情報源を与えることから、惑星科学に と理論波形の直接比較を可能にした。結果として、現実的な物理パラメータの範囲で、アポロ月震
	おけるトップサイエンスの一つとして位置付けられている。例えば、惑星の全球的な化学組成およ データを再現することができ、今までは不確定であった散乱減衰の定量評価に成功した。本成果に
	び揮発性・難揮発性元素の割合は、形成初期の温度環境を制約する上で重要であり、惑星の形成史 より「散乱」という新しい軸で惑星間の定量比較が可能になった。今後、多様な天体での地震探査
	を議論する際の境界条件を与える。一方、惑星表層環境は、形成後の地質学的活動を大きく反映し が期待されている中で、比較時の評価指標を提示できた事は将来探査においても有用であると考え
	ており、その構造を理解することは惑星の進化史を議論する上で必要不可欠である。このように る。また、本研究成果の最大の意義として、限られた量質のデータであっても、精度の高い数値計
	様々なスケール感で内部構造を調査することは大切であり、惑星形成史をより多角的に考察するこ 算技術を駆使して天体の地下の情報を抽出できることを実証した点である。これはデータ解析が主
	とを可能にする。 流であった惑星地震学において革新的な成果であると言える。
	惑星の内部構造を探査する上で最も有効な手法の一つとして地震波観測が挙げられる。地球で
	は、1880年代後半に初めて遠地地震の科学的観測が行われ、それを皮切りに地球の一次元地震 火星浅部の弾性パラメータの推定
	波速度構造が推定されてきた。現在では、観測技術の向上・高密度かつグローバルな観測ネット インサイトによる火星での地震観測は、地球や月とは異なり観測点が一点しかないため、内部構 ワークにより、地球内部の詳細な三次元不均質構造が明らかになってきている。このように地震波 造推定に必要不可欠な情報である震源位置や発震時の決定が極めて困難である。このような状況下 観測の有用性が地球で十分に実証されていることから、他の惑星天体の内部構造探査にも応用が で火星表層構造の推定に大きく貢献しているのが「Compliance(気圧変動に対する地面の応答)」 為されてきた。例えば、1969年-1970年代後半にかけて実施されたNASAのアポロ計画で である。基本的には、観測地点における気圧変化と地面の変動を測定できれば良いため、一般的な は、月の表側に地震観測ネットワークを構築し、月の地震(月震)の観測に成功している。また、 内部構造推定手法(走時解析)で求められる震源位置や発震時、高精度な地震波フェーズ(PやSな 2018年から火星にて地震観測を行っているNASAのインサイト計画では、火星探査史上初めて ど)の読み取りを必要としない。インサイトは、単一の観測点ではあるが、地震動だけではなく気 地震波の検出に成功し、着実に火星内部構造の解明に貢献している。 象観測(気圧・大気温度・風速・風向など)も同時に実施しているため、Complianceを解析するこ
	とで表層の弾性特性(ヤング率や地震波速度)を評価することができる。実際に、インサイトの初 研究目的 期成果においては、Complianceを利用して深さ10-20mまでの構造推定に成功している。しか
	本研究では、特に月・火星の表層構造に焦点を当てる。先述の通り、各天体の表層構造の違い しながら、インサイトの初期運用段階では、データのサンプリングレートが低く、また使用できる
	は、過去の地質活動や衝突史を強く反映しており、その影響は地震波形の特徴に色濃く現れる。実 イベント数も限られていた。本研究では、インサイトが1火星年(-2地球年)観測したデータを
	際に、月・火星・地球で観測された地震波の特徴は大きく異なっており、その違いを理解すること 活用し、より多くのイベントを用いてComplianceの解析を行い、新しい地下構造モデルを作成する
	は、各天体の表層進化の違いを議論する上で大切であり、延いては世の中に存在する多様な惑星天 ことを目的とする。使用するイベント数以外にも、初期成果の段階からの大きなアップデートとし
	体の形成進化過程を解明するためのマイルストーンになることが期待される。本論文では、特に て、(I)高サンプリングレートのデータの使用に伴う解析周波数の拡大、(II)バックグラウンドの風
	「月地殻の散乱構造」と「火星表層の弾性的特性」について扱う。前者は、「なぜ地球と月では地 速を考慮したComplianceの解析が挙げられる。(I)は深さ方向の分解能の向上に貢献し、(II)について
	震波形が大きく異なるのか?」という月震観測以来の疑問への解を提示する類のトピックであり、 は圧力変動の移流速度(バックグラウンドの風速に対応)が波長と関係があるため、様々な風速の
	本研究では特に月震波形を本質的に特徴づける月地殻上部の不均質構造を定量的に評価することを イベントを解析することで異なる深さの情報を取り出すことが可能となる。本研究では、これらの
	目的とする。後者は、火星地震探査が始まったばかりであることを鑑み、まずは一次元的な弾性構 新規要素をComplianceの解析に組み込むことで、過去の研究では分解することが叶わなかった深さ
	造を構築することが優先課題となる。過去の火星探査の画像データなどから、インサイトの着陸地 1mの不連続構造の検出や深さ75m程度までの力学的特性を制約することに成功し、火星表層構
	点は過去に大規模な地質学的活動(火山活動・流水による堆積・浸食など)を複数回経験したこと 造の新しいモデルを構築した。得られた結果は、インサイト計画の中で最も信頼性の高い人工地震
	が示唆されており、本研究は当該領域の表層構造から火星の地質活動史を読み解く上での第一歩と 探査の結果と整合的であり、今後の火星表層構造探査ならびに火星表層進化史を解明する上で大き
	なる。 な足掛かりになることが期待される。
	月地殻の散乱特性評価 キーワード
	地下の不均質構造は地震波の伝搬に影響を及ぼし、特に振幅・波形・継続時間などに変化をもた 惑星地震学,
	らすことが地球の地震波観測から示唆されている。アポロ計画で取得された月の地震データは地球
	のそれとは大きく異なり、エネルギーが強く散乱された紡錘形状を示し、典型的な継続時間が1-
	2時間と異様に長い。先述の通り、地震波形の違いは内部の不均質構造を反映しているため、月に
	おける散乱環境を理解することは、不均質構造の成因すなわち表層進化史への制約を与える点で重
	要である。加えて、散乱特性を異なる天体間で比較することにより、表層進化の観点から比較惑星
	学を行うことが可能になり、多様な惑星環境への理解を深めることに繋がることが期待される。月
	の散乱特性(散乱減衰・内部減衰・拡散率など)は、地球の地震学で用いられている輻射伝達理論
	に基づき、観測された地震波形を理論式でフィッティングさせ、逆問題的に推定が行われてきた。
	この手法では、内部減衰や拡散の影響が現れやすい地震波の減衰コーダ(最大振幅からノイズフロ
	アまでの減衰部)は十分に説明できるものの、散乱の影響が支配的であるエネルギーの立ち上がり
	部分については形状を合致させることができず、特に散乱減衰については不確定性が大きい。そこ

Table 1 -List of general information of Apollo artificial impacts by Toksöz et al. (1974). * These parameters are estimated based on the improved impact location for Apollo16 S-IVB by Wagner et al. (2017).

 1 

	Impactor	Date	Time received on Earth (UT) Velocity (km/s) Impact Energy (J)
	Apollo 12 LM	Nov-20-1969	22h17m17.7s	1.68	3.36×10 9
	Apollo 14 LM	Feb-7-1971	00h45m25.7s	1.68	3.25×10 9
	Apollo 15 LM	Aug-3-1971	03h03m37.0s	1.70	3.44×10 9
	Apollo 17 LM	Dec-15-1972	06h50m20.8s	1.67	3.15×10 9
	Apollo 13 S-IVB Apr-15-1970	01h09m41.0s	2.58	4.63×10 10
	Apollo 14 S-IVB	Feb-4-1971	07h40m55.4s	2.54	4.52×10 10
	Apollo 15 S-IVB Jul-29-1971	20h58m42.9s	2.58	4.61×10 10
	Apollo 16 S-IVB Apr-19-1972	21h02m4±4s	2.5-2.6 *	4.59×10 10 *
	Apollo 17 S-IVB Dec-10-1972	20h32m42.3s	2.55	4.71×10 10

Table 2 -List of impact locations and angles of Apollo artificial impacts. Impact locations of Lunar Modules (LMs) are referred from Toksöz et al. (1974) and those of S-IVB impacts are referred from Wagner et al. (2017). Impact angles and Heading angles are referenced from Orloff (2000).

 2 

	Impactor	Latitude (°N) Longitude (°E) Angle from horizon (°) Heading angle (N°E)
	Apollo 12 LM	-3.94	338.8	3.7	305.85
	Apollo 14 LM	-3.42	340.33	3.6	282
	Apollo 15 LM	26.36	0.25	3.2	284
	Apollo 17 LM	19.96	30.50	-	-
	Apollo 13 S-IVB	-2.5550	332.1125	76	259.4
	Apollo 14 S-IVB	-8.1810	333.9695	69	284.3
	Apollo 15 S-IVB	-1.2897	348.1755	62	276.54
	Apollo 16 S-IVB	1.9210	335.3770	79	255.3
	Apollo 17 S-IVB	-4.1681	347.6693	55	277

Table 4 -List of assumed boundaries within the lunar crust. is obtained by dividing average crustal thickness (28.59 km) at the target region (40°S/15°N/50°W/5°W) with ℎ boundary depth.

 4 

	Mean boundary depth (km)

ℎ Mean boundary depth (km) ℎ

Table 6 -List of random media.

 6 

	Model	(km)	(km)	(km)		1 of velocity fluctuation
	Case 1				0.024	0.050
	Case 2	0.65	0.65	0.65	0.030	0.068
	Case 3				0.036	0.083
	Case 4				0.042	0.103

  Table 6 is preferable to reproduce the Apollo seismic records. In the discussion part, based on the results I would develop the scattering model to see the consistency with different types of observation and previous modelings.

Table 7 -List of parameters. Note that the coordinate system follows that of the OpenSWPC (i.e., + is north, + is east, + points downward). * Values in parentheses are for Apollo 16 S-IVB impact while values without parentheses are for Apollo 14 S-IVB impact.

 7 

Table 10 -Parameters for constant structure model

 10 

	Regolith Lower limit Better fitted Upper limit	Density (kg/m 3 ) 1317.27	(Pa) 9.00 × 10 6 1.55 × 10 7 0.22 115.90 (m/s) 88.31 2.30 × 10 7 141.89	(m/s) 52.92 69.44 84.59

Table 11 -Parameters for Lesage's S-wave velocity model

 11 

	Coarse ejecta	Estimated 0 (m/s)
	Lower limit 0.25	250
	Better fitted 0.20 15 0.24	310
	Upper limit 0.15	390

Table A .1 -Assumed velocity structure models for travel time computation.

 A 

		(km/s)	(km/s)	(km/s)	(km/s)	(km/s)	(km/s)	(km/s)
	Depth (km)	=2	=4	=7	=10	=14	=18	=24
	0.0	5.98	4.29	2.60	1.58	0.81	0.42	0.15
	0.2	6.01	4.35	2.67	1.65	0.86	0.45	0.17
	0.4	6.04	4.40	2.75	1.71	0.91	0.48	0.19
	0.6	6.06	4.46	2.82	1.78	0.96	0.52	0.21
	0.8	6.09	4.52	2.89	1.84	1.01	0.56	0.23
	1.0	6.12	4.57	2.95	1.91	1.07	0.60	0.25
	1.5	6.18	4.70	3.13	2.08	1.20	0.70	0.31
	2.0	6.24	4.83	3.29	2.24	1.35	0.81	0.37
	2.5	6.29	4.95	3.45	2.41	1.49	0.92	0.45
	3.0	6.34	5.06	3.61	2.58	1.64	1.05	0.53
	3.5	6.39	5.17	3.76	2.74	1.79	1.18	0.62
	4.0	6.43	5.27	3.91	2.90	1.95	1.31	0.72
	4.5	6.48	5.37	4.05	3.06	2.10	1.45	0.83
	5.0	6.51	5.46	4.19	3.22	2.26	1.59	0.94
	6.0	6.58	5.63	4.45	3.52	2.57	1.88	1.18
	7.0	6.65	5.78	4.69	3.81	2.88	2.18	1.44
	8.0	6.70	5.92	4.91	4.08	3.18	2.48	1.71
	9.0	6.75	6.04	5.12	4.33	3.47	2.78	2.00
	10	6.79	6.15	5.30	4.57	3.75	3.08	2.29
	11	6.83	6.25	5.48	4.79	4.02	3.37	2.58
	12	6.86	6.34	5.63	5.00	4.27	3.64	2.87
	13	6.89	6.42	5.77	5.19	4.50	3.91	3.16
	14	6.92	6.49	5.90	5.36	4.72	4.16	3.44
	15	6.94	6.56	6.02	5.53	4.93	4.40	3.70
	16	6.96	6.62	6.13	5.67	5.12	4.62	3.96
	17	6.98	6.67	6.22	5.81	5.30	4.83	4.21
	18	7.00	6.72	6.31	5.93	5.46	5.03	4.44
	19	7.02	6.76	6.39	6.04	5.61	5.21	4.66
	20	7.03	6.80	6.46	6.15	5.75	5.38	4.86
	22	7.05	6.86	6.59	6.33	5.99	5.67	5.23
	24	7.07	6.92	6.69	6.47	6.19	5.93	5.55
	26	7.09	6.96	6.78	6.60	6.36	6.14	5.82
	28	7.10	7.00	6.84	6.70	6.50	6.32	6.05
	30.8	7.11	7.03	6.92	6.81	6.66	6.52	6.31
	30.9	7.55	7.55	7.55	7.55	7.55	7.55	7.55

Table A .2 -Event list

 A 

	Sol	UTC (YYYY-DOY T hh:mm:ss)	Pressure drop (Pa)	Ambient wind speed (m/s)

Dans le cas de la Lune, une attention particulière est accordée à la diffusion sismique qui a été considérée comme l'un des problèmes les plus importants de la sismologie lunaire. L'indentification précise des phases sismiques (par exemple, P, S) est nécessaire pour déterminer précisément la structure interne. Cependant, la diffusion intense masque les arrivées de signaux, ce qui entraîne des incertitudes 1-2 ordres de grandeur de que sur terre. Cela conduit à une grande incertitude dans la structure résultante. Cette situation laisse la structure interne lunaire détaillée sans contrainte et nous avons encore du mal à donner une contrainte critique sur son origine et son évolution. Par conséquent, il est important de comprendre l'environnement diffusive sur la Lune et d'extraire autant que possible des informations des données disponibles. Bien que certaines études aient travaillé sur ce sujet à partir de la modélisation du transfert radiatif, ces estimations présentent encore un large éventail d'incertitudes et les propriétés de diffusion lunaire laissées faiblement contrainte. En effet, la théorie du transfert radiatif fonctionne bien pour la désintégration de la coda sismique qui reflète fortement l'atténuation intrinsèque, bien qu'elle ait du mal à ajuster pleinement les enveloppes de la première arrivée à l'arrivée du pic d'énergie où les effets de diffusion sont plus dominés. Ainsi, des recherches plus approfondies sont nécessaires pour représenter pleinement la forme d'onde de la coda observée sur la Lune. Afin d'évaluer la diffusion sismique sur la Lune de manière plus directe, cette étude se concentre sur la simulation de propagation des ondes sismiques en 3D dans un milieu hétérogène. L'idée elle-même a été envisagée longtemps auparavant, alors qu'elle était techniquement difficile à réaliser car elle nécessitait une vaste ressource de calcul. Grâce au développement récent des ordinateurs à haute performance (par exemple, Earth Simulator au JAMSTEC, Japon), de tels calculs coûteux sont devenus possibles. Tirer le meilleur parti du supercalculateur récent me permet de calculer la propagation des ondes de manière stable jusqu'à 2,0 Hz correspondant à la fréquence de calcul la plus élevée dans ce domaine. En fait, il couvre complètement la bande de fréquences d'observation du sismomètre Apollo à longue période (LP) (0,3 -1,5 Hz), ce qui permet pour la première fois de comparer directement les synthétiques avec les observations dans la même bande de fréquences. En conséquence, j'ai réussi à reproduire les ondes sismiques lunaires qui sont identiques aux données réelles. Cela a conduit à l'évaluation quantitative des paramètres de diffusion tels que le coefficient de diffusion et le facteur d'atténuation de la diffusion qui restaient auparavant mal contraints. Ces paramètres m'ont permis de discuter des différences d'environnement de diffusion entre les différentes planètes. Les comparaisons du facteur de qualité de diffusion ( ) et du facteur de qualité intrinsèque ( ) entre la Terre, la Lune et Mars

2 (22)where is the measured stress, is the time duration of the observed signal for stress, is the density of target material and is wave speed. Combining this equation and their results with Equation 21 results in the seismic efficiency of 5 × 10 -3 slightly higher than the values by the studies having measured seismic signals

Data Processing

Workflow

Before explaining each data process, I give an overview of the entire procedure from the data acquisition to the computation of compliance. First, I search convective vortex events from the InSight atmospheric event catalog [START_REF] Spiga | A study of daytime convective vortices and turbulence in the Martian planetary boundary layer based on half-a-year of InSight atmospheric measurements and large-eddy simulations[END_REF] and select the events that meet my requirements in terms of sampling rate and the intensity of pressure deficits. Then, I perform a preprocess on respective data so that I can use them for scientific analyses. After that, in order to select the events to which Sorrells' theory is applicable, I conduct a screening procedure by looking into the correlation between the ground velocity and pressure load. In the end, the spectra of seismic and pressure data for the events that pass the screening procedure are computed in order to obtain the normalized compliances which are used for the inversion scheme to estimate the elastic properties at the landing site.

Dataset

In the following analysis, I focus on convective vortices that are selected out of the period from Sol66 (2019-Feb-2) to Sol745 (2020-Dec-31), referring the atmospheric event catalog by [START_REF] Spiga | A study of daytime convective vortices and turbulence in the Martian planetary boundary layer based on half-a-year of InSight atmospheric measurements and large-eddy simulations[END_REF]. The channels of the seismic and meteorological data are summarized in Table 8. For the seismic and pressure data, I used the continuous VBB and PS data. These data were acquired at 10 and 2 sps with the VBB and PS, respectively, until Sol175, and then at 20 and 10 sps for the following sols. I also use the wind data from the TWINS sensor (Temperature and Winds for InSight; Banfield et al., 2018). The TWINS data were mainly used to estimate the background average wind speeds (i.e., ambient wind speeds). As the highest sampling rate data were not necessarily required to estimate them, I used data with various sampling rate (0.1, 0.5, or 1 sps). Note that the vortex events observed in the period when TWINS data were not available were excluded from the analysis. For this study, I selected 500 events among the largest 861 vortices, covering 1.0˘9.5 Pa pressure drops (Figure 61). As shown in Figure 62, these selected pressure drops were detected during the daytime when the Martian atmosphere gets active. The list of events used in this study is available in Table A.2 in Appendices. decreases with depth for WS1 and WS2 cases, it increases in the case of WS3. It is considered that these differences stem from the profile trends at the lowest frequency of compliance (Figure 69). Basically, as the sensitivity decreases with depth, it becomes more difficult to constrain the elastic properties, and also the variation gets more diverse. In principle, the higher wind speeds can sound the deeper structure. Thereby, it looks more reasonable to rely on the results of WS3 showing an increase of rigidity with depth. I would like to get back to this point after putting these pdfs together and making an integrated probability distribution for rigidity.

Next, to integrate the information at various depths (pdfs in Figure 69), we performed another inversion using the scheme described in section 3.6. In that scheme, the misfit value is calculated as the sum of the three misfit values using Equation 46for each wind speed group.

Figures 71a-c show the fits to the respective mean compliance profiles, and Figures 71d-e show the pdf of Young's modulus obtained by inverting the compliance data of the three wind speed groups simultaneously. Below the sharp transition occurring at 1 m depth, Young's modulus shows a gradual increase with depth. Considering the magnitude of the Young's modulus value (∼ 10 8 Pa), the slight increase towards the deeper part

Model fit of regolith and coarse ejecta layers

Based on the seismic wave velocity model proposed by [START_REF] Morgan | A pre-landing assessment of regolith properties at the InSight landing site[END_REF] and [START_REF] Lesage | A generic model for the shallow velocity structure of volcanoes[END_REF], I construct some possible models to explain my results. Since [START_REF] Morgan | A pre-landing assessment of regolith properties at the InSight landing site[END_REF] obtained the model of seismic wave velocity and Young's modulus as a function of depth from the laboratory measurements of Martian regolith simulants, I used their model to fit the topmost low-Young's modulus layer. On the other hand, [START_REF] Lesage | A generic model for the shallow velocity structure of volcanoes[END_REF] made a generic velocity model by gathering seismic records in some volcanic regions on Earth. While [START_REF] Morgan | A pre-landing assessment of regolith properties at the InSight landing site[END_REF] considers several meters scale, Lesage's generic model goes down to 500 m depth. Thereby, I used Lesage's model to fit the structure below sharp transition (> 1 m depth).

For fitting the regolith layer, I employed Morgan's model and tried to estimate the possible range of seismic wave velocities (P-and S-wave). In their model, P-wave velocity is defined as

where 0 is P-wave velocity at 1 kPa (corresponding to ∼10 cm depth for Mars), is confining pressure as a function of depth. Following [START_REF] Morgan | A pre-landing assessment of regolith properties at the InSight landing site[END_REF], is set to 0.3 here. Confining pressure is calculated with

where 0 corresponds to atmospheric pressure at the Martian surface (∼0.6 kPa), ( ) shows the density as a function of depth and is Martian gravitational acceleration (3.71 m/s 2 ). 0 , and are parameters characterizing the extend of compaction. Following Banerdt et al. (2020), I chose "densely compacted" model ( 0 = 1500 kg/m 3 , = 4.33 m and = 5 m) from Table 1 by [START_REF] Morgan | A pre-landing assessment of regolith properties at the InSight landing site[END_REF]. For S-wave velocity, we simply assumed / = 1.71 based on Poisson's ratio of regolith ( = 0.22; Table1 in Kenda et al.(2020)). Young's modulus can be defined using as

Substituting the assumed parameters shown in Table 9 gives Young's modulus profiles displayed as magenta lines in Figure 75a. The dashed lines correspond to the upper and lower limit, and the solid line represents one of the best fits. It can be found that the high probability region (pdf>10 %) is not well fitted with Morgan's model compared with the model simply assuming the constant structure model whose parameters are summarized in Table 10. This might indicate that my analysis does not fully resolve the shallowest structure fine enough to see the gradual increase of rigidity even if I extended the frequency range as high as possible. In the following interpretations, the constant model is employed.

Paying attention to the 1 m depth, there is a structural discontinuity in the pdf (jump up of Young's modulus by a factor of 10). This discontinuity is thought to be attributed to a clear change of material state and/or composition rather than the compaction of regolith. Several candidate materials (coarse ejecta, fractured bedrock and basalt layer) can be considered from previous estimations (Kenda et al., 2020 and references therein). From the viewpoint of the indicated Young's modulus, coarse ejecta (∼10 8 Pa) appears most plausible. Taking this into account, I further investigate the deeper structure. 

A Appendices

A.1 Parameter study on / ratio

For the best structure model (Case 4 in Figure 34), I looked into how / ratio affects the resulting envelopes. Note that only is varied with keeping fixed. Figure A.1 displays the simulated envelopes of three components for the various / ratio (1.73, 1.85, 2.00 and 2.10 from the top to bottom). Focusing on the rise-time arrival, it is obvious that the higher / ratio delays the arrival and makes it coincide with the observation better. However, as seen in the horizontal components for / =2.10, if is too small, the delayed S-wave energy causes the lack of energy before rise-time arrival. In terms of envelope shape, / =2.00 shows better agreement with the Apollo data, which can be confirmed quantitatively in Figure A.2. As a side note, this value is consistent with those proposed or employed in the previous studies (e.g., [START_REF] Lognonné | A new seismic model of the Moon: implications for structure, thermal evolution and formation of the Moon[END_REF][START_REF] Gagnepain-Beyneix | A seismic model of the lunar mantle and constraints on temperature and mineralogy[END_REF][START_REF] Garcia | Very preliminary reference Moon model[END_REF]. These tests indicate that the / ratio plays a significant role in controlling the envelope shape. In other words, it could be possible to constrain the velocity structure as long as we have envelopes even if the arrival times are poorly determined. In planetary seismology, as high-quality data are not always available, this kind of approach would be helpful to maximize the scientific outputs from the limited observation. 

A.2 Source assumption: Isotropic radiation vs body force

To evaluate the effect of source assumption on the resultant waveforms and their spectral features, I conducted an additional simulation with respect to the body force (single force) where the source is given as an impulse with the three-dimensional force components based on the velocity vector shown in Figure A.3 (Orloff, 2000). The same source-time function as presented in the main text was assumed (i.e., the model by [START_REF] Gudkova | Large impacts detected by the Apollo seismometers: impactor mass and source cutoff frequency estimations[END_REF][START_REF] Gudkova | Impact cutoff frequecy -momentum scaling law inverted from Apollo seismic data[END_REF]. That is, the only difference from the isotropic radiation model adopted in the main text is the radiation pattern. Figures A.4 and A.5 show the simulated waveforms for the isotropic radiation and the body force cases compared with the Apollo data, respectively. There are some small differences between the two synthetics. Yet,