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Initial results and updated plans of the BepiColombo mission during interplane-
tary cruise

#Go Murakami),Johannes Benkhdff

(1JAXA/ISAS,PESA

The ESA-JAXA joint mission BepiColombo is now on the track to Mercury. After the successful launch of the two
spacecraft for BepiColombo, Mio (Mercury Magnetospheric Orbiter: MMO) and Mercury Planetary Orbiter (MPO), com-
missioning operations of the spacecraft and their science payloads were completed. BepiColombo will arrive at Mercury
in the end of 2025, and it has 7-years cruise with the heliocentric distance range of 0.3-1.2 AU. The long cruise phase also
includes 9 planetary flybys: once at the Earth, twice at Venus, and 6 times at Mercury. Even during the interplanetary cruise
phase, the BepiColombo mission can contribute to the heliospheric physics and planetary space weather in the inner solar
system. In addition, NASA's Parker Solar Probe was launched in 2018 and it is orbiting around Sun ("0.05 AU at perihelion).
ESA’s Solar Orbiter was launched in February 2020 and will have a highly elliptic orbit between 1.2 AU at aphelion and
0.28AU at perihelion. Up to now we have performed several science observation campaigns with other missions and success-
fully obtained science data during cruise. These multi spacecraft observations provide us great opportunities to investigate
the inner heliosphere. In 2021 the second Venus flyby and the first Mercury flyby will happen on 10 August 2021 and on
1 October 2021, respectively. Here we present the updated status of BepiColombo mission, initial results of the science
observations during the interplanetary cruise and planetary flybys, and the upcoming observation plans.
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Venus and Mercury fly-by observations by MPPE-MIA on BepiColombo/Mio
#Yoshifumi Saitd), Yuki Harad& ,Shoichiro Yokotd& ,Wataru Miyaké)
(11SAS,2Dept. of Geophys., Kyoto UnivOsaka Univ{*Tokai Univ.

BepiColombo Mio was successfully launched by Ariane 5 from Kourou, French Guiana on 20 October 2018. The Mercury
Plasma/Particle Experiment (MPPE) is a comprehensive instrument package on Mio spacecraft for plasma, high-energy
particle and energetic neutral atom measurements. It consists of 7 sensors: two Mercury Electron Analyzers (MEAL and
MEAZ2), Mercury lon Analyzer (MIA), Mass Spectrum Analyzer (MSA), High Energy Particle instrument for electron (HEP-
ele), High Energy Particle instrument for ion (HEP-ion), and Energetic Neutrals Analyzer (ENA). MIA that measures 3D
phase space density of low energy ions between 15eV/q and 29keV/q was developed for understanding (1) structure of the
Mercury magnetosphere, (2) plasma dynamics of the Mercury magnetosphere, (3) Mercury - solar wind interaction, (4)
atmospheric abundances, structure, and generation/loss process, and (5) solar wind between 0.3 and 0.47 AU. In order to
achieve these science objectives, MIA was designed to measure the three-dimensional distribution function of both solar
wind ions around Mercury, and Mercury magnetospheric ions.

After experiencing Earth fly-by in April 2020 and 1st Venus fly-by in October 2020, the necessity of modifying the MIA
flight software in MDP (Mission Data Processor) was identified. Although the output range of the onboard calculated ion
velocity moment is limited, the definition of the output range was not optimum. The optimum output range and the software
modification to implement the new output range were decided by using the MIA simulator that outputs the count rate obtained
by MIA taking into account the analyzer characteristics determined by the pre-flight calibration and the MDP MIA software
simulator that generates exactly the same velocity moment as flight MDP MIA software. The new software was successfully
uploaded on 22 June 2021.

The 2nd Venus fly-by is scheduled in August 2021 and the 1st Mercury fly-by is scheduled in October 2021.During the
Venus and Mercury fly-bys most of the MPPE analyzers including MIA will be turned on and will make observation of Venus
induced magnetosphere and Mercury Magnetosphere though most of the field of view of the MPPE analyzers are blocked by
MOSIF (MMO Sunshield and Interface Structure) before arriving at Mercury in December 2025. During the 1st Venus flyby,
MIA succeeded in observing energy spectra of low energy ions around the bow shock of Venus and in the Venus plasma
sheet. Since the closest distance to Venus during the 2nd Venus flyby is shorter than the 1st Venus fly-by, we are expecting
another interesting data set that can be analyzed together with other instruments on Mio not to mention other analyzers of
MPPE instrument suits.

We are planning to turn on most of the MPPE analyzers including MIA during the future Mercury fly-bys scheduled in
June 2022, June 2023, September 2024, December 2024 and January 2025. The observation with full performance of MIA
will start after Mio’s arrival at Mercury in December 2025.
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ARTEMIS observations of Auger electrons and photoelectron beams emitted from

the dayside surface

#Masahisa Katb,Yuki Haradd),Shaosui X& ,Andrew R. Popp#,Jasper S. Halek&sYohei Miyake) Hideyuki Usu?,
Masaki N Nishind

(IDept. of Geophys., Kyoto Univ2SSL, UCB{*Dept. Phys. & Astron., Univ. low&:Kobe Univ.°System informatics,
Kobe Univ{6JAXA

Since the Moon does not possess an dense intrinsic atmosphere, the lunar surface is exposed to its ambient plasma envi-
ronment. Surface charging is one of the phenomena resulting from interactions of the lunar surface with ambient charged
particles and solar radiation. An observable indicator of lunar surface charging has been provided by a cold beam of electrons
accelerated upward from the surface. On the dayside of the Moon, the beam energy is thought to be determined by a negative
potential minimum possibly formed above the photo-emitting surface (i.e., non-monotonic potentials), suggesting that the
upward beam energy does not necessarily provide direct and definitive evidence for the postulated negative potential at the
surface level.

When an inner shell electron is emitted from an atom by an incident energetic photon or particle, the ion relaxes to a lower
energy state by releasing an X-ray photon or an outer shell electron. This ejected electron is calledgan electron’.

Auger electrons have intrinsic energies characteristic of the emitting element (e.g., “500 eV for O).

Xu et al. (2021) reported first Auger electron observations by ARTEMIS at the Moon. As the Auger electrons are emitted
from the surface with a fixed, characteristic energy, we can expect that observations of energy shift of the Auger electron line
enable us to infer the electrostatic potential at the surface level, as opposed to the non-monotonic potential minimum probed
by the upward electron beam. In this study, we analyzed electron data from ARTEMIS, and have found a number of Auger
electron events indicative of the expected energy shift. We will compare the observed energies of Auger electrons and those
of cold electron beams, thereby discussing electrostatic potentials at and above the lunar surface and the relationship between
the two.
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Polarization of ultra-low frequency waves observed by Kaguya at low altitude
above the Moon in the earth’s magnetosphere

#Tomoko Nakagawa,Seiya Endd,Yuto Kubo"),Futoshi Takahashi,Hisayoshi Shimiz#!, Yoshifumi Saitd)

(ITohoku Inst. Tech(2Kyushu Univ.*ERI, University of Tokyo(*ISAS

At altitudes lower than 20km from the lunar surface, Kaguya MAP-LMAG detected ultra-low frequency wave of 0.02 Hz
with clear circular polarization when the Moon was in the Earth’s magnetosphere. The polarization was clearly left-handed
with respect to the background magnetic field, negative Bx in the southern lobe of the Earth’s magnetosphere. It reversed to
be right-handed in a short period of positive Bx in an excursion of the Moon to the northern tail lobe. It suggests that the
sense of rotation of the magnetic field vector was fixed at the generation site. The magnetic field rotation sometimes switched
to another rotation around a new center, as if the spacecraft transferred to another new wave packet.
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Possibility of water-ion parallel acceleration in the comet 67P/Churyumov ?
Gerasimenko: observation by the Rosetta spacecraft

#Tsubasa Kotahi,Masatoshi Yamauchi,Hans Nilsso® ,Gabriella Stenberg-WiesérMartin Wiese?),Sofia Bergmati,
Satoshi Taguchi,Charlotte Goet?

(1Graduate school of Science, Kyoto UnfiRF-Kiruna(*ESTEC, European Space Agency, Noordwijk, The Netherlands

Acceleration of the comet-origin water ions is considered mainly by the bipolar electric field and by the solar wind electric
field perpendicular to the magnetic field. The ESA/Rosetta observations of the comet 67P/Churyumov-Gerasimenko over
two years revealed that the acceleration of these water ions is more complicated than previously thought. Rosetta Plasma
Consortium’s lon Composition Analyzer (RPC/ICA) detected comet-origin water ions that are acceleratdiDteV [1].

The majority of them are ordinary pick-up acceleration during low comet activity [2,3]. During the high comet activity near
the perihelion when a comet magnetosphere is formed where solar winds cannot reach and solar wind electric field is strongly
deformed.

When the Rosetta is located inside the magnetosphere but marginal location, we sometimes observed water-ion accelera-
tion to >1keV and some of them are flowing along the magnetic field [4]. In this meeting, we show one of these observations
and discuss possible acceleration scenarios.
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Generic Plasma Irradiation System for Modeling of Space Weathering at Solar
System Bodies: Current Status of Commissioning

#Tomoki Kimura),Ostuki Misakd’, Tomohiro Kitand),Ryo Hoshind’, Yusuke Nakauchi,Jun Kimurd) ,Go Murakami),Naoki
Teradd ,Hideyuki Usu?’,Masaki N Nishin&,Shoichiro Yokot& ,Yohei Miyake®

(I Tokyo University of Scienc&ISAS/JAXA,CEarth & Space Science, Osaka UritDept. Geophys., Grad. Sch. Sci.,
Tohoku Univ.(5System informatics, Kobe Uni¥JAXA, ("Osaka Univ{®Kobe Univ.

Surface and atmosphere of solar system bodies are continuously irradiated with the space plasma, solar photon, cosmic
ray, and micrometeorite, which are responsible for long-term alteration of the planetary surface and atmospheric materials
on timescales up to the geological scale (Giga years). This is known as the 'space weathering’. The space weathering ac-
companies physical and chemical changes in the materials (see e.g., Johnson et al., in Jupiter textbook, 2004). For example,
organic compounds like tholins are likely created and destroyed via the space weathering at Titan’s upper atmosphere and
icy moon’s surfaces at Jupiter and Saturn (e.g., Waite et al., 2007; Lopez-Puertas et al. 2013). This suggests that the newly
created/destroyed compounds are accumulated on the surface over the geological time scale. These are likely essential energy
and material sources for the surface, atmosphere, and possibly interior. However, the physical and chemical changes by the
geological timescale weathering is still not unveiled because they have not been exactly reproduced by any experimental
methods. Here we develop a new laboratory experiment system that reproduces the geological timescale weathering driven
by the space plasma irradiation. We successfully completed the irradiation system with the world-highest fider@2 (
particles/cm2) of ions and electrons at 1-30 keV. This corresponds to e.g., the irradiation time of 100s Mega years at Jupiter’'s
icy moons. In this talk, we report the current status of irradiation system commissioning and the upcoming experiment plans.
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Examination of the origin of NaCl on the surface of Jupiter's moon Europa by
telescope observation

#Kizuku Hamad®&, Yukihiro Takahash? ,Mitsuteru SATG),Seiko Takady

(IFaculty of Science,Hokkaido Univ.

A mantle plume geyser, believed to have originated in the inner sea, has been observed by the Hubble Space Telescope
(HST) on Jupiter’s moon Europa [Roth et al., 2014]. If the material of the inner sea is deposited on the ground surface,
examining its composition will lead to the estimation of the composition of the inner sea. So far, observations by the Hubble
Space Telescope (HST) have observed the absorption of specific light (color center) that appears near 460 nm on the surface
of Europa due to the exposure of NaCl to radiation, called the F center. [Samantha et al., 2019], suggesting the presence of
NacCl in the inner sea. However, absorption near 720 nm, which is expected to occur by the same mechanism, has not been
confirmed. In addition, HST observations are limited to four times in a specific four months, and long-term fluctuations on
a yearly basis, which indicate temporal fluctuations in mantle plumes, have not been investigated. In this study, continuous
observation was performed in a wide band (maximum 400-1,100 nm) using the spectrum imager MSI mounted on the Pirka
telescope with a primary mirror diameter of 1.6 m owned by Hokkaido University. Clarify time fluctuations. Using the
results of electron beam irradiation experiments [Poston et al., 2017] on NaCl in an environment that reproduces the surface
of Europa, NaCl began to be irradiated to electron beams from the observed attenuation rates of 460 nm and 720 nm. Back-
calculate how long has passed. From this, it is determined whether NaCl is derived from the inner sea, meteorite, or present
from the time of Europa formation.

We started observing Europa in August 2020, and between 400-550 nm and 650-800 nm, the bandwidth is 3.90-10.2 nm
for 400-550 nm, 4.17-7.62 nm for 650-800 nm, and the center wavelength. The image is taken at an interval of 10 nm. As
a result of analyzing the spectra acquired on August 17, 20, September 28, and October 20, 2020, absorption was confirmed
around 430 nm. Although this is a wavelength close to 460 nm reported in previous studies, it may be a Fraunhofer line 430
nm absorption line, and we are carefully examining it. In addition, no absorption was confirmed near 720 nm.

In the future, in order to remove the spectrum of sunlight, we will acquire the spectrum of the moon that is also reflecting
sunlight, and confirm the fluctuation of the spectrum by continuing the Europa observation. In addition, we are considering
conducting an electron beam irradiation experiment in order to investigate the time variation of the salt that may be present
in Europa when it is irradiated with an electron beam.
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Numerical radar simulation for the explorations of the ionosphere at Jupiter’s icy
moons

#Rikuto Yasud& , Tomoki Kimura&),Hiroaki Misawa) ,Fuminori Tsuchiy® ,Atsushi Kumamot® , Yasumasa Kasaba
(IPPARC, Tohoku Univi2Tokyo University of Scienc€PPARC, Tohoku Univt?Planet. Plasma Atmos. Res. Cent., Tohoku
Univ.,(®Tohoku Univ.

Jupiter’s icy moons such as Europa and Ganymede may harbor subsurface liquid water oceans and have ionospheres and
plumes created from the oceanic water materials. While only Earth has the ocean on the surface in the current solar system,
multiple icy bodies like the icy moons of giant planets have oceans in their subsurface under the icy crust. The icy bodies’
oceans are potentially more universal habitable environment than the Earth-type surface ocean. Structures of the ocean and the
ionosphere of the icy moos are essential information for understanding the universality of habitable environments. However,
the structures of the oceans are unknown because in-situ or lander explorations on the surface of icy objects, the most effective
method for exploring the structures, are still at technically conceptional level at present. The structures of ionospheres are still
unclear as well because the ionospheric radio occultation and other effective explorations have difficulties of limited observing
opportunities. Here we are going to uncover the structures of the ocean and the ionosphere of Jupiter’s icy moons by the radar
exploration with the Radio & Plasma Wave Investigation (RPW!I) and the Radar for Icy Moon Exploration (RIME) onboard
the JUpiter ICy moons Explorer (JUICE) launched in 2022. For the investigations of radio wave sounding in and around the
icy moons with RPWI and RIME ranging in tens KHz to tens MHz, we are now developing a numerical simulation code that
models the propagation of electromagnetic (EM) waves in the ionospheres of the icy moons. As the first step, we emulate
occultation of the Jovian radio waves by the icy moon’s ionospheric structures during the flybys of the Galileo spacecraft to
Jupiter’s icy moons. In this presentation, we are going to propose the vertical ionospheric profiles at the altitude below the
orbiter where only remote observations can reach. So far (July 2021) we have found that the EM wave rays are significantly
refracted in the ionosphere and have demonstrated that the structures are detectable by the comparison between the observec
dynamic spectra and simulated ones. As the next step, we will also simulate the reflection and transmission of the EM waves
in the icy crust and underlying ocean. After completing these studies, we will be able to elucidate icy moon’s ionospheric
and subsurface structures by combining our model with the JUICE radar explorations. The combination of our model and
the JUICE radar explorations would also constrain the pressure and temperature of the subsurface, which finally lead to deep
understandings of the icy moon’s habitability.
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Variability of lo plasma torus based on ground-based observation during 2015

through 2021

#Masato Kagitart!,Fuminori Tsuchiy& , Takeshi Sakan®i
(PPARC, Tohoku Univ

Volcanic gases (mainly composed of SO2, SO and S) originated from jovian satellite lo are ionized by interaction with
magnetospheric plasma and then form a donut-shaped region called lo plasma torus. lon pickup is the most significant energy
source on the plasma torus though, distribution of pick-up region and its variability is still unclear. Density profiles of ions
along the magnetic field line are determined under condition of diffusive equilibrium. Based on the equilibrium, plasma
equator is close to the centrifugal equator though, higher ion anisotropy moves the plasma equator toward the magnetic
equator. Measuring ion distribution with enough special resolution enables us to derive ion anisotropy which is tightly related
to the amount of fresh pickup ion. On this study, we focus on variability of latitudinal structure of lo plasma torus as well as
its radial structure using ground-based observation starting from 2018 through 2020.

The ground-based observation of sulfur ion emission, [SIl] 671.6 nm and 673.1 nm was made at Haleakala Observatory in
Hawaii during December 2014 through July 2021 using Tohoku 60-cm telescope. A monochromatic imager with coronagraph
attached onto the telescope enables to measure distribution of singly charged sulfur ion with spatial resolution of 0.03 jovian
radii. A digital micro-mirror device DMD was employed to block light from Jupiter disk and Galilean moons. Typical
integration time of each frame was 20 minutes and total number of reduced images is about 1500. We also made observation
of neutral sodium cloud extending up to several hundred of RJ as a proxy of supply of neutral particles from lo (Yoneda et
al., 2015).

From the monitoring observation in 2020, [SII] brightness increases from DOY 120 through 160, then gradually decreases
though DOY 230, whereas the brightness scaleheight indicating ion temperatures increased gradually from 0.9 RJto 1.2 RJ
during DOY 150 through 220. Given that the primary source of S+ in the lo plasma torus is the electron impact ionization of
S, SO and SO2, the [SII] brightening suggests increase in the neutral densities, presumably associated with volcanic active
events.

Over the past six years, we identified three prominent peaks of [SII] brightness in February 2015, August 2019 and June
2020. In the three cases, [SII] ribbon scaleheight started to increase just after [SII] brightness peaks suggesting increase of
ion temperature due to volcanic outbursts.
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Long-term monitoring of Jupiter’s aurora and lo torus by Hisaki EXCEED
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Univ.,(TJAXA, 8The Univ. of Tokyo

Hisaki is an Earth-orbiting spacecraft equipped with a UV spectroscope that primarily observes planetary atmospheres and
magnetospheres. The spectrometer EXCEED (Extreme Ultraviolet Spectroscope for Exospheric Dynamics) has a unique
dumbbell-shaped slit for observing the lo plasma torus and Jovian aurora simultaneously. Hisaki EXCEED can continuously
observe the Jovian system along the 106 min orbit for several months, which is a feature never available for large facilities
such as Hubble Space Telescope. Hisaki EXCEED began its monitoring of the Jovian aurora and lo plasma torus in December
2013 with the dumbbell slit. Because of the degradation of the Hisaki EXCEED field of view camera, it is more difficult to
track the target with the guide camera after mid-2016. The location of Jupiter was set to in the narrow slit region, however,
sometimes aurora moved away from the narrow slit region. Therefore, we use two observing modes, torus mode and aurora
mode since 2017. The Jovian disk is located in the wide-slit region for the aurora mode. Both north and south auroras are
observed, and only one side of the torus can be seen. For the torus mode, we set the location of Jupiter to the narrow slit
region, and the torus fit within the wide-slit region. We have been developing a pipeline to correct the center position of the
Jovian disk and derive the time series of the aurora over 900-1480 A and torus power over 650-780 A. Several transient and
solar wind induced brightenings were observed after 2016. The optical observation of the torus showed that sulfur ribbon
brightness increased in mid-2019 and mid-2020, however, the UV torus brightness did not show a notable change during this
period. In this study, we will show the time series of the total auroral power as well as the torus emission.
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KOSEN-1 Jupiter radio observation campaign with ground-based radio telescopes
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Jupiter produces auroral radio emissions at frequencies below 40 MHz from both north and south polar regions of the
planet. The highest frequency radio component is called decametric (DAM) radiation covering in a broad frequency range of
a few through 40 MHz. Jovian DAM radiation is partially controlled by the Jovian moon lo, thereby being called lo-related
DAM (lo-DAM) emissions. The lo-DAM comprises of millisecond-varying bursts called short-bursts or S-bursts. Because
the ground-based radio reception is sensitive down to 10 MHz, there are several long-baseline interferometer studies for Jo-
vian S-bursts in understanding the radio beaming structures with thickness of beaming. According to the previous studies,
the minimum thickness of the DAM emissions is estimated at least larger than a 2.75” east-west size (Imai et al., 2016, 2019)
and a 1.8” north-south size (Lynch et al., 1976) using several radio telescopes (including LWA1). However, the length of the
baseline in a usable pair on the ground is physically limited by the diameter of Earth and the U-V coverage is biased due to a
sparse low-frequency radio telescope network. Expanding the baseline provides a benefit to further constrain the size of the
S-burst beam thickness.

KOSEN-1 is the first 2U CubeSat developed by 10 colleges of the National Institute of Technology (NIT) in Japan. This
CubeSat is equipped with a software-defined radio (SDR) receiver that can monitor the electric fields of the waves around
20 MHz by means of a 7-m long dipole antenna. The SDR receiver can provide both waveforms and spectra in a 2-MHz
bandwidth depending upon the available telemetry to the ground, while the timing of the records is synchronized with the
GPS 1 Pulse-Per-Second. Since its launch in 2021 fiscal year, KOSEN-1 will have maintained its polar orbit around Earth,
freely observing Jovian DAM radiation. We propose to observe a total of 16 lo-DAM S-burst events with KOSEN-1 and
ground-based radio telescopes, including LWA1 and LWA-Sevilleta. Also, additional ground-based support is planned with
the Deployable Low-band lonosphere and Transient Experiment (DLITE; Helmboldt et al., 2021) in New Mexico, Maryland,
and Florida, as well as, Radio JOVE citizen scientist observers. These multi-baseline observations would give a new way
of probing the Jovian S-burst beam thickness. In this presentation, we will review the radio observation system onboard
KOSEN-1 and show the plan of KOSEN-1 Jupiter radio observation campaign with the ground-based radio telescopes in
2021 fiscal year.
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Jupiter Icy Moons Explorer JUICE: Science goals of JUICE-Japan team
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JUpiter ICy moons Explorer (JUICE) is the ESA’s first L-class mission to Jupiter and its satellite system. The launch is
scheduled in 2022 and the spacecraft will arrival at Jupiter in 2029. The spacecraft will spend at least three years making de-
tailed observations of Jupiter and three of its largest moons, Ganymede, Callisto and Europa. Among the eleven instruments
of JUICE spacecraft, parts of four instruments (SWI, GALA, PEP, and RPWI) are provided from Japan. The JUICE mission
will provide an opportunity not only for the Japanese science communities of space physics and planetary geophysics, but
also those of cosmo/geochemistry, planetary formation, and astrobiology. To maximize potential value of the JUICE mission,
interdisciplinary collaborations and cooperation are required for understanding the origin, evolution, and habitability of the
Jovian system. In the present talk, we will discuss science goals of the JUICE-Japan team, especially focusing on interdis-
ciplinary sciences. We discuss key observations by the JUICE spacecraft for understanding the formation mechanism of the
Jovian system and potential biomarkers on Europa.
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Radio & Plasma Wave Investigation (RPWI) aboard JUICE: Sciences and their
feasibilities for Jupiter and Icy Moons

#Yasumasa KasabgHiroaki Misawa),Fuminori Tsuchiy® ,Atsushi Kumamot® , Tomoki Kimura) ,Hajime Kita®),Rikuto

Yasuda’,Yuto Katoh’,Yoshizumi Miyosht),Yoshiya Kasaharfa,Satoshi Yagitarfi?,Hirotsugu Kojim&),B. Cecconi’,Jan-

Erik Wahlund”

(I Tohoku Univ.(2Tokyo Univ. SciencésTohtech({*ISEE, Nagoya Univi®Kanazawa Univ{°RISH, Kyoto Univ.(7Obs. de
Paris(®IRF Uppsala

Outer solar system is one of the key area of future sciences. JUpiter ICy moons Explorer (JUICE) is ESA' first L-class
mission which will aims the largest target in this area, Jupiter and its large icy moons. Now, JUICE is during the final test
campaign before the launch planned in 2022, and showing the good capability to perform the outer solar system explorations
in early 2030s. This talk shows a view of Radio & Plasma Wave Investigation (RPWI) aboard JUICE which provides a unique
and first opportunity in this huge mission.

Japan contributes this mission by the participation to the development of four instruments (PEP, RPWI, GALA, and SWI)
and the science teams of six instruments (the above four plus JANUS and J-MAG). RPWI provides an elaborate suite for elec-
tromagnetic fields and plasma environment around Jupiter and icy moons, with 4 Langmuir probes (LP-PWI; 3-axis E-field
-1.6 MHz, and cold plasmas), a search coil magnetometer (SCM; 3-axis B-field -20 kHz), and a tri-dipole antenna system
(RWI; 3-axis E-field 0.08-45 MHz, 2.5-m tip-to-tip length). The RPWI Japan team provides the high frequency part of this
system, i.e., Preamp of RWI and its High Frequency Receiver (HF), under with the collaboration of Japan, France, Poland
and Sweden. In this paper, we provide the performance and operation concepts with their feasibilities, including the test
and emulation results on the ground, planned activities in commissioning and cruise phases, and the full observations around
Jupiter and icy moon system. Those are the basis of the observation and telemetry plans which are now heavily discussed in
the JUICE SWT including RPWI.

We have confirmed that this system has high sensitivity reaching close to the galactic background enough for the detection
of Jovian radio emissions from magnetosphere (aurora etc.), atmosphere (lightning), and icy moons. Direction and polar-
ization capabilities are first enabled in the Jovian system, to identify their source locations and characteristics. RPWI with
other instruments covers the survey of harsh environment around Jupiter, environments and interaction with icy moons, and
their surface and subsurface characteristics. The most key parts is the sensing of the ionospheres, surface, and subsurface of
icy moons during the flybys and on the orbit around Ganymede. Our 'High frequency part of RPWI' can do unique remote
observations of the ionospheres below the spacecraft orbit by the radio occultation and reflection of Jovian radio signals, It
has a capability to detect the highest ionospheric density not only in usual status but also episodic plume ejections triggered
by expected crustal activities. The sensing of surface and subsurfaces are more challenging topics, based on the passive sub-
surface radar (PSSR) concept which sounds the icy crusts of Galilean satellites by the reflections of penetrated Jovian radio
emissions (HOM/DAM). We introduce their possibility and the status of developing simulation system for the evaluation.
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The Submillimetre-wave Instrument(SWI) on JUpiter ICy moons Explorer(JUICE)

#Yasuko Kasa ,Paul Hartogh ,SWI Mission Tear®
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The Submillimetre-Wave Instrument (SWI) is one of the 10 scientific payloads on the JUpiter ICy moon Explorer (JUICE).
The main scientific objectives of SWI is to investigate the atmospheric structure, compositions and dynamics of the middle
atmosphere of Jupiter and exosphere of its moons, as well as thermophysical properties of the satellite surfaces. SWI ob-
servations will provide pioneering direct measurements of atmospheric compositions in Jupiter system. SWI will performed
limb and nadir observations in the frequency region 530-600 and 1075-1275 GHz. Japanese contribution is the development
of main- and sub- reflectors, actuators for the instruments, feasibility studies, data processing, and scientific contributions.
We present current status of the JUICE/SWI.
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Current status of the development of high-contrast telescope PLANETS and de-

tection feasibility of scientific targets
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We are carrying out a 1.8-m aperture off-axis telescope project PLANETS (Polarized Light from Atmospheres of Nearby
ExtraTerestrial Systems). In this presentation, we give the detection feasibility of scientific targets, such as volcanic and
plume activities on Jovian satellites lo and Europa, and escaping gases surrounding Mars, taking advantages of high-contrast
performance of the PLANETS telescope. The high-contrast performance of PLANETS telescope optics is provided by
low-scattering off-axis mirror system, adaptive-optics (AO), and stable atmospheric conditions of an observatory site at a
high-altitude. In particular, the off-axis system brings us no cross-shaped diffraction pattern caused by the secondary mirror
support in the optical path, and thus the scattering light of PLANETS is estimated to be more than 10 times better than that
of a normal large telescope.

A major scientific target is to detect faint emissions of gasses erupted from Jovian satellites lo and Europa. These emissions
are so faint (10°-3 to 107-6 to the brightness of planetary or satellite body) close to the main disk (less than a few arcsec).
We will elucidate the spatial and time variations of lo volcanoes and its influence on Jupiter’s magnetosphere by monitoring
volcanic activities on lo’s surface with infrared AO imaging at 1-4 um, and neutral emissions (O 630 nm and Na 589 nm)
distributed in the atmosphere surrounding lo, plasma torus emission in the inner magnetosphere (S+ 672 nm, S++ 631nm,
O+ 733nm, O++ 501nm), and Jupiter infrared aurora emission (H3+ 3.4um, 3.9um). We also observe visible emission (O
630 nm and 558 nm) caused by the dissociation of water molecules suddenly released by Europa’s water ejection activity,
and clarify the relationship between tidal action and eruption activity, and between surface topography and eruption location.

Another major scientific target is the escaping gases surrounding planets. We are examining the detection possibility of
Martian ionospheric gases and ion tail using the PLANETS telescope. The target is solar resonance emissions of N2+ at 391.4
nm/427.8 nm and CO+ at 505 nm. From the quantitative estimation with number density obtained with MAVEN (Benna+,
2015), the N2+ emission intensity is seems to be greater than detection limit and the time variation may be able to detect
during a CME event.

The telescope optics has a Gregorian focus with a FOV of 6 arcsec(F/13). The main mirror is Clearceram Z-HS with a
diameter of 1850 mm and thickness of 100 mm. So far, the glass blank of main mirror was made in 2010, the rough grinding
was carried out by Harris/Excelis in 2012. In December 2019, the mirror was shipped from Hawaii to Japan for the final pol-
ishing. We glued 36 metal adapters on the backside of mirror to connect the mirror support. We adopted the mirror support
with warping harness which is similar to that of TMT and the Seimei telescope. We made the elemental test of the whiffletree
system, and confirmed that the performance for stress input is as expected by the structure model with a finite element method
(FEM), and the repeatability (hysteresis) for stress change is in the acceptable range. We are now carrying out final polishing
using a dragging three probe method with a robot-arm system at LogistLab and will complete it within a year. We expect to
obtain the accuracy of main mirror better than 20 RMS nm by the final polishing. In addition, we will fabricate the telescope
mount and structures using the proto-type mount Seimei telescope. We will assemble the whole PLANETS telescope sys-
tem, and achieve the first light and technical demonstration, particularly on the high-contrast and low-scattering capability,
in Japan within a few years. Further, we already have the construction permit at the summit of Haleakala (CDUP) from the
State of Hawaii, and we plan to install PLANETS there as soon as we get the funding for the observatory construction.
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Feasibility study of Earth-orbiting UV telescope required to detect the Europa
plume signatures
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Inside Jupiter's moon Europa, Ganymede, and Saturn’s moon Enceladus, the global putative oceans under the ice shells
could be sustained. In the previous study of Roth et al (2014), Hubble Space Telescope (HST) observed the enhancement
of HI 121.6 nm and Ol 130.4 nm emissions near the Europa south pole. They considered the electron img@ahdhel
plume yields HI and Ol emissions. Geological conditions of ejecting gas and dust form Europa plumes are not understood
because the number of observations which succeed to detect Europa plume signatures is very small. Although the water vapor
in the plumes do not necessarily pass through the underground ocean, it may include important information to consider the
habitable environment of the icy moons.

LAPYUTA (Life-environmentology, Astronomy, and PlanetarY Ultraviolet Telescope Assembly) is the future Earth-
orbiting UV telescope project. One of the main goals of LAPYUTA is to observe icy moon’s atmosphere continuously,
and confine the occurrence conditions such as locations and frequencies of the plume events. In case of spatial resolution
of 0.1, 0.2, 0.4 and 0.8 arcsec, we considered the detectability of the Europa plume by UV space telescope with integration
time of 10 hours and apparent area of “35(?crie calculated the signal of Ol 130.4 nm and HI 121.6 nm counts from
the plume, and the noise from Europa atmosphere (Ol only), solar reflection, Earth geocorona and interplanetary medium.
Two-dimensional symmetric Lorentzian function is applied as the point spread function whose FWHM corresponds to the
spatial resolution. The emission due to solar reflection at the limb is estimated to be a few percentages of that at the center
of the disk when the subsolar point is at the disk center. Therefore, the plume position and region of interest in this study are
assumed to be near the south pole in the limb. The space telescope is assumed to orbit at 1000 km from the Earth ground.
The calculation shows that a spatial resolution of 0.1 arcsec should be needed to detect both Ol 130.4 nm and HI 121.6 nm
emission originated from the Europa plume under the conditions of an apparent area of about 26@ @n integration
time of 10 hours.
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Current status of WSO-UV for exoplanetary exospheres
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Many Earth-sized planets have already been discovered, and several Earth-sized planets were recently detected in the hab-
itable zone around low-temperature stars near the solar system. However, it is still difficult to characterize them as Earth-like
or Venus-like. Transit spectroscopy requires very high accuracy for small Earth-like planets. Earth’s exosphere is extended
to "38 Earth radii. On the other hand, Venus’ and Mars’ hydrogen exosphere is not so much extended because of the low
temperature of their upper atmosphere. This is caused by the difference in the mixing ratio of CO2 in the upper atmosphere.
On Earth, CO2 was removed from its atmosphere by a carbon cycle with its ocean and tectonics. Translating these arguments
to exoplanets in a habitable zone presents a possible marker to distinguish an Earth-like planet from a Mars-like or Venus-like
planet. The expanded exospheres can be observed in UV during the exoplanet transit event in a primary eclipse. It reduces
the stellar flux when an exoplanet is orbiting in front of the host star.

We performed a preliminary design of Ultraviolet Spectrograph for Exoplanet (UVSPEX) for World Space Observatory
Ultraviolet (WSO-UV), which is a 1.7-m UV space telescope prepared by Russia. The dominant engineering requirements
for the UVSPEX are following. The spectral resolution is better than 0.5 nm to separate O | line from other spectral lines.
The spectral range is to exceed the wavelengths from 115 nm to 135 nm to detect at least H Lyman alpha 121.6nm to O |
130 nm. The throughput is better than 0.3%. We propose a simple spectrograph design to achieve these requirements, con-
taining the slit, the concave (toroidal) grating as a dispersing element, and the imaging photo-detector. This optical concept
is conventional and used in other space missions for UV spectroscopy. In this presentation, we show the configuration of the
UVSPEX instrument and its science objectives.
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Development of a Time of Flight Mass Spectrometer (TRITON) for Lunar Polar

Exploration (LUPEX)
#Naoki Yamamot®d , Yoshifumi Saitd),Satoshi KasahatiShoichiro Yokotd& ,Kazushi Asamura,Masaki N Nishin®
(EPS, UT{2ISAS (®*The University of Tokyd*Osaka Univ{’ ISAS/JAXA,(6JAXA

Investigation of the amount and the chemical form of volatiles including water on the lunar surface is important not only
in understanding the evolution of the lunar surface, but also in understanding the origin of lunar and terrestrial water and
the transportation of materials in the solar system. In addition, if the quantity of volatiles on the Moon is substantial, space
exploration based on the Moon may be possible converting them into fuels. Therefore, exploration of the lunar poles is
important in both planetary science and advancement of space exploration.

Although remote observations suggest the presence of water on the lunar surface, it is still unclear that how much water
exists. In LCROSS, one of the examples of the remote observations, water and small amount of hydroxyl were observed. A
small abundance of other volatiles was also detected. Since the mass spectrometer should be able to distinguish large amount
of water and small abundance of other volatiles, high mass resolution is required in order to achieve scientific goals such as
measuring the abundance of volatiles on the lunar surface.

JAXA is planning LUPEX (LUnar Polar Exploration) mission. REIWA (REsource Investigation Water Analyzer) is one of
the instruments for investigating volatiles including water. REIWA consists of a heater with a weight scaler, which measures
weight of the heated samples, and mass analyzers which analyze desorbed volatiles from the samples. We are developing
triple-reflection reflectron (TRITON), which is a time-of-flight mass spectrometer (TOFMS). TRITON is composed of an ion
source that generates ion beam with large area and a triple-reflection reflectron which is a compact mass spectrometer with
high mass resolution. TRITON is operated mainly in two different modes, single reflection mode which has high sensitivity
and low mass resolution and triple reflection mode which has lower sensitivity and higher mass resolution. The two operation
modes can be switched by adjusting the voltage applied to the analyzer.

Pulsed high voltage is applied to the analyzer plate. The applied pulsed high voltage has a square wave form. We have
replaced the previously used commercial pulsed high voltage module with a pulsed high voltage BBM under development,
which is proved to have sufficient performance. In addition, we have investigated that how the rising time influences on the
mass spectrum. We have changed the rising time by inserting a resistor in the output line of the pulsed high voltage. The upper
limit of the rising time of the pulsed high voltage to satisfy requirements of mass resolution and the quantitative influence on
the mass spectrum will be presented. So far, we have been using a commercially available ion source that is not for flight. We
will also show the performance of the test model of TRITON whose all components are under development for flight.

HOMIBICAEES 7k EOFRUEME OB KX UZDOBELRTINS T Lk, HOXRBEOHELOEESS HER T
DA X > DEEDOIRIZT TR AR LIFHIERD K DRI KFHR N OYIE Ok fe 2 Hifig 3 2 DICEE TH
%o Fio, HICHIHATRERIE T HoxmOERMEMEMNMAE LIc G, Th2fRICE R 5 T L THZILRIT TR
BEITHTENTESENE LNGEN, HOMIBHEICIIERERANERZT T, FHEAEDREICL>TELEK
BEEND B,

TNE T SIKOEFEER R T ZHERITHTE TS, IKPED X S RIREET ENZIFEET B HIC
DNTIFIEH>ED LTV, EREHDO—D0 LCROSSTIZ/KZ I Th KBRS BHIE N TN [1]. Fiz. 7K
ROIKEEHLAMNC &AL R E DS ME NS B N TV, Liehi-> T, EREMEDOEERDEEFORE
PIEREZ KT 5 72DICiE. FERDZVIKE ZOMOEREMEZEEAXRY MV ETKRILATNE %59, &
WHEB D RAEMN L L 725,

Z T T JAXA 13 A WUIE#A (LUnar Polar EXploration missioE &l LT %, T DIEFICI N TKE G 1 flFE
HYIEOFEZTT S OHIKETRIHTEE (REsource Investigation Water Analyze®d %, T 1USERFIOE &=l Ll
NS B BN RIEREE & NENC K o THRAE LB EZ 0t T 2HE T 5755, LI DS B, RYTH
MAYE & #7531 (Time Of Fight Mass Spectrometefjd % TRITON(TRIple-reflection reflecTrONDBHFZ1T> Tl %,
TRITON (& @V IR R 2 BT 57 DIC S — MROA I V2R T 2104 VR E . NN D@ WE RS RREZ i
RTEZEBINKHEDO) T L7 a5 %, TRITONXHIING 2L Z2ii%d % 2 Lic k> T, BEOREE
EODEEIRV 3 EIRGHE— F EE RIS EOWAVRE X &V L ERFE— FEICD 2D0DE—F THRERAN
JMNVEIET BT ENTE S,

HEERIC D B EERERIKIC K > T B ERD, 2O h ENDICET 2RI T %7 OV A @mEERIC K -



TRE S, TNETRTHRD/ IV AGEBEEY 2a— )V L TWizh, BIFEh O, IV AEE BBM ICEE LT
HERZT o TR, 7VAEE BBM BT 2 DI TR MREEZBE L TWA T E DR TE T, 51T, IV AE
FEDOHNZ A Vit Lic kb, BRI E ERSORZEX ST T ENTES LD, HEEOH EAD
REZIEIX T T LI KD TR AARY MIVINED X SICECT 2D EHFHE Uz, D RREDERZ G129 Tz dic
LB EAD RO FRRR, X ZAARY MIVICEZ 28I L TE SN EEENEERICOVWTHEN TS TETH
%o £z, TNETOERRTIE, A4 VREBRIIMEH TERWVTROEDZE TN T A, FIFEh ORI TEER
EDICHDAZ 2T T, IRNTOIAVR—3V b 2B THEEHDE DI Uizl RIS OWVWTEANT S

TETH %,

[1] A. Colaprete, et al, Science, 330, 6003, (2010)



R009-19
Zoom meeting D : 11/1 PM2 (15:45-18:15)
16:00~16:15

Oxygen ion modulation by magnetosonic waves in the upper ionosphere of Mars
#Yuki Haradd,Christopher M. Fowleé? ,Glyn Collinsor?), Jasper S. Halek&sSuranga Ruhunus¥i,Gina DiBraccid) ,James
P. McFaddef!, Takuya Har® ,Jared R. Espley,David L. Mitchel®) ,Christian Mazell@

(IDept. of Geophys., Kyoto UniV2LASP, CU Bouldef?NASA GSFC{*Dept. Phys. & Astron., Univ. low&Univ. of
lowa,®SSL, UC Berkeley’ CNRS,IRAP

It is critically important to characterize the transport of energy and mass in the near-Mars space if we are to understand
the current and past ion escape from Mars driven by the solar wind interaction with the Martian upper atmosphere. Among
possible ion energization processes, it has been suggested that magnetosonic waves generated upstream of the Martian bow
shock propagate through the magnetosheath into the upper ionosphere of Mars, heat oxygen ions of ionospheric origin via
wave-particle interactions, and facilitate ion escape to space. However, mechanisms of energy transfer from the magnetosonic
waves to oxygen ions remain elusive. In this study, we investigate the interaction between magnetosonic waves and oxygen
ions by analyzing ion velocity distribution functions and time-varying magnetic fields measured by MAVEN. We identified
a number of cases in which the oxygen ion velocity is modulated by magnetosonic waves around the local oxygen ion cy-
clotron frequency. Based on case studies and statistical results, we explore mechanisms of wave-particle interactions capable
of explaining the observed properties.
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On the generation mechanisms of periodic electron injection observed in Martian
crustal remanent magnetic fields by MAVEN and MGS

#Michio Kato",Yuki Harad& ,David L. MitchelP),Christian Mazell® Gina A. DiBraccid’,Jasper S. Halek&Suranga
Ruhunusirf)

(IDept. of Geophys., Kyoto Uni¥2Dept. of Geophys., Kyoto Uni¥3SSL, UC Berkeley*CNRS,IRAP,°NASA GSFC(®Dept.
Phys. & Astron., Univ. lowd?Univ. of lowa

Mars has no global intrinsic magnetic field like the Earth, but it has inhomogeneously distributed crustal remanent mag-
netic fields. In such an environment, a complex magnetosphere is formed by the solar wind interaction with these localized
crustal magnetic fields and with the upper atmosphere of Mars. It is known that closed magnetic field lines are formed above
the strongly magnetized regions, as indicated by trapped electrons observed on closed magnetic field lines. Provided that
electrons with broad energies are locally and impulsively injected onto closed magnetic field lines, the energy-dependent
gradient and curvature drift motions will lead to energy-time dispersed electrons at a fixed observer distant from the source.
The local and impulsive electron injection was measured by the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission,
and it has been reported that the energy-time dispersed electron signatures sometimes occur periodically for multiple times
in succession. However, the characteristics and generation mechanisms of periodic electron injection have not been fully
clarified yet. In this sturdy, we investigate characteristics of these periodic electron injection observed in the crustal remanent
magnetic fields of Mars using the solar wind electron analyzer (SWEA) and magnetometer (MAG) onboard MAVEN, and
the electron reflectometer (ER) and magnetometer (MAG) onboard the Mars Global Surveyor (MGS). At the time of writing,
we have identified hundreds of cases of the periodic electron energy-time dispersion events from the MAVEN and MGS data.
We will discuss upstream solar wind conditions, seasonal dependence, and geographic dependence based on statistical results
derived from a large amount of the MAVEN and MGS data, thereby gaining insight into their generation mechanisms.
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A technique for retrieving the Martian hot oxygen exosphere from O+ pickup ion
measurements in the magnetosheath

#Kei Masunag® ,Naoki Terad& ,Shotaro Sakal,Shoichiro Yokot& , Tomohiro Usuf)

(1JAXA/ISAS,?Dept. Geophys., Grad. Sch. Sci., Tohoku UfiDsaka Univ.

Mars has lost its atmosphere to space over hillions of years. The atmospheric escape takes place above exobase where
collisions are not important (i.e., exosphere). Studying the atmospheric escape processes leads to expand our understanding
on the atmospheric evolution of Mars and to understand why present Mars possesses such a dry environment. However,
measuring tenuous atmospheric particles in the exosphere is challenging due to their small density and flux.

Mars does not have a global intrinsic magnetic field, and thus its exosphere is directly exposed to the solar wind. Once the
exospheric particles are ionized by the solar UV radiation, charge exchange, or electron impact, they are accelerated by the
solar wind motional electric field. Théion pickup” by the solar wind is known as a common ion escape process from Mars.
Pickup ions are widely observed in the solar system and their nature is well studied (e.g., Coates, 2010; Cravens et al., 2002).

In the collisionless plasma, pickup ions exhibit cycloid trajectories (i.e., the E x B drift). In the velocity space, the E x B
drift is described as the ring distribution. Because ring distributions potentially own information of ionization locations and
densities of exopheric neutral particles, they are a useful tool to probe the Martian exosphere. Recent studies have shown
that very tenuous hydrogen and oxygen exospheres (altitud@@d0 km) can be retrieved by*Hand O pickup ion ring
distributions observed in the solar wind (Rahmati et al., 2015, 2017, 2018).

In this study, we have established another method to retrieve hot oxygen exosphere around Mars, usimjckepdon
ring distributions in the magnetosheath observed by the SupraThermal And Thermal lon Composition (STATIC) instrument
aboard the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft. In the magnetosheath, although the shocked solar
wind has fluctuations in velocity and magnetic field, the motional electric field typically points outward or planetward de-
pending on the interplanetary magnetic field orientation. Becadspi€kup ion gyroradii are typically much larger than the
Mars radius, pickup ions in the magnetosheath are nearly accelerated along the motional electric field of the magnetosheath,
meaning that they are typically on the initial phase of the ring distribution. Using measured ion fluxes in the first quadrant
phase of the O ring distribution, we successfully retrieved ionization locations and densities of hot oxygen atoms in “1000-
5000 km altitude range. In this presentation, we will show typical oxygen exosphere profiles in different local times and their
dependences on the solar wind, solar EUV radiation, and seasons.

In near future, the Martian Moons eXploration (MMX) spacecraft will carry multiple scientific instruments to investi-
gate Mars and Martian moon environments and return samples from Phobos. One of the instruments is the Mass Spectrum
Analyzer (MSA) instrument that measures ion velocity distributions and magnetic fields. The high mass resolution (M/
M>100) of MSA will allow us to study ion isotopes such &0* and'*C* as well as their major ion element¥Q+
and '2C*). Using our retrieval method in the future observations of MMX/MSA, we aim to retrieve Martian exospheric
density profiles of multiple components, including isotopes, with the MSA's pickup ion measurements around Mars. Such
information will be crucial for understanding the evolution history of Mars through atmospheric escape.
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Simultaneous remote and in-situ observations of ionospheric irregularities at Mars

by MAVEN and Mars Express
#Hina Band®,Yuki Haradd) ,Naoki Terad® ,Hiromu Nakagaw?
(IDept. of Geophys., Kyoto Uni¥2Dep. Geophysics, Grad. Sch. Sci., Tohoku Univ.

It is known that the ionosphere of Mars contains a variety of irregularities. Gurnett et al., [2008] reportéddifiase
echoes”, the traces of which appear unusually diffuse in an ionogram, are sometimes observed by topside ionospheric sound-
ing of Mars Express. These echoes are proposed to be caused by irregularities in the Martian ionosphere. However, the spatial
scale lengths and generation mechanisms of ionospheric irregularities that cause diffuse echoes are still unknown, partly be-
cause comparative studies utilizing remote and in-situ measurements of ionospheric irregularities are yet to be conducted at
Mars.

In this study, we surveyed conjunction events in which Mars Express and MAVEN observed the topside ionosphere of Mars
at almost the same time and the same location, searching for cases with diffuse echoes apparent in the Mars Express data. We
then investigated variations of the electron, ion, and neutral densities, magnetic fields, and the presence or absence of the hot
electron precipitation from MAVEN data. Based on the analysis, events with clear diffuse echoes were detected in 3 out of
77 simultaneous observations. It is suggested that the spatial scale lengths of irregularities causing diffuse echoes range from
tens to hundreds of kilometers. Additionally, case studies of intense diffuse echo events suggest that there could be multiple
drivers causing ionospheric irregularities, such as dynamic pressure of the solar wind, ion-neutral coupling, and interaction
between solar wind and crustal magnetic fields. In this presentation, we are going to discuss characteristics, occurrence fre-
guency, and generation processes of diffuse echoes caused by each driver.

ENTEING cz!: NEBHEENC RS NS AHHREEICDOWT, Mars Expres$iEod b 71 RL—&Z—@illl &£, MAVEN
HROE THEEFOEREINIC X AR « FHIKZBH L T0 37 —2 2 L, SHRAGEDOEEIC OV TER
%TTE? 71:_0

KB BB IR 2 TR EDMFEET 5 & E R 6%1“(11\60 Gurnett et al. [2008]Cid. Mars ExpresgD kv
THA R T T T I K> THRONTIAA /7T LI, BFEOEHENSR> T A2TI—KD AN ->TH
Z%Ta— (diffuseTa—) MELNZT ENHS &’_#Fiibfb\%o CHUFEREF ONRARGSISER L Tna &
EZLNTWVWS, L L, diffuse TIa—DFEN & 7% 2 A 2 BEEEE A HRARGEICR U T, E=REm (ma—8i) &E
BB (BB OBEFHD 2 Uik nNE Clcxl, ZOZEMAT — LRI VX IR TH >
7zo

Z T CARWZETIE, Mars Expressc MAVEN D EEBEEIBIHIDNRERN « 22T LER R R R Z2ER L. diffuse
TO—WR5NEREOEFERE - ERSEEOLT), WEORHE. EFOM D AHLDEIEZHINz, FRE LT,
Lio % helLi diffuse:l::I MRSENZ A XY MMIFEIREHN 77 Fl 3HIEDMN D, diffuse T3 —7%2D< 2 AHHIH

ZER AT — )V ~FE km TH 2 T EAVRMBE NIz, £z, diffuse T a—DJFEKN & 72 2 RIS 2 1F 2 BX

@J(J?Z: UC, KRBT, e REHROWE, a8 BV iR & KFmMOMBEERE ENEZ 5NS X 5 %%l

SRR DN, ARETIE. ZNTNOEEIFIC XS diffuse T I—OMWE LRSS O, 47 ok A5
DWCiEam 9 %o



R009-23
Zoom meeting D : 11/2 AM1 (9:00-10:30)
9:00~9:15

On plasmasphere formation around terrestrial exoplanets: Possible evidence of
exoplanetary intrinsic magnetic field and atmosphere

#Kanako Seki,Akifumi Nakayama),Ryoya Sakatd, Takeshi Imamurd,Naoki Terad@

(1Graduate School of Science, University of TokyGraduate School of Frontier Sciences, University of Tol@raduate
School of Science, Tohoku University

There have been discovered many exoplanets and the number of terrestrial exoplanet detection increases rapidly in recent
ten years. Many terrestrial exoplanets or super-Earth are found around low mass stars such as M dwarfs. A red dwarf (M
type star) has comparatively narrow habitable zone, which is very close to the host star, and exoplanets are considered to
be exposed to extreme levels of X-ray and ultraviolet (UV) radiation. Classic equilibrium tide theories predicts that K or
M-type stars induce strong tidal effects on potentially habitable exoplanets, and tidal locking is possible for most planets in
the habitable zones of K and M dwarf stars [e.g., Barnes, 2017].

When a planet has dipole magnetic field and rapid rotation, superposition of the stellar wind induced and corotation electric
fields results in the tear-drop-shaped region of the closed drift, where planetary ionized atmosphere can fill the magnetic flux
tubes along the field lines. The region is characterized with cold dense planetary plasma and called as the plasmasphere. In
this study, a simple estimation method of the size of terrestrial exoplanetary plasmasphere is shown based on the knowledge
of the solar system planets. We considered the role of rapid rotation of the atmosphere (superrotation) in the formation of
the plasmasphere of tidally-locked exoplanets. Many GCMs of exoplanets show that the circulations of typical tidally locked
terrestrial exoplanets can become superrotation [e.g., Showman+, 2013]. However, the horizontal circulation in the thermo-
sphere is far from understood [e.g., Machado+, 2017].

The results indicate that Earth-like magnetized exoplanet can have a plasmasphere with a size of 4-6 times of the plane-
tary radius. The size of the plasmasphere depends on the superrotation speed of the thermosphere, ionospheric conductance
stellar wind dynamic pressure, and IMF cone angle. If the exoplanet has-ai€Catmosphere, the results suggest the FUV
absorption of plasmaspheric C+ ions might be observable by space telescopes. Since the plasmasphere formation requires
the existence of both the thick atmosphere and global intrinsic magnetic field, the observation of plasmasphere can provide
possible evidence and clues of the exoplanetary atmosphere and intrinsic magnetic field.

References:

Barnes, R., Tidal locking of habitable exoplanets, Celest. Mech. Dyn. Astr. (2017) 129:509-536, d0i:10.1007/s10569-
017-9783-7.

Showman, A. P., R.D. Wordsworth, T.M. Merlis, and Y. Kaspi, Atmospheric circulation of terrestrial exoplanets, in Com-
parative Climatology of Terrestrial Planets, ed. by S.J. Mackwell et al. (University of Arizona Press, Tucson, 2013), pp.
277-326.

Machado, P., T. Widemann, J. Peralta, R. Goncalves, J.-F. Donati, D. Luz, Venus cloud-tracked and Doppler velocimetry
winds from CFHT/ESPaDONS and Venus Express/VIRTIS in April 2014, Icarus (2017) 285, 8-26, doi:10.1016/j.icarus.2016.12.0
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Numerical experiments of exospheric retrieval for isotope ratio measurements by

MSA onboard MMX
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Mars has experienced a massive atmospheric escape and climate change over the past 4.6 Gyr. The main component of
Martian atmosphere is carbon dioxide (§@nd how much C@has escaped to space is significant for understanding the
climate change on Mars. The isotope ratio is one of the important key parameters to understand the atmospheric evolution.
Jakosky et al. (2017) suggested from measurements of argon isotopetAtidYAr) based on observations by the Mars
Atmosphere and Volatile EvolutioN (MAVEN) spacecraft that one bar or more of oxygen (O) has been lost to space, assuming
that the lost O comes primarily from GObut these estimations were not based on direct observationsofE0lution of O
and carbon (C) isotope ratio$ /30 and'2C/!*3C) between the surface and upper atmosphere are suitable for understanding
the CQ loss process, but no observational constraints on these isotope ratios in the upper atmosphere have been made
until this point. Note that Curiosity identified the isotope ratios'¢®/'80 “476 and'2C/'3C "85 near the surface (e.qg.,
Mahaffy et al., 2013), and the Atmospheric Chemistry Suite onboard Trace Gas Orbiter (TGO) found the isotope ratio of
160/180 ~420 in the middle atmosphere below 60 km altitude (Alday et al., 2019). Japanese future sample return mission
"Martian Moons eXploration (MMX)” is a candidate of this observation. Mass Spectrum Analyzer (MSA) onboard MMX
can measure the escaping ions with a high mass resolution of M/tiB0. MSA enables us to measure isotope ratios in the
escaping atmosphere for the first time, and in addition, it can estimate isotope ratios in the exosphere by retrieving the neutral
atmosphere of each isotope from the ion observations. As a first step toward future MMX observations, this study investigates
the distribution and energy of ionQ* and'®O*) seen at midnight around the Phobos’ orbit, as well as their sources, using
test particle simulations under electric and magnetic fields obtained from magnetohydrodynamic simulations (e.g., Sakai et
al., 2021). The particle simulations are conducted under certain interplanetary magnetic field conditions. The ions that reach
Phobos’ orbit at midnight are picked up in the induced magnetosphere or the solar wind region. Most of the ions come from
the induced magnetosphere around 2000 km altitude, and the energy is as low as several eV. The ions coming from the solar
wind reach several keV because of the acceleration by the solar wind electric field. The simulations also show that there is
a proportional relationship between the energy and the distance from the Phobos’ orbit to the pickup position, and that the
gradient significantly depends on the electric field. Establishing a retrieval method would enable us to determine the pickup
position from the ion energy around the Phobos’ orbit in MMX. Finally, the radiaf~ and'#O fluxes around the Phobos’
orbitare 16 - 10" cm=2 s~ and 16 - 10* cm~2 s, respectively. ThéO* flux from the simulations is consistent with the
previous study (Curry et al., 2013). Multiple measurements of isotope ratios at different altitudes by MMX, Curiosity, and
TGO would lead to a better understanding of atmospheric evolution on Mars, and this simulation aims to help measurements
by MMX.
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Development of an engineering model (EM) of the Mass spectrum Analyzer (MSA)
for Mars Moons eXploration (MMX)
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The Mass Spectrum Analyzer (MSA) will conduct in-situ observations of ions and magnetic fields around Phobos as part
of the Martian Moons eXploration (MMX) mission, in which remote-sensing and in-situ measurements and sample return
will be performed. The MMX project has two primary science goals: 1) Reveal the origin of Martian moons and 2) Under-
stand physical processes in the Martian environment for investigating co-evolution of the Martian-moons system. The MSA
instrument is composed of an ion energy mass spectrometer, two magnetometers, and electronics. The ion analyzer measures
distribution functions and mass distributions of low-energyl(0s keV) ions. The magnetometers measure the magnetic field
of the solar wind which is sometimes perturbed by Mars and possibly by Phobos. The combination of ion and magnetic field
sensors will allow us to measure ions emitted from Phobos and its torus as well as escaping ions from the Martian atmosphere
with monitoring the solar wind to address the MMX science goals.

The MSA is now being developed from previous instruments for space plasma missions such as Kaguya, Arase, and Bepi-
Colombo/Mio to contribute to the MMX scientific objectives. The preliminary design review (PDR) was completed last fall
and we have started the development of the engineering model (EM) since then. We present the results of the EM design and
performance tests to show the current status of the development.
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Variation of CO/CQO2 profiles in the Marian mesosphere and lower thermosphere

retrieved from TGO/NOMAD
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PateP),Giancarlo Belluc& ,Jose Juan Lopez-Morefo

(IDep. Geophysics, Grad. Sch. Sci., Tohoku URRIRA-IASB, ISAS/JAXA,

(“Environmental Studies, Tohoku Univ.,

(5School of Physical Sciences, The Open University, Ulstitute di Astrofisica e Planetologia Spazigi\PS/INAF),
Rome, Italy{"Instituto d

CO is produced by the photodissociation of £&hd recycled to C®by the catalytic cycle involving HOx in the Martian
atmosphere [e.g., McElroy & Donahue, 1972]. In the mesosphere and lower thermosphere (MLT) region of Mars, the number
density of CO is determined by the photodissociation, eddy diffusion, and atmospheric circulation. The increase in the CO
mixing ratio in the MLT region and further enhancement in the polar region due to the transport of CO-enriched air via merid-
ional circulation are predicted in 3D models [Daerden et al., 2018; Holmes et al., 2019]. On the other hand, the decrease
in the CO mixing ratio in the MLT region during a global dust storm is discovered by the Atmospheric Chemistry Suite
(ACS) aboard Trace Gas Orbiter (TGO), which suggests that the increase in the hygropause altitude due to the global dust
storm leads to the increase in the vertical range over which OH becomes available to convert,ifi@i<e@ et al., 2021].
Additionally, a substantial variation in the homopause altitude has been found by recent studies [Slipski et al., 2018; Jakosky
et al., 2017; Yoshida et al., 2020], which suggests that the order of magnitude changes in the eddy diffusion coefficient at the
homopause altitude [Slipski et al., 2018]. It implies variations in the profile of CO mixing ratio in the MLT region. However,
the effects of change in the eddy diffusion coefficient on the profile of CO mixing ratio have not been investigated.

To clarify the contributions of photochemistry, eddy diffusion, and atmospheric circulation to the G@fGfdes in the
MLT region, we use the Nadir and Occultation for MArs Discovery (NOMAD) instrument aboard TGO. NOMAD solar
occultation is designed as the combination of the Acousto Optical Turnable Filter and echelle grating [Neefs et al., 2015;
Thomas et al., 2016]. NOMAD solar occultation operates in the wavelength range of 2.2:- #.32320 to 4350 cm?)
with a high spectral resolutionA(/d A = 20000) [Vandaele et al., 2018]. It provides us CO and, Gfectra below 100 km
and 180 km altitudes, respectively.

In this study, we applied the equivalent width technique [Chamberlain and Hunten, 1987; Krasnopolsky, 1986] to derive
a new set of CO and CCcolumn densities with the observed atmospheric transmittance spectra by NOMAD solar occulta-
tion. The absorption lines at 4285.0, 4288.2, and 4291.5'cior CO (2-0) band and 3358.7, 3364.9, and 3366.4 tifior
CO, (21102-00001) band are carefully selected for retrievals to avoid the contamination of absorption lines from the nearby
diffraction orders [cf. Liuzzi et al., 2019]. It is noted that the line strengths of the selectech&@@ high sensitivity to the
background temperature. We assumed the vertical profiles of temperature simulated in the GEM-Mars model [Neary et al.,
2018; Daerden et al., 2019]. We retrieve the CO and &@nt column densities between 60 and “100 km altitudes because
those slant opacities are saturated below 60 km altitude. The CO apdggtra observed from April 2018 to September
2020, corresponding to from MY 34,1150 to MY 35 L, "280, are investigated.

We found that the retrieved CO/G@atio between 60 and “100 km increases with altitude. The decrease in the €¢O/CO
ratio over the whole altitude range during the global dust storm corresponds to the previous observations [Olsen et al., 2021].
In addition, we found that the CO/G(profiles vary with season and latitude. The slope of CO/@files is about two
times larger in L, = 240 - 270 (southern summer season) thaniir 120 - 150 (southern winter season). For interpretation, a
1D photochemical model is compared with newly obtained CQ/@f0files, especially in order to discuss the contributions
from the variations in eddy diffusion coefficient and photochemistry in the MLT region of Mars. When we assume a constant
eddy diffusion profile of 10 cm?s™!, the CO/CQ profile in L, = 120 - 150 is reproduced. Furthermore, the COJ@@file
in L, =240 - 270 is reproduced when we assume a higher eddy diffusion profile by one order of magnitude. The ranges of
eddy diffusion coefficient support the recent study by Slipski et al. (2018).
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Effects of the CO2 near-IR absorption and strength of eddy diffusivity on the
Martian thermosphere

#Akifumi Nakayama) ,Kanako Sekd ,Hiromu Nakagaw& ,Hiroyuki Shinagaw& ,Naoki Terad2)

(1 The University of Tokyd2Dept. Earth & Planetary Sci., Science, Univ. Tokj®ep. Geophysics, Grad. Sch. Sci., Tohoku
Univ.,"*NICT,(°Dept. Geophys., Grad. Sch. Sci., Tohoku Univ.

The temperature and compositional structure in the thermosphere have a crucial importance of the evolution of planetary
atmosphere via the atmospheric escape because the temperature and composition at the thermosphere would determine the
supply rate of gas to the exosphere. On the other hand, dd@inated atmosphere is popular not only for the planets in
the Solar system but also for water-rich terrestrial exoplanets in the habitable zone [e.g. Nakayama et al. 2019]. Thus, we
discuss uncertainty of numerical modeling and consistency to observations for theci®artian thermosphere because
recent MAVEN observations provide enough knowledge of the Martian thermosphere. In generally, the structure of the
thermosphere is known to be determined by complex processes, such as photo- and thermo-chemistry, radiative cooling,
and mixing and separation via molecular and eddy diffusion. In particular, we have no enough knowledge of the effect of
strength of eddy diffusion on the temperature structure, although there are some studies to discuss the effects on compositional
structure [e.g., Nier & McElroy 1977]. On the other hand, @ar-IR absorption has an important role to the temperature
structure of C@-rich atmosphere [e.g., Bougher & Dickinson 1988]. Although previous study adopted the band model, such
as k-distribution method, for the radiative transfer [Bougher et al. 2015], we need to determine the absorption and heating
profile, using line-revolved method because teneous upper atmosphere only absorb strong absorption lines. In this study, we
evaluate effects of the Gnhear-IR absorption and strength of eddy diffusivity on the structure of the Martian thermosphere.

We develop the thermosphere model based on Johnstone et al. (2018). This model estimates steady-state thermospheric
structure, considering photo- and thermo-chemistry, molecular and eddy diffusion, non-LTE radiative cooling,ar@hCO
IR absorption. For the near-IR absorption, we adopt the Line-by-line (LBL) method using HITRAN2012 database [Rothman
et al. 2013]. We assume present Martian condition for UV spectrum and temperature and composition at the lower boundary.
We adopt the scaling law for eddy diffusivity derived by Krasnopolsky et al. (1986) and vary its strength by an order of
magnitude. For the LBL method, we vary wavenumber resolution from 1 to 0.01 torevaluate the impact on the heating
profile.

We found the numerical method of near-IR absorption and eddy diffusivity affect temperature structure in the thermosphere
located typically from 100 to 200km. Both give temperature difference of typically 20K at the exobase. In particular, the
LBL method provide different absorption and heating profiles from those estimated by k-distribution method. In addition,
the higher wavenumber revolution of the radiative transfer, the higher heating rate around exobase is because strong and fine
absorption lines are absorbed in the upper part of the thermosphere. Our results indicate the importance of eddy diffusivity and
line-resolved near-IR absorption for the &@ch thermosphere with relative weak UV irradiance, like the present Martian
thermosphere.

Reference:

Bougher, S. W., & Dickinson, R. E. (1988). Journal of Geophysical Research: Space Physics, 93(A7), 7325-7337.
Bougher, et al. (2015). Journal of Geophysical Research: Planets, 120(2), 311-342.

Nier, A. O., & McElroy, M. B. (1977). Journal of Geophysical Research, 82(28), 4341-4349.

Johnstone et al (2018). Astronomy & Astrophysics, 617, A107.

Krasnopolsky, V.A., 1986. Photochemistry of the Atmospheres of Mars and Venus. Springer-Verlag, Berlin.
Nakayama et al (2019). Monthly Notices of the Royal Astronomical Society, 488(2), 1580-1596.

Rothman et al (2013). Journal of Quantitative Spectroscopy and Radiative Transfer, 130, 4-50.
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Observation Capability of a Ground-based Terahertz Radiometer in Martian at-
mosphere
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(60saka University

We present expected performance for a ground-based Terahertz (THz) radiometer, plan to be launched on the TEREX-1
(TERahertz EXplore-1) Mars exploration micro spacecraft.

The small THz passive radiometer has been developed for the TEREX series of future micro spacecratfts.

This spacecraft is an opportunity for organizations with limited resources and technology to conduct frequent missions to
Mars well suited for resource exploration in contrast to all of the current and past Mars missions of large/giant class missions
with fully government lead.

The observation frequencies of TEREX-1 radiometer are 474.64 to 475.64 and 486.64 to 487.64GHz with 100 kHz reso-
lution, and the double-sideband noise temperature less than 3000 K.

A theoretical error analysis is performed with the instrument characteristics to assess for the first time up-looking observa-
tions of atmospheric Oxygen molecules,j@nd water vapor (kO).

Measurement errors for£and H,O are 7 to 22% and 14 t0o25% with 8 to 17 km and 5 to 10 km vertical resolution in the
vertical ranges 0 to 55 km and 0 to 25 km, respectively.

TEREX-1 is also capable to measure minor specigartd H,O-, with a precision better than 30% within two independent
layers.

We used the integration time of 1 hour for all simulations.

Our theoretical simulation showed the instrument characteristics of the TEREX-1 sensor is able to observe vertical profiles
of O, and H,O abundances with the same level of the large class missions.
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Influences of solar energetic particles on the Martian ozone
#Sayano Hirubd ,Hiromu Nakagaw&, Yuki Nakamurd) ,Naoki Terad& ,Shotaro Sakal,Isao Murat&® , Yoshifumi Futaana
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Grad. Sch. Sci., Tohoku Uni{?Dept. Geophys., Science, Tohoku UdREnvironmental Studies, Tohoku UnifIRF

Solar energetic particles (SEPs) consist of protons, electrons and heavy ions in the energy range between a few tens of keV
and GeV. SEPs are originated from solar flares, shock waves driven by coronal mass ejections.

SEPs penetrate the Earth’s atmosphere down to tens of kilometers at high geomagnetic latitudes. The penetrating SEPs
can change the composition in the middle atmosphere. During the large solar flare that occurred in October 2003, penetrating
SEPs caused NO2 enhancement by several hundred percent, accompanied by ozone depletion of tens of percent between 3€
and 60 km altitudes (e.g., Seppala et al., 2004; Rohen et al., 2005).

The SEP penetration imposes a critical influence on deep atmospheres and impacts on surfaces of various planets, as
Martian Radiation Environment Experiment (MARIE) onboard Mars Odyssey was disabled in the 2003 event (Zeitlin et al.,
2010) and a global diffuse-aurora was reported on the entire Martian night side due to the SEP precipitation associated with
a solar flare in September 2017 (Schneider et al., 2018). Considering the increasing human activities in space, such as future
international missions to the Moon and Mars, it is important to understand the behavior of SEPs in planetary environments in
order to assess their impacts on missions and human bodies. In addition, the ozone layer is essential for understanding how
NOXx increases in the Martian environment, and the increases in NOx can have implications for aspects of astrobiology and
the past Martian greenhouse effect.

In this study, we aim to identify the response of the Martian ozone layer to SEP events. We use vertical profiles of ozone
number densities observed by stellar occultation measurements by IUVS onboard MAVEN, and the energy fluxes of electrons
and ions monitored by Solar Energetic Particle onboard MAVEN (MAVEN/SEP). MAVEN/IUVS has regularly conducted
stellar occultation campaigns (1-2 days per campaign) once every “2-3 months (Groller et al., 2018). MAVEN/SEP can detect
electron’s and ion’s energy spectra from 20 keV to 1 MeV and from 20 keV to 6 MeV in the differential flux range of 3-3x10°6
eV/cm™2 s sreV (Larson et al., 2015).

As the first step of this study, we focus on a SEP event at Mars on 3-4 November 2015, when ozone was observed si-
multaneously by stellar occultation measurements by MAVEN/IUVS. Comparing the data during this SEP event with data
during another period of quiet solar activity with similar seasons and latitudes, there was no significant difference in the ozone
profile.

We estimated the production rate of CO2+ induced by the SEP flux using a Monte-Carlo model. We then considered the
process of ozone depletion by OH increased by SEP, and estimated the amount of ozone depletion using a photochemical
model (Nakamura et al., this issue). As a result, no ozone depletion was observed during the November 2015 event. On the
other hand, the model suggests that OH increase by a factor of 10-100 at around 40 km compared to the quiescent state, and
ozone decrease by a factor of 100 during the large flux SEP event in the September 2017 event. The results of the Monte-
Carlo model suggest that particles above 5 MeV for protons and 200 keV for electrons effect on the production rate of CO2+
at below 60 km. The reason for this result is that the SEP flux in that energy band is three to four orders of magnitude larger
in September 2017 than in November 2015. However, there is concern about cross contamination in the SEP flux data during
the SEP event in September 2017, the estimated ozone variation can be assumed as an upper limit.

Since the MAVEN data are only available after 2014, we analyze the data from Mars Express (MEX). The ozone column
densities can be obtained from the observation by nadir observation of Spectroscopy for the Investigation of the Characteris-
tics of the Atmospheric of Mars (SPICAM) and the SEP flux is from the background counts of energetic particles observed
by the Analyzer of Space Plasma and Energetic Atoms (ASPERA-3). MEX/SPICAM nadir observations are applied to re-
trieve the ozone profiles since 2004. MEX/ASPERA-3 can record the penetrating energetic particles through the instrument
structure as background counts (Ramstad et al., 2018).

We analyze ozone data observed by SPICAM/MEX during several SEP events identified using ASPERA-3/MEX. We also
evaluate the effect of SEPs on atmospheric chemistry on Mars using the aforementioned photochemical model and the Mars
Climate Database (MCD).
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Development of Martian diffuse aurora model to investigate effects of the mag-
netic field orientation and neutral density profile

#Taishin Okiyam& ,Kanako Seky

(1Dept. Earth & Planetary Sci., Science, Univ. Tokyo

The diffuse aurora at Mars (e.g., Schneider et al. 2015) is thought to be caused by solar energetic particles (SEPSs) pene-
trating into the Martian atmosphere along the interplanetary magnetic field lines draped around the planet. The diffuse aurora
emission consists of significant GO ultraviolet doublet emission and its peaking around 60-70 km altitude. Schneider et
al. (2018) showed that the time variation of the auroral emission does not always correlate with the variation of the SEP flux.
The emission correlate also with SEP protons in some events. The cause of the time variations of the auroral emission is far
from understood. The horizontal induced magnetic field is developed when interplanetary magnetic field is draped around
the Mars, and the structure of the induced magnetic field will change the flux of the penetrating SEPs. Therefore, one of the
possibilities is that the change in the magnetic field orientation around Mars affects the auroral altitude profile. In addition,
the density profile of Martian atmosphere will change depending on the local time (Slipski et al. 2018), so another possible
candidate is the change in the Martian atmospheric density. The purpose of this study is to investigate effects of the possible
candidates on the vertical emission profile of Martian diffuse aurora based on a Monte Carlo simulation.

We have developed a one-dimensional (1-D) model that calculates the vertical emission profile"df¢D and the CO
Cameron bands, which are typical emission lines of the diffuse aurora. Our model is similar to the Monte Carlo model of
Bhardwaj et al. (2009), which calculates the energy degradation of electrons below 1000 eV through collisions between CO
and electrons. The energy range of our models is expanded up to hundreds of keV with reference to the cross sections for
collisional reactions between electrons and neutral atmosphere used in the model of Gerard et al. (2017), which calculates
the electron flux to reproduce the emission profile of Martian diffuse aurora. A difference of our model from the previous
models is that we trace the trajectories of each electron in the given magnetic field structure including the cyclotron motion
of electrons to investigate the effect of the draped magnetic field structure. The results of our model showed that decreasing
elevation angle of the magnetic field from the horizontal direction increased the peak altitude of the emission intensity. Dif-
ference of the altitude profile of the neutral atmospheric density also affected the peak altitude. The result suggests that the
magnetic field orientation in the vicinity of the planet and the neutral atmospheric density altitude profile are the important
factors to change the vertical emission profile of the diffuse aurora.
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Numerical prediction of changes in atmospheric compositions during SEP events
at Mars

#Yuki Nakamurd®),Naoki Terad& ,Francois Leblant,Hiromu Nakagaw#,Shotaro Sakal,Sayano Hirub&®,Ryuho Kataoka®,
Kiyoka Murasé-®)

(1Geophysics, Tohoku Uni¥2Dept. Geophys., Grad. Sch. Sci., Tohoku URNATMOS-IPSL, CNRS{*Dep. Geophysics,
Grad. Sch. Sci., Tohoku Uni{?Dept. Geophys., Science, Tohoku UrifiTohoku University,”NIPR (8Polar Science, SO-
KENDAI

Solar energetic particles (SEPSs) are high-energy particles that consist mainly of electrons and protons with energies from a
few tens of keV to GeV ejected from the Sun associated with solar flares and corona mass ejections. SEPs that precipitate into
planetary atmospheres experience many types of collisions with atmospheric particles during their entry, causing increased
ionization, excitation, dissociation, heating and changes in ion and neutral compositions [e.g. Solomon et al., 1981; Leblanc
et al., 2002]. The effects of SEPs on atmospheric compositions are of great importance because SEPs could cause destruction
of ozone, and production of hydrogen cyanide that is essential in prebiotic synthesis of amino acid [e.g. Solomon et al., 1981;
Airapetian et al., 2016].

The effects of SEPs on ozone concentration at polar region of the Earth has been intensively studied for the past decades.
For instance, during the enormous solar flare that occurred in late October 2003, NOx and HOx concentrations were enhanced
and ozone concentration was depleted by 40% at the polar lower mesosphere [e.g. Jackman et al., 2005]. Increased ionization
and dissociation of atmospheric N2 and O2 molecules led to the production of NOx and HOx, which catalytically destroyed
o0zone at the polar mesosphere.

Recently, the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft has discovered global diffuse aurora on the
nightside of Mars during SEP events, indicating that more energy could be deposited in the deeper atmosphere than previ-
ously thought due to the interaction of SEPs with the Martian atmosphere [Schneider et al., 2015]. However, the effects of
SEPs on the atmospheric chemistry of Mars has not yet been understood by both observations and models.

We have developed a Monte Carlo model and a photochemical model to investigate the effects of SEPs on the atmospheric
compositions at Mars. The Monte Carlo model solves transport of protons, hydrogen atoms and secondary electrons in the
Martian atmosphere to calculate ionization rate during SEP events. The photochemical model solves 171 chemical reactions
including photoionization, ion chemistry, and neutral chemistry with respect to HOx and ozone.

We have performed a simulation of the effects of a large SEP event on atmospheric compositions on Mars. The proton flux
observed at Earth during the enormous solar flare of October 2003 [Mewaldt et al., 2005] was used as input to the Monte
Carlo model. We found that concentration of water cluster ions increased up%em0? below 70 km altitudes, which is
in good agreement with the previous study [Sheel et al., 2012] that predicted the SEP effects on the ionosphere of Mars. We
found that HOx increased by a factor of 10 and ozone decreased by a factor of 10 in the altitude range from 20 km to 60 km.
This is the very first estimation of the effects of SEPs on the atmospheric neutral compositions at Mars, indicating that the
similar effects on HOx and ozone could be expected on Mars as on Earth, such as increased ionization leads to the formation
of water cluster ions and following production of HOx, which destroy ozone.
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Water vapor vertical distributions on Mars: Results from three years of TGO/NOMAD

sclence operations
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Nadir and Occultation for Mars Discovery (NOMAD) onboard ExoMars Trace Gas Orbiter (TGO) started science mea-
surements on 21 April, 2018. Here, we present results on the retrievals of water vapor vertical distributions in the Martian
atmosphere from three years of TGO/NOMAD science operations.

NOMAD is a spectrometer operating in the spectral ranges between 0.2 and 4.3 um onboard ExoMars TGO. NOMAD has
3 spectral channels: a solar occultation channel (SO - Solar Occultation; 2.3-4.3 um), a second infrared channel capable of
nadir, solar occultation, and limb sounding (LNO - Limb Nadir and solar Occultation; 2.3-3.8 um), and an ultraviolet/visible
channel (UVIS - Ultraviolet and Visible Spectrometer, 200-650 nm). The infrared channels (SO and LNO) have high spec-
tral resolution (R™10,000-20,000) provided by an echelle grating used in combination with an Acousto Optic Tunable Filter
(AOTF) which selects diffraction orders. The sampling rate for the solar occultation measurementis 1 second, which provides
a good vertical sampling step ("1 km) with higher resolution ("2 km) from the surface to 200 km. Thanks to the instantaneous
change of the observing diffraction orders achieved by the AOTF, the SO channel is able to measure five or six different
diffraction orders per second in solar occultation mode. In this study, we analyze the solar occultation measurements at
diffraction order 134 (3011-3035 cm-1), order 136 (3056-3080 cm-1), order 168 (3775-3805 cm-1), and order 169 (3798-
3828 cm-1) acquired by the SO channel in order to investigate water vapor vertical distributions.

Knowledge of the water vapor vertical profile is important to understand the water cycle and its escape process. Solar
occultation measurements by two new spectrometers onboard TGO - NOMAD and Atmospheric Chemistry Suite (ACS) -
allows us to daily monitor the water vapor vertical distributions through the whole Martian Year and obtain a good latitudinal
coverage for every 20 deg of Ls. In 2018, for the first time after 2007, a global dust storm occurred on Mars. It lasted for
more than two months (from June to August). Moreover, following the global dust storm, a regional dust storm occurred in
January 2019. The NOMAD and ACS observations therefore fully cover the majority of the global and regional dust storms
and offer a unique opportunity to study the trace gases distributions during the dust storms. We analyzed those datasets and
found a significant increase of water vapor abundances in the middle atmosphere (40-100 km) during the global dust storm
from June to mid-September 2018 and the regional dust storm in January 2019. In particular, water vapor reaches very high
altitude, at least 100 km, during the global dust storm (Aoki et al., 2019, Journal of Geophysical Research, Volume124,
Issuel?2, Pages 3482-3497, doi:10.1029/2019JE006109). A GCM simulation explained that dust storm related increases of
atmospheric temperatures suppress the hygropause, hence reducing ice cloud formation and so allowing water vapor to extend
into the middle atmosphere (Neary et al., 2020, Geophysical Research Letters, accepted, Volume47, Issue7, e2019GL084354,
doi: 10.1029/2019GL084354). This study presents the results with the extended dataset, which covers a full Mars year. The
extended dataset newly includes aphelion season that involves interesting phenomena such as sublimation of water vapor from
the northern polar cap and formation of the equatorial cloud belt, which are known as key periods to understand the large
north-south hemispheric asymmetries of Mars water vapor. Yet, only a few papers report the water vapor vertical distributions
in the aphelion season. The extended dataset also includes the southern summer season (dusty season) in MY 35, which will
allow us to compare the water vapor distributions in the global dust storm year with those in the non-global dust storm year.
In the presentation, we will discuss the water vapor vertical profiles as well as the aerosols vertical distributions retrieved
from the three-year measurements of the TGO/NOMAD.
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Validation of a new atmospheric retrieval technique for the vertical profiles of

Martian atmosphere by limb observations

#Risei Koguré,Shohei Aok?) , Arnaud MahieuX' ,Hiromu Nakagaw&, Takeshi Kurod&, Yasumasa KasabgNao Yoshid&,
Hironobu Iwabuchi ,Hirohide Demur®

(1Tohoku Univ.(2JAXA/ISAS,(®BIRA-IASB, (*University of Aizu

In the Martian atmosphere, the vertical distribution of trace gases and aerosols can be observed by orbiters using various ge-
ometries, amongst them solar occultation and limb observations. Their spatial-time variability is one of the basic information
for Martian atmospheric studies. For example, recent studies have suggested that water vapor is transported from the lower
atmosphere to the upper atmosphere, and then can be lost to space through UV photodissociation. Its vertical structure and
spatial-temporal variations may be critical for understanding the dynamics and evolution of Martian atmosphere. Aerosols
are also important because they can affect the trace gas distribution and their vertical transportation through radiative transfer
processes, accumulation, dissipation, and catalytic functions.

The vertical structure has been mainly investigated by solar occultation using the NOMAD instrument on board EMTGO
(e.g., Vandaele et al., 2019; Aoki et al., 2019). NOMAD has an excellent S/N and a fine altitude resolution. However, it is not
suitable for the investigation of Local Time (LT) variation and horizontal distribution, because the observational geometry is
limited on the line-of-slight of the Sun at dusk and dawn. Limb observations, which observe solar scattered light by aerosols,
can provide a wide coverage of LT and horizontal distribution. For the retrievals of vertical structures from limb data, com-
prehensive, accurate, and fast calculations of scattering and absorption features are needed. Because these algorithms imply
huge computation cost, few studies by limb observations are found in the literature (e.g., Smith et al., 2013; Clancy et al.,
2019).

We use the JACOSPAR package, a fast multiple-scattering retrieval tool originally developed for Earth observations
(lwabuchi et al., 2006), to retrieve Martian limb observations observed by OMEGA on board Mars Express. JACOSPAR is a
fast calculation algorithm that (1) computes the multiple scattering components using the backward-propagating Monte Carlo
method and (2) uses the dependent sampling approach to simultaneously simulate a radiance spectrum along wavenumbers.
JACOSPAR considers a spherical-shell atmosphere to compute the atmospheric refraction, while the code can simultaneously
derive the vertical profile of dust and atmospheric components without any specific assumption.

In this work, we compare the results with the conventional retrieval code DISORT, which accounts for multiple scattering
and reflection from the lower boundary.

The JACOSPAR calculated radiances are in good agreement with the DISORT results within typically a 3% range. We are
now evaluating the gas absorptions. As an application, thanks to a non-sun-synchronous orbit of MEXx, we will obtain the LT
variations of the aerosols and the trace gases in order to investigate the vertical transport mechanisms. In this presentation,
we will report on this analysis as well.

This study aims to contribute to the Martian atmospheric limb observations planned by JAXA Martian Moons eXploration
(MMX) mission in the mid 2020s. MMX will acquire a unigue set of atmospheric spectroscopic data at Mars mid-low latitude
regions from nadir and limb geometries with wide field coverages from an equatorial orbit near the Phobos orbit. Our high
accuracy and fast retrieval tool will contribute to the MMX atmospheric observation, for the retrieval of the horizontal and
vertical profiles of dust and water vapor over a wide range at hourly time scale.
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Remote sensing of surface pressure on Mars by CO2 2 m absorption band ob-
served by Mars Express/fOMEGA

#Akira Kazam@ , Yasumasa KasabgHiromu Nakagaw#,Shohei Aokt Takeshi Kurod& ,Risei Koguré), Yuhei Suzuki,
Isao Murat& ,Nao Yoshid@

(1Tohoku University;2Tohoku Univ.(*Dep. Geophysics, Grad. Sch. Sci., Tohoku URRIRA-IASB, 5 Tohoku Univ,
(6Environmental Studies, Tohoku Uni¥.Geophysics, Tohoku Univ.

In the global enhancement of Martian explorations, Japan is developing the Martian Moons eXploration (MMX) mission
toward the launch in 2024. MMX will execute the sample return from Phobos, and also do the continuous and global observa-
tion of the Martian atmosphere in the low-mid latitudes from the equatorial field of views. Mars has a dilute surface pressure
of about 6 hPa, and its solar radiation varies more than 30% per year by a large orbital eccentricity. The large variations of the
Martian atmosphere are caused by the condensation and sublimation of CO2 and H20O and the absorption of sunlight by dust.
One of the goals of MMX for the Martian atmosphere is understanding the global and mesoscale dynamics and the transfer
processes of dust and water vapor. The surface pressure is one of the important key parameters.

In Earth, the distribution of surface pressure can be obtained by many observation points on the ground. In Mars, it is
difficult because there are only a few numbers of landers at specific locations.

The estimation of the mesoscale surface pressure distribution was tried by Forget et al. (2007) and Spiga et al. (2007) from
orbiter data. They derived the surface pressure using near-infrared CO2 absorption at 2 um in the initial observation data
(2004-2005) of OMEGA onboard Mars Express. Since they showed the results only from the ideal data set (e.g. dust-free,
etc.), 0.007% of the total data (29 of "4000 nadir observations) were utilized. In those data sets, the pressure distribution
over 95 x 150 km (2.5 deg in longitude, 4 deg in latitude) could be obtained and succeeded to show the pressure gradients
deviating from the geostrophic balance in some regions.

We have tried to apply this method to the planned MMX observations. In this method, surface pressure is estimated using
the column density of CO2 derived from the spectral absorption in 2 m. The CO2 mixing ratio in the Martian atmosphere
(well known as 0.9532 in early summer obtained by the Viking Lander mass spectrometer) can be regarded as uniform in the
lower atmosphere in altitude and can be assumed that the surface pressure is in proportion to the CO2 gas column density
when the atmosphere is hydrostatic. As in the previous study, now we are developing the code to derive the surface pressure
from the OMEGA SWIR (near-infrared) channel 1.8-2.2 m (25 points, wavelength resolution “20 nm). For the conversion
from absorption spectra to surface pressure, we need to make about 450,000 spectra by our forward model with a group of
physical parameters affecting the absorption spectra (e.g., atmospheric pressure, temperature, surface albedo, dust opacity,
solar zenith angle, solar viewing angle, and phase azimuth angle). Using this table, the surface pressure is estimated by
selecting the model spectrum closest to the observed one. In July 2021, we are in the process to establish the forward model
and to make this spectral table.

In this presentation, we will show the status to apply the method to the entire period (2004-2010) of available OMEGA
near-infrared observation data and report the trial of its application to the Martian mesoscale phenomena. We will also dis-
cuss the issues to be solved for the application to the MMX data which can cover more wide area and have the potential to
investigate the global atmospheric phenomena.
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Martian atmospheric structures studied with radio occultation and Improvement

of analysis method
#Ryutaro Sakurai, Takeshi Imamurd
(1Univ. of Tokyo,FS{®*The University of Tokyo

Radio occultation is a method to derive the vertical structure of an atmosphere from the frequency time series of radio
waves transmitted from the spacecraft and recorded at the ground station after passing through the planet’'s atmosphere. The
method is effective especially for studies of fine structures in planetary atmospheres. The geometrical optics method has been
used to obtain the ray path at each moment from the instantaneous frequency and then determine the atmospheric structure
sequentially. In contrast, Full Spectrum Inversion (FSI) proposed by Jensen et al. (2003), one of the radio holographic
methods, analyzes the whole time series at once. This method has been applied to the Venusian atmosphere by Imamura et al
(2018) to reveal fine vertical structures in the atmosphere that could not be captured by previous analysis.

Radio occultation observation has been utilized to study the temperature structure of Martian atmosphere. Various meso-
scale structures such as atmospheric gravity waves, convective boundary layer, and thin neutral layers that occur at night have
been detected. Such fluid dynamical processes are thought to play important roles in the transport of energy and momentum.
However, geometrical optics method has an altitude resolution of about 1 km, which is not sufficient to fully resolve the
vertical structures of these phenomena.

We report the following two results. (1) we analyzed the Mars Global Surveyor (MGS) radio occultation data by both the
geometrical optics method and FSI, and compared the results. MGS conducted many radio occultations during its mission
period from 1997 to 2006, and here we report results from a portion of the data. (2) We have also improved the details of
the analysis method. Specifically, we have improved the FSI analysis program that we currently use. In the current program
includes several tunable parameters that are determined manually for each data, and thus it takes a long time to analyze a
single data. In addition, artificial temperature oscillations appear in the results for specific seasons, latitudes, and local times.
The influence of the ionosphere is sometimes seen in the solution of the neutral atmosphere. We are trying to solve these
problems.
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Retrieval of HCl abundance at the cloud top of Venus from IRTF/iISHELL spectra
#Takao M Sat® ,Hideo Sagawa
(IHokkaido Information Universit{?Kyoto Sangyo University

The atmosphere of Venus can be vertically divided into three regions with different chemical conditions. Thermodynamic
equilibrium reactions are dominant in the lower atmosphere up to 60 km under high temperature and pressure conditions.
The middle atmosphere between 60 and 110 km is controlled by photochemistry driven by solar UV radiation. In the upper
atmosphere above 110 km, dissociation, ionization, and ionospheric reactions are important processes.

HCl is the primary chlorine reservoir in the Venus’ atmosphere below 110 km. Highly reactive chlorine specigs (CIO
which is produced by solar UV photolysis of HCI, has been proposed to play an important role in catalysis of CO and O
recombination to C@, thereby stabilizing the COatmosphere. Chlorine chemistry is also linked to the source and sink of
SO, and its understanding is necessary to explain the observed vertical distribution.of SO

Interestingly, there is a large inconsistency between the HCI abundances measured by spacecraft and ground-based tele-
scopes. The SOIR instrument onboard Venus Express measured its abundance as less than "50 ppb at the cloud top ("70 km)
increasing with altitude, reaching to 1 ppm in the upper atmosphere ("110 km) [Mahieux et al., 2015]. Such a vertical trend
conflicts with the results obtained by sub-mm ground-based observations which inferred a vertically constant profile (up to
"80 km) [Sandor and Clancy, 2012]. Near-infrared ground-based observations also showed the HCI abundance at the cloud
top as "500 ppb [lwagami et al., 2008; Krasnopolsky, 2010], which are nearly one order of magnitude larger than the SOIR
results. The reason for this inconsistency has not been understood yet.

In order to revise the HCI| abundance at the cloud top, we carried out a high-resolution spectroscopy of Venus’ dayside at
wavelengths of 3.580-3.934 m with IRTF/iSHELL on August 5-7, 2018 and August 18-20, 2020 (UT). Venus was near
its greatest eastern and western elongations, respectively, in the observation periods. Taking the full advantages of iISHELL's
high spectral resolution of R "75,000 with a high relative Doppler-shift of Venus seen from the Earth, iSHELL resolved in-
dividual HCI lines with sufficient separation from terrestrial lines. We analyzed three cross-dispersed echelle orders (orders
141, 142, and 144) which contain retrievable lines 8t€l, H3"Cl, and'60'2C'®#0. With using radiative transfer modeling,

H35Cl and H7Cl abundances were derived after cloud top altitude was retrieved from s&@taC'#0O lines. Our results

showed that HCI abundance at the cloud top is larger than 100 ppb and does not vary with the observation period (i.e., no
difference between the morning and evening hemispheres). Through the data analysis, we found that differences between
the observation and best-fit model are usually larger around absorption lines, which probably results from subpixel level
inaccuracy of wavelength calibration. To reduce impact of this mismatch on the retrieval accuracy, we adjusted the HITRAN
spectral line transition frequencies to match the observed absorption lines.

In this presentation, we show latitudinal distribution of HCI abundance and its isotopi€{H>7Cl) ratio at the cloud
top, retrieved from the iSHELL spectra and compare them with the previous studies.



R009-37
Zoom meeting D : 11/2 PM1 (13:45-15:30)
14:30~14:45

TEHRER THHOE | OKFEREERBVERERT — 2 ERNDEH

#HEVE FELT D, R R P Y, R 2 D, BRI D, SR B, SR KD, IE L e Ua—U O, fai A 0,
A HI D, =4F EIE S, b FEN 0

(0 BRI, (ZIAXA, © SRR, SO, O LA © LR, T SR, 5 BRI, © K
s

Attempts to produce Venus first analysis using horizontal wind obtained from
Akatsuki observations

#Yukiko Fujisawd),Shin-ya Murakant? ,Norihiko Sugimotd’,Masahiro Takagi, Takeshi Imamurd, Takeshi Horinouchi,
George Hashimofd,Masaki Ishiwataf, Takeshi Enomotd, Takemasa Miyosfi, Yoshi-Yuki HayasH

(IKeio University(2JAXA, GKyoto Sangyo University: The University of Tokyd?Hokkaido University,® Okayama Univer-
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Observations of the Venus Orbiter Akatsuki” provide us with horizontal distributions of the horizontal wind derived
from cloud tracking of the UVI camera and of temperature observed by the LIR camera. However, these observations are
very limited with respect to the altitude, local time (day or night side), and frequency. It is difficult to elucidate the general
circulation including various temporal and spatial scales only from observations. We have developed the Venus atmospheric
data assimilation system "ALEDAS-V” (Sugimoto et al., 2017) based on the Venus atmospheric general circulation model
"AFES-Venus” (Sugimoto et al., 2014a). In this study, we aim to produce a Venus objective analysis that has high temporal
and spatial resolutions by assimilating the Akatsuki observations into a general circulation modef AdiBPAS-V”. At
the top of the cloud layer of Venus, there are planetary-scale atmospheric waves that are excited by solar heating and move
with the sun, called the thermal tides. In this presentation, we focused on these thermal tides and verified the created analysis
data.

We assimilated the horizontal wind obtained from the UVI (365 nm) of Akatsuki using cloud tracking (Ikegawa and Hori-
nouchi, 2016) to the altitude of 70 km of ALEDAS-V for the period from September to December 2018. As a result, for
zonal wind, the assimilated result shows that the structure of the zonal wave number 2 near the equator shifted to the morning
side for about 2 hours compared to unassimilated result. This structure is close to the Akatsuki observations, namely, the
phase shift of the thermal tides in AFES-Venus could be improved. It is also consistent with previous studies (Sugimoto et
al., 2019). For the future work, we plan to release these assimilation results as the objective analysis data of Venus for the
first time in the world.
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Observation and analysis of optical emission by lightning in Jupiter and Venus

with high-speed photometer

#Tatsuharu Ong, Yukihiro TakahasH? ,Mitsuteru SATG ,Shigeto Watanaldé Seiko Takadi ,Masataka Imai

(1Hokkaido Univ.{2Faculty of Science,Hokkaido Uni{?Hokkaido Univ.(*Cosmosciences, Hokkaido Unf?Kyoto Sangyo
Univ.

The investigating the lightning can be used to understand the atmospheric dynamics on the other planets. Sometimes the
lighting is generated by the moist convection in the planetary atmosphere. Jovian lightning has been detected by some space-
craft by night-side optical imaging and radio wave observation. Previous studies (Gierasch et al., 2000; Ingersoll et al., 2000)
suggested that zonal jet is driven by the many small-scale eddies which are received their energy from the moist convection.
Moist convection is expected to be correlated with the Jovian lightning distribution, like as on Earth. The monitoring of
lightning is useful to investigate the local and general circulation, energy transport, and composition of Jupiter and other
planets. In the case of Venusian lightning, its existence is controversial for 40 years. The possible generation mechanisms
are convection, volcanic, or aeolian triboelectric activity. In the previous study, there are radio wave observations and optical
observations with CCD. It is difficult to distinguish between the lightning signal and the electrical noise or cosmic ray, the
spacecraft and ground-based observation area are limited, and the CCD’s sensitivity is not enough to observe the lightning
on disk of Venus. If we can reveal the existence of Venusian lightning, it could be used to promote an understanding of the
Venusian atmospheric dynamics.

We have developed the Planetary lightning Detector (PLD) to observe the optical planetary lightning flashes. We use the
PLD observed data to understanding the relationship between lightning and atmospheric dynamics by comparing it with other
observation data. The PLD is mounted on the 1.6-m Pirka telescope. Using this ground-based telescope, we can obtain an ob-
servation period of at least one hour per day for several months, longer than the previous studies. The PLD is the high-speed
and high-sensitive photon-counting sensor by using the photomultiplier tube to obtain the light curve of lightning optical
flashes. We can obtain it with a sampling rate of over 2Dts distinguish the other flashes and decrease the contamination
of sky and dayside light variation and improve the Signal-to-Noise ratio. The observed data be used to obtain the distribution
of lightning and its frequency. The PLD equips narrowband filters of 777 nm (FWHM = 1nm) and 656 nm (FWHM = 1nm)
for Jovian and Venusian lightning. These wavelengths are the strongest emission light of the experienced lightning spectrum
(Borucki et al., 1996). We can select the FOV of PLD from some pinholes and a slit to observe appropriate Jovian dayside
and Venusian night-side disk. PLD observes the background variation simultaneously by using a second photomultiplier tube
with a broadband filter to estimate the variation of background (e.qg., sky, dayside light) after finishing our improvement work.
We have observed Venus and Jupiter since 2020 while improving. We analyze the data with denoising to remove the shot
noise and CR with moving average or wavelet denoising. In our Venus observation, we obtain a few hour observation period.
We could find several possible lightning events having large count values above the background level. The estimated peak
energy of light-curve is about from 4@ 10° J. However, we have not yet been able to estimate the frequency of occurrence
due to insufficient analytical processing such as noise removal.The estimated event rate is abo[g 1&m~2], which
is larger than result of previous study 2.7x18 [s~'km~2] (Hansell et al., 1995). The LAC onboard AKATSUKI Venus
Climate orbiter should record the lightning more frequently if the estimated results are correct. Although, our observation
duration is not enough to compare with previous study. It is necessary to increase the observation time up to 3 hr in total.

In this time, we will introduce the developed lightning observation instrument PLD, the analysis method, and present our
observation results.
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Estimation of the drift rate and intensity of Neptune’s storm in 2018 and 2020
#Sato Yukl),Yukihiro TakahasH? ,Mitsuteru SATO),Seiko Takad ,Masataka Ima
(1Grad. Sch. Sci., Hokkaido Uni{?Kyoto Sangyo Univ.

A storm more than 4,000 km in diameter occasionally occurs in Neptune. In a previous study, Voyager 2 observed Neptune
on May 24, 1989, and discovered a storm of 13,000 km in diameter called Great Dark Spot (GDS). GDS was located in
the southern hemisphere like the Great Red Spot of Jupiter. But GDS became extinct when the Hubble Space Telescope
observed it in 1994 (Hammel et al., 1995). It is unknown whether it is a sudden thing or storms such as GDS always occur in
Neptune. In addition, a huge storm of 9,000 km was observed on July 2 and June 26, 2017, by the Keck observatory (Edward
et al., 2019). It's considered that Neptune storms occur at a mid-latitude in the north and south that an ascending air occurs.
However, this huge storm occurred near the equator. Neptune'’s rotation axis is 29.6 degrees, and the storm possibly occurred
near the equator because of seasonal change. Neptune is observed by large telescopes such as the Keck Observatory an
the Hubble Space Telescope, but it isn’t easy to always use those telescopes for Neptune observation. Therefore Neptune
is not observed for the long term on a short time scale. We developed the technique to estimate the drift rate and intensity
of storms by observing Neptune’s whole spectrum in this study. When seeing is bad, it's possible to observe and acquire
Neptune’s observation data for the long term on a short time scale. The purpose is to deepen the understanding of Neptune’s
atmosphere convection structure by chasing the detailed change of storms. In this study, we observed Neptune at wavelengths
of 890, 855 nm using a 1.6 m Pirka telescope that Hokkaido University owns. The observation time is from October 22,
2018, to November 26, 2018, and from September 3, 2020, to September 8, 2020. Storms look brighter at 890 nm because
the altitude of storms is higher than that of other areas. In addition, the apparent size of storms from the observation point
changes by the rotation of Neptune, so an 890 nm flux changes by the rotation. We took the ratio of an 890 nm flux and
an 855 nm flux to correct the atmosphere’s effect on the earth and calculated the theoretical values of the relative intensity
by the rotation. We assumed the storm’s diameter is 4,500 km and fit the observed values with the theoretical values in the
method of least squares to estimate the drift rate and the 890 nm albedo inside storms. The theoretical values change with the
storm’s latitude. Therefore, we calculated the storm’s latitude from the HST image and used it as a fixed value for fitting. We
estimated that the drift rate and the 890 nm albedo are 24.7 degrees/ day and 0.219 in 2018, respectively. In 2018, Simon et
al. (2019) discovered a new northern Great Dark Spot (NDS-2018) located at 23 degrees N. NDS2018 drifted westward at
2.46 degrees/hr in November 2018. However, NDS-2018 could not be seen because it was located on the night side during
our observation, and it is considered that we observed a different storm. In 2020, we estimated that the drift rate and the 890
nm albedo are 23.5 degrees/ day and 0.136, respectively. We will continue Neptune’s observation and compare with other
researchers and amateur observations, and have a discussion in the future.
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Development of a non-hydrostatic global model of the Venus atmosphere: A sim-

plified Venus simulation

#Hiroki Kashimurd),Hisashi Yashir® ,Seiya Nishizaw& ,Hirofumi Tomita®),Masahiro Takag?,Norihiko Sugimot8,Kazunori
Ogohard , Takeshi Kurod® ,Kensuke Nakajim¥,Masaki Ishiwatafi®), Yoshiyuki O. Takahashl), YoshiYuki Hayashi)
(IPlanetology/CPS, Kobe Unit?’NIES/CGER{RIKEN R-CCS{*RIKEN R-CCS{°Faculty of Science, Kyoto Sangyo Uni-
versity,

(6Physics, Keio Univ{7Faculty of Science, Kyoto Sangyo Universitflohoku Univ.(?Earth and Planetary Sciences, Kyushu
University,

(10Cos

Venus is fully covered by thick clouds of sulfuric acid, and its atmospheric circulation and inherent phenomena are not well
understood. However, recent observations by the Venus Climate Orbiter/Akatsuki have revealed a variety of atmospheric phe-
nomena from the planetary-scale bow-shaped structure (Fukuhara et al., 2017) and streak-structure (Kashimura et al., 2019)
to a front-like structure to small-scale vortices and waves of several hundred kilometers (Limaye et al., 2018). There have also
been active attempts to reproduce these phenomena using Venusian atmospheric general circulation models and to understanc
the mechanisms involved. In particular, AFES-Venus (Sugimoto et al., 2014), which was developed based on AFES (Ohfuchi
et al., 2004; Enomoto et al., 2008), the atmospheric general circulation model highly optimized for the Earth Simulator, has
realized high-resolution simulations of the Venus atmosphere, and the planetary-scale streak-structure, thermal tides, gravity
waves, meridional circulations, and other structures have been analyzed (e.g., Kashimura et al., 2019; Takagi et al., 2018;
Sugimoto et al., 2021; Takagi et al., in prep.). However, AFES is a hydrostatic model, which is not suitable for phenomena
whose horizontal scales are of less than several tens of kilometers and cannot explicitly express convections in the cloud
layer. The convections in the cloud layer are not only interesting in themselves but are also very important in the Venusian
atmosphere because the neutral or low-stability layer resulting from convections is closely related to the formation of the
planetary-scale bow-shaped structure and the streak structure. Though non-hydrostatic regional models have been used to
study convective activities in the cloud layer and the resulting gravity waves (e.g., Baker et al., 1998; Imamura et al., 2014;
Yamamoto 2014, Lefevre et al., 2017), due to the limitation of the domain size, effects of the convective activities on large-
scale phenomena have not been investigated.

Then, we have started developing a non-hydrostatic Venusian atmospheric general circulation model to realize a global sim-
ulation of the Venusian atmosphere that explicitly represents convective activities in the cloud layer. We utilize SCALE-GM
(http://r-ccs-climate.riken.jp/scale/) for the dynamical core, which determines the coordinate system and calculates atmo-
spheric motions. As a first step in the development, the various planetary and atmospheric constants are changed to Venusian
values, and the solar heating and Newtonian cooling functions used in AFES-Venus (Tomasko et al., 1980; Crisp et al., 1986;
Sugimoto et al., 2014) are imported to SCALE-GM. We then tried a simplified Venus simulation similar to AFES-Venus in
various resolutions to explore the necessary numerical properties such as time-step intervals and strength of the numerical
diffusion and the sponge layer. The planetary-scale streak-structure are represented in the same way as in AFES-Venus, in
case of the resolution of a horizontal grid spacing of dx 52 km and 120 layers (dz = 1 km) in vertical with a second-order
Laplacian for the horizontal diffusion whose e-folding time for the minimum scale is 100 s. However, in SCALE-GM, a
strong sponge layer that dumps not only the eddies but also the mean flow is necessary for computational stability. Therefore,
the superrotation strength and the angular momentum budget of the atmosphere are influenced by the artificial sponge layer,
and we need to seek better ways to keep computational stability. We are attempting to calculate in higher horizontal resolu-
tion, and we will also present these results.
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Statistical analysis of the morphology of Venusian fine clouds
#Tomoya Sudid, Takeshi Imamura
(I The university of Tokyo

Venus is entirely covered with clouds composed mainly of sulfuric acid. By observing the clouds of Venus at low latitudes
in the ultraviolet wavelength, we can see the light and dark contrast on the planetary scale, while some parts of Venus show
fine structures in the contrast. The factors that cause such cloud patterns have not yet been clarified. It may be related to
planetary scale waves, but this has not been investigated, too.

So, we performed statistical analysis of cloud images in order to research the formation process of small-scale structures.
For the analysis, we used the images continuously taken by Venus orbiter Akatsuki at the ultraviolet wavelength of 283nm.
The ultraviolet absorber at 283nm on Venus is mainly, S&hd we can observe horizontal distribution of the clouds around
65 km.

As analysis methods, we first compared the radiance variance of the high-pass images, which retains structures below about
1200 km, with the mean radiance value, from which the effect of the incidence and emission angle has been removed. The
results show that the variance changes significantly by about one order of magnitude over a time scale of about 4 days. As
for the phase difference between the variance and the mean radiance, both of which change with a period of about 4 days, we
need to analyze more data.

Furthermore, we also extract the data near the equator, which is our current focus, and performed wavelet analysis and
fractal analysis. The results of the wavelet analysis suggest that the components with wavelengths of about 10 degrees or
more in longitude have large amplitudes, while smaller scale components have little structures.

Such analyses are expected to clarify the relationship between the large-scale brightness contrast of clouds and the small-
scale structure.
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Longitudinal variation in the Venusian cloud optical thickness associated with a
Kelvin wave

#Hiroki Karyu!), Takeshi Kurod® ,Naoki Terad® , Yasumasa KasabaMasaru Yamamofo,Masaaki TakahashiKohei Iked&,
Norihiko Sugimoté’

(1TU,2Tohoku Univ.(3Dept. Geophys., Grad. Sch. Sci., Tohoku URMORI, Univ. of Tokyo®NIES (6Physics, Keio
Univ.,("Kyushu University

Longitudinal variation in the Venusian cloud optical thickness associated with a Kelvin wave

We have investigated, using a Venus Global Climate Model (VGCM), a large-scale longitudinal variation in the optical
thickness of the Venusian cloud caused by a Kelvin wave and its relation to a sharp disruption feature reported by Peralta et
al. (2020) [1]. They suggested that optically thick region is generated by vertical wind caused by a nonlinear Kelvin wave,
making small particles abundant there. On the other hand, Ando et al. (2021) [2] showed that temperature fluctuation by a
Kelvin-like gravity wave generates cloud thickness contrast using the AFES VGCM coupled with cloud physics. In addition,
they argued cloud particle size should be larger in the thick cloud region.

Our VGCM is based on MIROC [3]. The model resolution is T21L52, the altitude range is from the surface up to 95 km,
and topography is included. The radiation scheme and horizontal and vertical eddy diffusion for momentum and heat are
based on Yamamoto et al. (2019) [4]. Our VGCM calculates the space and time evolution of cloud size distribution, which
was not taken into account in the previous study [2]. Another difference is cloud particle modes [5] considered in the cloud
physics parameterization. Although Ando et al. (2021) took into account Mode 1 and Mode 2, our VGCM takes into account
Mode 3 and Mode 2’ particles in addition to Mode 1 and Mode 2.

We calculated the optical thickness at 2.26 microns with the simulated cloud distribution to compare our results with IR
images taken by Akatsuki. In the low latitudes, optical thickness sometimes changes sharply in the west-east direction, which
is similar to that reported by the observation [1]. In general, the optical thickness variation has a wavenumber-1 structure
and moves in the same direction as the super-rotation. Fourier analysis showed that a wavenumber-1 Kelvin wave structure is
synchronized with the optical thickness variation. We also investigated a phase relationship among the variation of tempera-
ture, the vertical wind caused by the Kelvin wave, and cloud production rate. Cloud production rate is more in phase with the
vertical wind than temperature. Therefore, contrary to Ando et al. (2021), our results suggest that vertical wind is the main
cause of cloud optical thickness variation. Moreover, the simulated particle size is smaller in the optically thick region. It is
expected that vertical wind transports sulfuric acid vapor from the sub-cloud region and small particles are generated there,
which is consistent with the observation [1].

[1] Peralta, J., et al., 2020, Geophysical Research Letters, 47(11), e2020GL087221.

[2] Ando, H., et al., 2021, Journal of Geophysical Research: Planets, 126(6), e2020JE006781.
[3] K-1 model developers, 2004, K-1 Technical Report No. 1, The Univ. of Tokyo.

[4] Yamamoto, M., et al., 2019, Icarus, 321, 232-250.

[5] Crisp M., 1986, Icarus, 67, 484-514.
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Sulfuric acid vapor in the Venus atmosphere observed by the Akatsuki radio oc-
cultation measurement

#Hinako Onum& ,Katsuyuki Noguchi ,Hiroki Ando?, Takeshi Imamurd

(INara Women’s Univ{ZKyoto Sangyo University> The University of Tokyo

On Venus, clouds exist at the altitudes of 45 to 70 km, covering the entire planet. The knowledge of the clouds will provide
clues to estimate the heat budget and atmospheric circulation of the Venus atmosphere.

In particular, sulfuric acid vapor, which is the main material of sulfuric acid clouds, is essential for understanding the
microphysics and distribution of clouds.

We derived the vertical profiles of sulfuric acid vapor mixing ratio using the time series of the signal intensity during radio
occultation by the Akatsuki spacecraft. We found a zonal structure with a wavenumber 2 in sulfuric acid vapor mixing ratio,
which suggested that thermal tidal waves affected the distribution of sulfuric acid vapor in the lower latitudes.
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Study of SO2 transport using Akatsuki UVI images and radiative transfer calcu-

lation
#Tatsuro Iwanakd, Takeshi Imamurd
(1The University of Tokyd2The University of Tokyo

The cloud layer which covers the entire Venus has a great influence on the Venus climate system. The clouds are composed
of H,SO, aerosols, and the mechanism of its formation involves sulfur cyclg; &@ich is abundant in the lower part of
the cloud layer, is transported to the cloud tops, wherg 8@hotochemically converted t0-80,. H.SO, forms cloud
particles and is transported downward by sedimentation and the meridional circulation, and is thermally decomposed into
SO, (Mills, Esposito and Yung, 2007). However, the mechanism of 8&nsport is not understood well.

Akatsuki has been continuously observing Venus. One of its objective is to observe the spatial distributigrirof&O
Venus atmosphere (Nakamura et al., 2016). UVI onboard Akatsuki takes images at the wavelength of 283 nm, which is close
to the center of the absorption band of S(Yamazaki et al., 2018). These images reflect the spatial distribution gf SO
which should be strongly affected by atmospheric circulation. The horizontal wind velocity distribution has been obtained by
tracking small-scale patterns in the UV images (Ikegawa and Horinouchi, 2016).

In our recent study, the mechanism of Sttansport was qualitatively examined by comparing the horizontal divergence
calculated from the wind velocity distribution and the change in the UV reflectance along the movement of each air parcel.
The horizontal divergence is used as an index of upward flow, and the reflectance and its temporal variation along the move-
ment of the air parcel were used as indices of, @Bundance and its supply rate, respectively. As a result of comparison of
these distributions, it is suggested that,S®transported by convection which changes temporally and spatially. Further-
more, an analysis of the UV reflectance and the wind field averaged on the local solar time-latitude coordinate suggested a
SO, supply process by thermal tides of wavenumber 2 (semi-diurnal tide). However, these analyses are only qualitative. In
order to evaluate the roles of those Sitansport in cloud formation quantitatively, the mixing ratio of S& the cloud top
and its variation need to be investigated.

In this study, we developed a radiative transport model for the estimation of the abundanceaifciind tops. We used
the Adding-Doubling method (van de Hulst, 1980), which can calculate the effect of multiple scattering, to calculate the ra-
diative transport in UV region. We adopted the Lebedev quadrature (Lebedev, 1976), which is a kind of quadrature method of
the spherical integration, to achieve a uniform resolution with respect to the solid angle. Under the geometrical conditions of
observations by Akatsuki UVI, radiative transfer calculations were performed with varioymB@g ratios. By comparing
the observed reflectance and the radiative transfer calculations, we can estimate théi®@ ratio that agrees with the
observed reflectance. In this presentation, we show the results of these calculations.
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3-dimensional structure of Venus’ polar vortex as probed with multi-color imag-

ing observations
#Takehiko Satoh,Makoto Taguct? , Takao M Sat® ,Hiroki Ando® , Takeshi Imamurd, Toru Kouyam& ,Masato Nakamura
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The polar vortex of Venus was discovered by Pioneer Venus Orbiter (PVO) and its detail was later observed by ESA’s
Venus Express (VEx). While both PVO and VEx were in polar orbit, Japan’s Akatsuki chose to orbit near the equatorial
plane of Venus, making it less favored to observe polar regions of Venus. Only when the sub-spacecraft latitude happens to
offset from the equator (10 degrees or so0), one pole can be seen relatively better. We analyzed the data acquired on 7 May
2016 as an example case of such a viewing condition.

Images by the thermal-IR camera LIR show the "relatively high-temperature” polar vortex surrounded by the low-temperature
cold collar. On the other hand, images by the 2-micron camera IR2 (2.02um filter) visualize the drop of cloud-top altitude in
the polar region (higher than 60 degrees latitude). The "enhanced” IR2 images show complex features in the polar region.

We will report comparison of these data, will discuss the probing technique with observations in other wavelengths (not
done by Akatsuki). These (the instruments and the observing techniques) will be proposed for the Venera-D mission being
planned by Russia.
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Toward the next generation Venus exploration
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The next phase of Venus exploration is going to start, given the successful completion of Venus Express and the continuous
accumulation of results from Akatsuki. Three Venus missions were newly approved by ESA and NASA this year, and India
and Russia are also promoting their Venus missions. Venus science is gaining momentum again toward around 2030. In
Japan, discussions on the scientific objectives of the next Venus mission are progressing, and several Venus orbiter concepts
are being studied. Exploration by entry probes is also discussed. Based on this situation, we are considering to establish a
Venus exploration research group (RG) to study the roadmap of Venus exploration from both science and engineering per-
spectives. In this presentation, we will report the status of the study.
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