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Akatsuki returns to Venus
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ISAS successfully launched Akatsuki at ©6:58:22]ST on May 21st 2010, by H-IIA F17. After a half
year successful cruise from the earth to Venus, the malfunction happened on the propulsion system
during the Venus orbit insertion (VOI) on December 7th, 2010. The engine shut down at 158 sec
during the VOI, while we planned 12 min operation. The spacecraft did not enter the Venus orbit but
entered an orbit around the Sun with a period of 203 days. The orbital maneuvering engine (OME) was
found to be broken and unusable, but most of the fuel still remained. ISAS’s engineers decide to
use the reaction control system (RSC) for orbital maneuver and three minor maneuvers in November
2011 were successfully done so that Akatsuki would meet Venus in 2015.

The Akatsuki spacecraft was rotating about the sun with a period of 199 days and was on the
trajectory to meet Venus on 22nd of November, 2015 after the orbital maneuvers in November 2011.
The date, November 22nd, 2015, was chosen as the shortest encounter timing with consideration of
spacecraft's lifetime. Trajectory analysis done later revealed that the orbit around Venus after
insertion on 22nd of November, 2015 is unstable. We decided to perform another orbital maneuver in
July 2015 to let the spacecraft to meet Venus on 7th of December, 2015 with this date the orbit
around Venus would be more stable.

On 7th of December, 2015, the spacecraft approached from outside of Venus orbit and captured by
Venus. For the Venus orbit insertion in 2015, termed VOI-R1, four 23 Newton-class thrusters were
used as opposed to 500 Newton-class OME used at the 1st VOI in 201@. VOI-R1 burn (1228 seconds) was
successfully achieved from 23:51:29 on 6th of December through 00:11:57 on 7th of December (UTC,
on-board time).

Akatsuki became the first satellite of a planet in Japan. After VOI-R1, the apoapsis altitude is
0.44 million km with the inclination of 3 degrees. The orbital period is 13 days and 14 hours. The
figure shows the VOI-R1 geometry depicted with the Venus center coordinate. For two purposes, to
decrease the apoapsis altitude and to avoid long eclipse during the orbiter, we performed a trim
maneuver at the first periapsis. The apoapsis altitude is now 0.36 million km with periapsis
altitude of 1,000 km - 8,000 km (varying) and the period is 10 days and 12 hours.

Akatsuki will send data over two years to us, and it means that our exploration enters the new era
when Japan deliver the continuously changing planet’s data to the whole world.
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VOI-R1 Geometry (Venus center)
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Initial Results and Radiometric Properties of Ultraviolet Imager on AKATSUKI
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Introduction:

The beautiful UV images of the Venusian cloud top were previously performed by several spacecraft
such as Mariner 10 [Bruce et al., 1974], Pioneer Venus [Travis et al., 1979; Rossow et al., 1980],
Galileo [Belton et al., 1991], Venus Express [Markiewicz et al., 2007a, 2007b; Titov et al., 2008].
These previous instruments have taken images at the wavelength around 365-nm, but what material
distribution reflects the contrasting density has been unknown yet. Under wavelength of 320nm, SO,
absorption consistent with Pioneer Venus measurements [Pollack et al., 1979], and images in this
wave length can clarify the distribution of SO,.

The ultraviolet imager (UVI) on the AKATUSKI satellite takes ultraviolet images of the solar
radiation scattered at the Venusian cloud top level at the both 283- and 365-nm wavelengths. There
are absorption bands of SO, and unknown absorber in these wave-length regions. UVI result into
measurements of the SO, and the unknown absorber distributions, and the sequential images lead to
understand the velocity vector of the wind at the cloud top altitude.

First Image of Venus:

UVI has taken the two UV wavelength images of Venus immediately after the operation of the Venus

orbit insertion last year. The first memorial images by the AKATSUKI “satellite” of Venus were
taken at the positions of ~72,000 km far from the Venus center. The solar phase angle at the
sub-observer point was ~45 degrees with the evening terminator. The UVI image at a wavelength of
283 nm presents solar radiation attenuated by SO, absorption near the cloud top altitudes. This is
the first time to capture the snapshot of Venus with this wavelength. Together with the 365-nm
images, the continuous UVI images will be used to derive horizontal cloud-tracked velocities near
the cloud top altitudes (62-70 km) [e.g., Ogohara et al., 2012; Kouyama et al., 2013].

Although UVI had experienced under interplanetary radiation environment for an unexpected long
time, the performance of UVI is fortunately very high because CCD is strongly shielded. Estimated
radiance from the first image is from 50 to 200 W/m’/sr/pm. It is very reasonable for brightness of
the Venusian cloud top. The image quality is very comfortable suite to study scientific objectives
before launch. We expect the interesting results from the UVI images of Venus.
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INITIAL RESULTS OF THE VENUSIAN CLOUD-TOP TEMPERATURE
OBSERVATION BY AKATSUKI/LIR
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The Longwave Infrared Camera (LIR) onboard Akatsuki took Venus images just after the first
challenge in Venus orbit insertion (VOI) in December 2010". They showed several interesting
features in the brightness temperature distribution at the cloud top, however, quality and quantity
of the data were far insufficient for studies in details. Akatsuki was finally thrown into a Venus
orbit at the second attempt at VOI (VOI-R1) in December 2015 after the unwilling five year cruise
around the Sun. It had been confirmed before VOI-R1 that LIR as well as the other cameras onboard
Akatsuki was still very good in health. Observations of Venus were started immediately after the
VOI-R1 operation. More than 20 Venus images in thermal infrared have been acquired by LIR so far,
and observations are continuing to accumulate Venus images day by day.

This presentation will introduce initial results of observation of Venus by LIR, and also show a
perspective in future studies in the atmospheric dynamics using brightness temperature and wind
distributions derived from the LIR data.

LIR is a small light-weighted thermal infrared camera using an uncooled micro-bolometer array with
320 x 240 effective pixels as an image sensor, and acquires a snapshot of thermal radiation emitted
from the cloud top of Venus in the wavelength region of 8 to 12 pm”. The FOV of LIR is designed to
fit the full Venus disk to it from the distance of 4.8 R, from the center of Venus. Since Akatsuki
is orbiting in a far elongated elliptical orbit compared to the originally planned orbit, LIR can
capture the full Venus disk in most of an orbiting period. The pixel field-of-view is 0.05°, which
is four times larger than those of UVI, IR1 and IR2.

LIR has an internal image accumulation function to improve noise-equivalent temperature difference
(NETD). This function is called as primary accumulation, which is performed during each exposure.
Image data are sent to DE, and up to 32 images can be accumulated. This is called as secondary
accumulation. In the nominal observation sequences both primary and secondary accumulation numbers
are set to be 32 which gives the best NETD according to the pre-launch test results, and an image
acquisition sequence takes about two minutes. An image acquisition sequence without accumulation is
also equipped to take an image with a very short exposure time of 1/3@ sec, and used when the
ground speed of spacecraft is large.

In the first orbiting period LIR took 19 images from Dec. 7 to Dec. 11. The shortest time
separation between successive images was two hours. This is chosen so that a wind vector field can
be properly derived by a cloud-tracking method. From Dec. 12 to Jan. 14 observation was suspended
due to important operations on spacecraft which did not allow the observations in parallel.
Observation restarted on Jan. 15.

As a matter of course data amount that can be transferred from spacecraft to ground is limited by

©2016. Japan Geoscience Union. A1l Right Reserved. - PCG21-03 -



PCG21-03 HAMERSER S EA2016EAS

bit rate of telecommunication. In the nominal observation plan time interval of image acquisition
by LIR is two hours, and it can be shortened to be one hour in a special observation period.

In the first shot by LIR after VOI-R1 several amazing features which have never been seen before
are identified at a glance. A huge bow-shape high temperature region extending from the northern
high-latitudes across the equator to the southern high-latitudes exists around the evening
terminator. The temperature in the southern polar region seems to be the highest in the snapshot.
Dark filament-like streaks aligned north-south direction are found in the low latitudes. They are
also identified in the UV image. Interpretation of these interesting features will be discussed in
the presentation.

il
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Initial results of IR2 camera on board Akatsuki
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Radio occultation observation of Venus atmosphere in Akatsuki mission
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Cloud top structure of Venus retrieved from Subaru/COMICS mid-infrared spectra
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Venus is completely shrouded by a curtain of dense clouds (50-70 km) with total optical thickness
of 20-40 at visible wavelengths. The upper sulfuric acid (H,50,) clouds reflect ~76% of the
incident solar radiation back to space [Crisp and Titov, 1997]. Approximately 50% of the solar
energy absorbed by Venus is deposited at altitudes higher than 64 km mainly due to unknown UV
absorber mixed in the upper clouds [Tomasko et al., 1980]. In addition, infrared radiation from the
lower atmosphere is absorbed by the clouds. To elucidate the cloud structure which controls thermal
balance of the planet, we analyzed the mid-infrared images obtained by the Cooled Mid-Infrared
Camera and Spectrometer (COMICS) mounted on Subaru Telescope [Sato et al., 2014]. We found several
important findings near the cloud top altitudes (~70 km), such as the possibility that the westward
rotation of the polar features is synchronized between the northern and southern hemispheres, and
temporally variable small-amplitude patterns distributed in the entire disk. In order to
investigate what atmospheric parameters are responsible for these features seen in the images, we
have also analyzed mid-infrared spectra taken on the same date by the same instrument.

A ground-based spectroscopy of Venus was carried out at the solar phase angle of ~90 deg, with the
morning terminator in view, using Subaru/COMICS on October 29, 2007 (UT). The entire N-band (8-13
m) spectra were obtained with a spectral resolving power of R ~ 250, which is equivalent to that of
the Fourier Spectrometer onboard Venera 15 [Moroz, 1986]. The slit, which was sufficient to capture
the northern and southern limbs of Venus (angular diameter ~25 arcsec), was set to be parallel to
the central meridian of Venus just off the nightside limb and Venus was scanned toward the dayside
limb. The observed thermal radiation in this wavelength range is emitted mainly from altitudes
~65-70 km.

From slit-scan images composed of a total of 78 spectra, polar hot spots and cold collars in both
hemispheres are clearly seen and day-night asymmetry is also found, which are consistent with the
characteristics of snapshots at 8.66 pm and 11.34 pm taken by imaging observations on the same date
[Sato et al., 2014]. The spectra near 9.6 um are unavailable due to the contamination of 0, in the
Earth’s atmosphere even after the careful data reduction. There are two identifiable CO, bands
(12.1 pm and 12.7 pm). For both bands, the spectral features appear in absorption for the
equatorial region and in emission for the southern cold collar. This qualitative characteristic is
consistent with our knowledge obtained from Venera 15 [Moroz, 1986]. Such information as well as
overall spectral shape is useful to retrieve atmospheric parameters, for example, cloud top
temperature, cloud top altitude, and cloud scale height.

To estimate how accurately atmospheric temperature can be retrieved from 8-13 pm spectra, as a
first step, we performed a sensitivity test with VIRA-2 temperatures [Zasova et al., 2006]. The
pseudo observed spectra were calculated from several combinations of VIRA-2 temperatures and a
cloud model [Zasova et al., 2007; Eymet et al., 2009], and an inversion technique [Smith, 1970] was
applied to these spectra while changing the initial guess of the temperature profile. As a result,
we found that the temperature in altitudes ~65-70 km can be retrieved with the uncertainty of ~2 K.
In this presentation, we will show the mid-infrared spectra of Venus obtained by Subaru/COMICS and
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primitive results of atmospheric parameters retrieved from the observed spectra.

Keywords: Venus, cloud structure, ground-based infrared spectroscopy, radiative transfer
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Ground-based observations of the formation and periodical rotation of the global scale
UV-feature on Venus cloud top
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On Venus, the atmosphere moves rapidly in the westward direction, reaching velocities 6@ times the
rotation velocity of the solid globe. This atmospheric "super-rotation,” was first detected in the
1960s, however, the mechanism of super-rotation remains mysterious. A planetary-scale bright and
dark UV feature, known as the “Y-feature,” rotates around Venus with a period of 4-5 days and has
been long-time interpreted as a planetary wave. When assuming this, its rotation period and spatial
structure might help to understand the propagation of the planetary-scale waves and find out their
role in the acceleration-deceleration of the zonal wind speed, which is essential for understanding
the super-rotation of the planet. The rotation period of the UV feature varied over the course of
observation by the Pioneer Venus orbiter (PV0). However, last work issuing this crucial topic was
made more than 15 years ago, and, since PVO was operated in nearly fixed inertial space, the
periodicity variations on sub-yearly timescales (one Venusian year is ~224 Earth days) were
obscured by the limitation of continuous dayside observations.

We newly conducted ground-based Venus imaging observations at 365 nm, which consists of six
periods covering over half or one month from mid-August 2013 to the end of June 2014 and one
continuous periods from mid-April to end of July 2015. Distributions of the relative brightness
were obtained from the equatorial to mid-latitudinal regions in both hemispheres, and from the
cyclical variations of these distributions we deduced the rotation periods of the UV features of
the cloud tops albedo. The relative brightness exhibited periods of 5.2 and 3.5 days above 90% of
significance. The relative intensities of these two significant components also seemed subject to
temporal variations.

In 2013 and 2014, although the 3.5-day component persisted throughout the observation periods, its
dominance over the longer period varied in a cyclic fashion. The prevailing period seems to change
from 5.2 to 3.5 days in about nine months, what is clearly not-coincident with the Venusian year
(224 days). The amplitude of relative brightness variation is weak during the transition periods of
dominant-wave changing. It was indicated that the stability of the planetary scale UV-feature were
observed only in the presence of single longer or shorter periodic waves. In 2015, 3.5-days and
5.2-days wave periods could be observed. We success to obtain the change of the first significant
mode from 3.5-day wave to 5.2-day wave continuously. As the former observation results, Venus
experienced the absence of dominant-wave mode during the transition periods, and the time scale of
the transition is estimated about one month in that period.

F—U—F 2. YFER M EEEE
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Analysis of fine structures of Venusian clouds using VMC on Venus Express
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Detailed temperature structure of the Venusian atmosphere revealed by radio holographic
analysis of radio occultation data
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Two dimensional numerical experiment of the Venusian gravity waves by using a cloud
resolving model
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KSFDETRKE. ZOELRBERRICHESBALEHEDERXREZN L TC. ARBRICEEEEX D, iF. €8
ARICHVWTEENDEANZEEERCERBEBERIC K DBAICERRZITNTUS (e.g. Peralta et al. 2008;
Ando et al. 2015) , FEARSHZINEGEI DIEIROMERO—DE LT, EBA (BE50-70 km) (CF
AITDEBONBINENRND D, CNFITHRAG. EEEBERNONRES & ZNICKDFEOIECLEE 2
RITOBEETIVERAVWTRARTEZ (KB i, IPGU 2014) , ZOBR. BEINCEDRIIOHEBERAE
RBHEETA. SRORBYL TRIVF—ZENRET ILOBRECHERNE(CRIKEIT S ERDN e, ARF
KRTE. EFILORBGECEBERMEZE X T, ZNICHES TRILF—IRT RILOFARDBILERARBZ C &I
KD, HENREFENDEIDHEDEREAGEESAE T DO IOEVERE EBEMREZERRT D, I5(C. Eh
SOEZAVCHBEDETRODIRIVF—IRD L. ENRICKLDIHREBRNEFHE T S v D XUER(C
HOMMERRZRFAND,

BUBIEBEETIVISELKRET JLdeepconv (Sugiyama et al. 2009) TH D, STEKFLE(I500 km. HETE
BIIEENEE?5-135 km& Uz, BREGEF LETFRHICTIGAEL, SRER - BN ISV IOXELE L. BIEE
BEBERET D, I, ETFmRHASOBRORFEIMZDIEHIC. LimHS35 km& TmMNSS5 kmDEBHE(CL T
—BREZ1—~UBAIENRE. TEEBEEDBRE U TEIRAER ST NEVK S ICATEERE K
ORAICHL TR D. MHHICEXZBREDIBENME. MESTRFEED T TORED (Ikeda et al.
2010) ZAU\c, COBRBOBENZEE(L. BE48-54 kmTHIL. ZDOLTOEBCRETH D, HEHETRIE
([CEHEEFIC. KF—FZHDREZILUEVBA®ETIE UTEX. EEKROME - AHORE D (S Ikeda et al.
(2010) DETBEFER(CET D, FHICKKREERLELTUDE L. IRESHEMIEE T SO (CRAIRIET KDE(L
BELZEES knlc5EX. ZCHS1ISHEDETEETD. €T IIVOKFEHRE(Z200 mlCEE L. SHEREREZ
16, 32, 62 m&EB LS. FRBUERMEE 10, 3x107, 1x107°, 3x107°, 1x107 m s? £ Xz,

ZORR. BIEREEIX107° T, SHEREES N TORHETIE. IRI RVBEDAE S EXERBICTT
BDEFEEHFSTR—BMIDCERDN O, ENRDIMBGENREL 25E66-98 knTld. R MNIVEE
DIRIEIIEE LKL T B, ZLT. XRT RVOIESE [IAEREGEH10 < k < 107 (1/m) TlE -2 (L
BIL. 107 < k (1/m) DMBHTIE -3 THOEo BT 107 < k < 107" (1/m) (EHIFBIART LILOIES
(&, HERKSOERICEDVWTRIBSNZRBINEENROKERB IR RILOESEIC—HT D, T K
DORZ(CAHESKFEHREDIERFEE (TR, BEW kmTHELE 1m s day' THolo

F—DO—F 2B, KKEDK. WEHE

Keywords: Venus, Atmospheric gravity waves, Numerical calculation
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Study of the Venusian cloud formation and distribution in low- and mid-latitudes using a
GCM: Effects of atmospheric chemistry and circulation
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MEBEFEENTES~TnEBL). ZOBRHMREIEEDRIRCAKETLEEEES XD, ITZHEBETIAXAD
TEREE (5N DT OXTBELHANKRTHD. ERAZEBELU TOXRKNZOMERFEINTULDE

. EEASABRETILVGM) ZHUVZMBEDER - BRBEOHEEON DS ZvIIVICHLTEE
FTRDIENELD, BARISVGMCHBEERBERE ZNICRAETIARIEZBERZEA L. EODHS KUERK
(O EROHAERETOIZ,

ARRZEICFHUZVGM [Ikeda, 2011](XCCSR/NIES/FRCGC AGIME £ & (CRERSINIZEDT. KEDERBEIT2 (18
B -BEOTVU Y REREEICHS5.6%). SHETVITVILANILETIHRENSEERNKknE TEA/N—LTU
3. EORE - REBREC DOV TITHBREMOMREERET. BIRSEZEBIXCOOMEBEZE UTHOHIK
L. ED¥ZE(FHaus and Arnold [2010] TREINTZADDE—RIC. FEEEICHIFRIE—RAAZEEDLICIEL T
PEURELTUVD, IEHNDEREDE CBEFBROBRRERFSEATNTHESTF. EFRINZEOBROH
EEZRBLTUVD, MBI —R(EIkeda [2011][CEATNTUVBRENEZNOETHUVTH D, IEHESH
DETIVTEOSNDIENMDELIIHHICEIRMEING . KFEF—HKOEDMERELCHHES X TULS,
AHREDETIVIC(IFREE(H,S0,) BRRDER, - SHEICER D KSIEFBIZ(S0;, S0,, HOEDRIGEST)MEAT
NTHD. ZNICL > TERENLEDMOUIFRBABEREINGZ, CNSOARIEEBRESTETILMWCEST
L) TE B - HIEE(BE0~T70 °)[CHUT. ENOHNENES DIBE 2 (3Venus ExpressiEEDVIRTISIC LD
ERNADHENERE L. FIEMBRIDINED T EMage lanBRIBBRE N EBE L TUL Iz, —ATARILE
BREESFTEVETIVINCETIL)TIE. B PRECHTIZEOHFIHNES (FEAE IR TEIUTOEE L
D, FEBEMMDENHBEIEEWETIVEHMRTHEAUTNELE 2, WETIL. NNEFTILEETE(R
BESKMULETERINTULDIMR. BEICIEIASTEVARSB D, WETILOEMREE[FZU, CDELINCE
T T3 L EPEMEE (BE60~80km) CREALFER(IC K DMBEINERIN. TEZNHNREL TERER
TNTUVBCELEDe CDOTELDARMAEICTHUDVEMIE. XRILZBREODEACED., B - HEEICH
(TEIMBES LOMBERIDEAEXREBELICKBRIDZIEDICE >ZREVZ D,

BRFCOVGIMEAL T, MEBECRBRIOSHOERS LOBRITOCXDMRET O, COEFTILDEK
RCLDE. EBEBFTEEESKMTAERDICERERSIN. FFEBRENBEILBICEODTEAS LT
BABEANEERINTULD, —A T FEREEE(EE50~60km) Tld. RETHNDSEES0~54kmCHUVTERESA
BILBIC KD TANSERRSNEMBRINREEL CECKED, ZNAFFEBRICK > THRARAANER I N
TWdo CHELOEMBENBERA N Z AL FFEBRENNICE X fzInamura and Hashimoto [1998](C K
DBRE—BELRTTETIICEIODTREINEZEDE—HL. VeIMTCNEBIRUZDEAHERISHTTSH

B, COVGMEE 5. EITEERBAHOREYNRALEARIMNEE LA TE - PEBEOFFEBREREL
TnwdceammLlz,

F—DO—F 22 BBE KAKJEZE. XKQ/XBRETIL. HHDOE

Keywords: Venus, Sulfuric acid clouds, Atmospheric chemistry, General circulation model, Akatsuki
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Small-scale disturbances reproduced by AFES for Venus
(Atmospheric general circulation model For the Earth Simulator)
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An atmospheric general circulation model (AGCM) for Venus on the basis of AFES (AGCM For the Earth
Simulator) have been developed to perform a very high-resolution simulation (e.g., Sugimoto et al.,
2014a). The highest resolution is T319L120, namely, there are 960 times 480 horizontal grids (grid
intervals are about 40 km) with 120 vertical layers (layer intervals are about 1 km). In the model,
the atmosphere is dry and forced by the solar heating with the diurnal and semi-diurnal change. The
infrared radiative process is simplified by the Newtonian cooling. Then the temperature is relaxed
to a prescribed horizontally uniform temperature distribution which has a virtual static stability
of Venus with almost neutral layers. We set a fast zonal wind in a solid-body rotation as the
initial state.

Starting from this idealized superrotation, the model atmosphere reaches a quasi-equilibrium state
within 1 Earth year. This state is stably maintained for more than 10 Earth years. The zonal-mean
zonal flow with weak midlatitude jets has almost constant velocity of 120 m/s in latitudes between
45°S and 45°N at the cloud top levels, which agrees very well with observations. We have
investigated small-scale disturbances reproduced in the model. In the cloud layer, baroclinic waves
develop continuously at midlatitudes and generate Rosshy-type waves at the cloud top (Sugimoto et
al., 2014b). At the polar region, warm polar vortex zonally surrounded by a cold latitude band
(cold collar) appears successfully (Ando et al., 2016). As for horizontal kinetic energy spectra,
divergent component is broadly (k > 10) larger than rotational component compared with that on
Earth (Kashimura et al., in preparation). In the presentation, the relation between small-scale
gravity waves and large-scale thermal tides will be also shown.

F—DO—F 2. KKIKXBERET L. KE

Keywords: Venus, GCM, Waves
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Status of Millimeter-wave Band Ground-based 10m-SPART Telescope for Monitoring
Observations of the Middle Atmospheres of Terrestrial Planets in the Solar System.
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E, IAREOFEEMENERICBATIN TV S, BL(E. FOENBEOXREDOHBEAKIOYIE - {EF/H
RIBICEXFEZTERI D, TTFEETHIABDEMNEKERENDHEARICE R BIFEICDUT
BRRERH I BIIXXEFLLFHERGUMOORI0 nDE—HEREXSERERZ VKERFEL
LTEAL. ABRBEKRKEHR IO 5 ~(SPART : Solar Planetary Atmosphere Research Telescope) %=
HELTUS, CNETICSPART BiEEF. TELT, SEPAEO—BEESE (°C0 J=1-0 230.538 GHz, J
=2-1 115.2712018 GHz, "C0 J=2-1 230.3986765 GHz )DEIEBIBIC LB X RT MUENDEZSY VD %&£
LTE, 2011-2015%F OEAFARBICH VT, TENSES0 km HEDC SBEEHLOEIKFIIEHI60 ppmv T
Holz. BALFHEFEAFMOABERRBE Hz FOERBET —S(CLDE. COEREHRS. KB
(FFIFBAHBEHIFL TULT, Cycle-22(CH(FTBBEDKITHARERICLBOESL(EESD km) ELERT, D
Cycle-24(CHFTBOREHIFIHRL TV, CHCEIAFEDABZEBDETERE DREEEZREL TLSH
BN D D, BIEMBERTTEVEECLAEICN LT, XBHNSDEIRIVFRFOERIAHM. CONERMIC
ENLOHFEEBIZINEBREIDLH. X—F - JOVvAOBHRERVCHETETILSIBEERLICE
C3. (DEREZFHKT 30,0 I RIVFRIF (protond &) (C LB 17 VEEFSE & S L HES-90 knfthia T
BRELE DM ZOMRELMREIDENSTOWCEEDD DR, ABEFINHSTNEZDR S20. T2
DONSEBELNCELBDN. BEREM#MEL TOUKFETH D, RAESPARTERBOEAER L. —HRORHEMN
BAOKRFZRZTETIBYERENENARIENESH SN TULD, COEIC. E—F —POM-IT/HHEED X >
THFUR BEABEEOLInuEEEZFTLUTCEmMLUTHE D, BEEG I vy I TR THSM. AKATSUKIFE
EEDEEMRERIEX 2016438 (CIEREBRAT 5HETH D, AFBECTE. CNSSPARTFOIIIRD
—EQIDBEH EFRKRICDNTHET 3o

F—OU—F 2EXR. BREERR. ABEH

Keywords: Venusian atmosphere, Radio Telescope, Solar Activity
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Radiative Transfer Simulations for 1.9 THz Band Remote Sensing Observations of the Martian
Atmosphere with SMILES-2
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RE. ERRFEHIT— 3 VIEM/SMILESD#EMK & 7L BSMILES- 20 D —F VI FIL—FHIL 5 EMD. HIERO$
BEE - TEERBEOYITZY - TINIVYKEOFHEHANERINTULD, CHZVvI 3V TIE. HERICH(F
30,BOECRRLEE DFRPLEK/PlanetaryiK/d £ DIENIEEZBIEL TH D H,0,N,0,N0,,NO, CH,
1,C0,H,C0,0H and O-atomFEDDFEBES —T'w L& L. 400 GHzH\52.5 THZR X TEN/N—TF DEH/ Y
ROESEIE BIEX TL S (Suzuki et al Proc. of SPIE, 2015), C MDEHL(C(F. SISESCHEBMMIG/LE &ER
U, 4 KDOBRCLBDBLEEATOS 1 VRERFOREHLEERIINTUL D,

THZSR (IREIRLTKRERE CH D, BA (IR, SMILES-2(CEEEAIEE/L. BIGENLTINRE&ERE L 21.8-2.0
THZR R —VENBRY LI LD OYROX—S(HEB) VY DRAREENHTL\D, KABROMBKERET
(F. CO,NLZEMEL. RATENEICHTOTHNEATNTED., BEARICH (T IBALRIGRBEDEER
MRBBORBEELEDOTUVD, CNITIFT.8-2.0 THZFEICHHT B0, M EERINSIFARAIBE T D 2OHAH,
0,0-atomd & NEZEERNEEERD . FANDBREXSBENCBREILERT 3 L CEEBLREEES, £
C T ARAETIE. KEOHFBAKOBEEIXETILETEZEEM L. SMILES-2(CHEBREERFEEH L. XNEX
[DVE—REYIVIERBLUIIBEDERIRD RIVERRIEL 2, ABETE NS OREEZSAEDE
RIEDVWTHET B,

F—T—F ! SMILES-2. THz. UE—hrTYI VT KB
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Effects of ion-ion collisions on vertical CO," profiles in Martian ionosphere under
magnetic field penetration: Multi-fluid MHD
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The escape of the planetary atmosphere is an important phenomenon related to evolution of the
atmosphere, and numerical simulations are an effective method to understand the global atmospheric
escape processes. The escape of C0," from Mars observed by Mars Express is presumed that the origin
of C0," escape flux is result of the ionospheric outflow. In this process, the escape of massive
amounts of C0," requires relatively high density of C0," at high altitude ionosphere. Ionospheric
model developed by Fox and Hac [2010] presumed chemical reaction and velocity difference for each
ion fluxes in ionosphere to reproduce the density disturbance of CO," in high altitude ionosphere.
This result suggests velocity difference is important to reproduce the high CO," density in high
altitude ionosphere. Multi-fluid MHD, it is the model allows ion fluxes to take individual
velocities, has developed Najib et al,. [JGR, 2011], but the model has not include the effects of
the collisions between ions. In our previous research, we developed Multi-fluid MHD and reproduced
Martian ionosphere. To investigate effects of collisions, we conducted 5 cases of the simulation.
Casel: Multi-fluid MHD includes electron-neutral and ion-ion collisions, Case2: Multi-fluid MHD
without electron-neutral collision, Case3: Multi-fluid MHD without ion-ion collisions. (Case4:
Multi-fluid MHD without electron-neutral and ion-ion collisions. Case5: Multi-fluid MHD. From this
previous study, we obtained the effects of velocity differences between ion fluxes and collision
for C0," vertical density distribution. Our recent study is the effect of solar wind magnetic field
on Martian ionosphere using under developing Multi-fluid model. Mars has no intrinsic magnetic
field. So that, solar wind magnetic field penetrates into Martian ionosphere when the solar wind
magnetic field is in active state. When solar wind magnetic field penetrates, Martian ionosphere is
contracted, and ion-fluids are accelerated by magnetic field. Our Multi-fluid MHD code can describe
individual velocity of ion fluxes, ion-ion collisions, electron-neutral collision, and effects of
magnetic field for ion fluxes with different speeds. In this presentation, we report the dependence
of ionospheric condition on magnetic field strength and ion velocity in the upper boundary.

FoO—R R, BEE. SHAHD
Keywords: Mars, Ionosphere, Multi-Fluid MHD
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An MHD simulation study of the Kelvin-Helmholtz instability at the Martian ionopause with
a day-to-night density gradient
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The effect of a day-to-night density gradient on the evolution of the Kelvin-Helmholtz instability
(KHI) at the Martian ionopause is investigated using 2-D extended-local MHD simulations. The KHI is
expected to play a major role in transporting mass, momentum and energy across the ionopause
between the sheath flow and the Martian ionospheric plasmas, and is thus regarded as one of the
candidate processes that have removed a huge amount of ions from Mars through its long history.
Recent local MHD simulation studies have pointed out that a density gradient in the vertical
direction significantly reduces its linear growth rate and its maximum growing wavelength mode
becomes longer. A Longer wavelength mode makes KH vortices more inhomogeneous during the nonlinear
phase [Amerstorfer et al., 2010]. However, the actual ionopause has a density gradient not only in
vertical but also in the horizontal (day-to-night) direction. In order to investigate the effects
of a day-to-night density gradient, we have developed two extended-local MHD models by
incorporating two elements of a global model, i.e., an aperiodic boundary condition and the
day-to-night density gradient, into a local model.

Comparing the results of the aperiodic case (extended-local model without a day-to-night density
gradient) with those of the periodic case (local model), we find two notable differences in the
evolution of the KHI. Firstly, while the evolution of the main vortices group is mostly the same in
both cases, that of the leading vortex is quite different[YK1] .[AS2] The main vortices group rises
and its intrusion into two regions is symmetrical with the ionopause but the leading vortex does
not enter the sheath region in the linear growth phase. On the other hand, the leading vortex seems
to be squeezed by the sheath region while the main vortices group does not show such a squeezing
like structure. Secondly, the ionospheric plasma in the aperiodic case is excavated about 1.5 times
deeper. We find that these two differences are caused by the asymmetry in the structure of both
sides of each vortex. When there is another vortex with a larger amplitude just downstream of a
vortex, this structure behaves like a wall, the sheath flow will be stagnated by this wall-like
structure. This stagnated sheath flow induces an enhanced vortex return flow, resulting in a deeper
excavation of the ionospheric plasma. Previously, it has been thought that the mixing area will
spread widely over time. The Deeper excavation of the leading vortex enhances mixing of ions. In
addition, we also find the elongated filament structure is caused by the asymmetry in the structure
of both sides of the vortex. A wall-like structure downstream side which mentioned above and an
insufficient vortex motion on the leading (upstream) side of a KH vortex leads to vortex return
flow and an imbalance between the pressure gradient force and the centrifugal force associated with
the vortex motion. The vortex cannot keep its structure and will be an elongated filament. These
asymmetries in the vortex structure are responsible for making two differences between the
aperiodic and the periodic cases.

We also add the day-to-night density gradient to the aperiodic case by reference to MEX observation
results [Duru et al., 2008]. We find that the KHI is quickly excited in the downstream (low
density) region. It has been thought that the KH wave propagates from upstream to downstream, i.e.,
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one-way propagation. This excitation in the downstream indicates that the perturbations associated
with the KH wave propagate not only to the downstream but also toward the opposite direction, with
highly elongated filamentary structures in downstream.

In those simulations, we evaluate the effect of the day-to-night density gradient on the loss rate
of the ionospheric ions. We find that the day-to-night density gradient reduces the ions loss
efficiency with 30-40%.

F—O—R KB TIWEYANIVLRIVYARZE. D =aL—23 Y
Keywords: Mars, Kelvin-Helmholtz instability, MHD simulation

©2016. Japan Geoscience Union. A1l Right Reserved. - PCG21-16 -



PCG21-17 HAMERSER S EA2016EAS

NEFREHEMAVENDERRIS — 5 & HF LU fzMagnetic Pileup Boundary& Ion Composition Boundary®
5 dt:3%

Comparison of Martian Magnetic Pileup Boundary with Ion Composition Boundary Observed by
MAVEN
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The Martian upper atmosphere directly interacts with the solar wind, since Mars does not possess
the intrinsic global magnetic field. This interaction forms a transition region between the shocked
solar wind (magnetosheath) and the ionosphere, in which characteristic boundary structures are
embedded. In this transition region, the neutral atmospheric heavy atoms can be ionized and
involved into the solar wind flow. This is called the mass loading process [e.g., Dubinin and
Lundin, 1995]. The loaded heavy ions form a dense layer which called “ion composition boundary”
(ICB). ICB separates the solar wind protons dominant region from the planetary heavy ions dominant
one [e.g., Erkaev et al., 2007]. Since the interplanetary magnetic field (IMF) frozen-in the solar
wind plasma, IMF also drape around the transition region. Due to the draping IMF piles up in the
front of the Martian upper atmosphere, the magnetic pileup boundary (MPB) is formed [e.g., Luhmann
et al., 2004].

Previous studies have shown existence of the magnetic pileup region or the induced magnetosphere in
the transition region. Mars Global Surveyor (MGS) observed MPB, a boundary between the
magnetosheath and the Martian magnetic pileup region by its magnetometer and electron reflectometer
[e.g., Vignes et al., 2000, Trotignon et al., 2006]. ICB was also observed by the ion mass analyzer
of Phobos 2 and Mars Express (MEX) [e.g., Breus et al., 1991, Dubinin et al., 2006]. Due to the
lack of continuous simultaneous observations of the magnetic field and ion composition, however,
relations between MPB and ICB are far from understood. In this study, we investigate relative
locations and characteristics of MPB and ICB, and their dependence on solar wind parameters,
utilizing a full package of plasma instruments onboard Mars Atmosphere and Volatile EvolutioN
(MAVEN).

We conducted a statistical analysis of the ion, electron, and magnetic field data obtained by MAVEN
from November 2014 to March 2015 in order to investigate relations between MPB and ICB. We
identified MPB from the electron and magnetic field data by inspection based on criteria of
Trotignon et al. [2006]. We calculated the density ratio between the planetary heavy ions and the
solar wind protons to investigate the ion composition around MPB. Results show that there is a
north-south asymmetry in locations of MPB and ICB. Observations also indicate that the relative
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location of MPB and ICB has deference between dayside and nightside. Moreover, the southern crustal
magnetic fields seem to play a role of the north-south asymmetry in locations of MPB and ICB.
However, dependences of MPB and ICB on the solar wind dynamic pressure, density, and velocity are
not clear. The solar wind induced magnetic field direction also has no clear effects on ICB and MPB
locations.

F—O—R: NE. FEMSKE. Magnetic Pileup Boundary. Ion Composition Boundary. FER{LZRE. MAVEN

Keywords: Mars, Induced magnetosphere, Magnetic Pileup Boundary, Ion Composition Boundary,
Unmagnetized planet, MAVEN
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0" ion beams reflected below the Martian bow shock
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We investigate a generation mechanism of 0* ion beams observed above the Martian bow shock by
analyzing ion velocity distribution functions (VDFs) measured by the Superthermal and Thermal Ion
Composition (STATIC) instrument on the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft.
In the solar wind near Mars, MAVEN often observes energetic 0" ion beams (~10 keV or higher).
Accompanied with the 0* ion beam events, we sometimes observe characteristic ion VDFs in the
magnetosheath: a partial ring distribution or a hook-like distribution. The partial ring
distribution corresponds to pickup ions with a finite initial velocity (i.e. not newborn pickup
ions). Thus the partial ring distribution is most likely to be produced by the reflection of the
precipitating 0" ions below the bow shock. After being injected into the magnetosheath from the
solar wind, the precipitating 0* ions are subject to the significantly enhanced magnetic field in
this region, and consequently, a part of precipitating 0' ions are reflected back to the solar
wind, generating 0’ beams in the solar wind. The hook-like distribution contains two ion
populations: a mixture of local 0" pickup ions and 0" pickup ions precipitating from the solar wind
right above the bow shock, and 0" pickup ions precipitating from the upstream solar wind and being
reflected below the bow shock. The latter population also generates the 0" ion beams in the solar
wind. The reflected 0" beams are reaccelerated by the convection electric field in the solar wind
and may escape Mars.

F—O—R KB, 774 VRE MAVEN
Keywords: Mars, ion reflection, MAVEN
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Global structure of Mercury's magnetosphere : Dependence on solar wind parameters
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Based on observations by MESSENGER, Mercury's magnetosphere is thought to be a miniature of the
Earth's magnetosphere. These two magnetospheres have several characteristics in common, however,
some critical differences are also evident. First, there is no atmospheric layer, but only tenuous
exosphere. Second, the kinetic effects of heavy ions might not be negligible because Mercury
magnetosphere is relatively small compared to the large Larmor radii. Recent observation by
MESSENGER also found that the center of dipole is shifted to northward about 485km from the center
of Mercury. Trajectory tracings is one of the dominant methods to estimate the kinetic effect of
heavy ions which originate the exosphere, though the results of the simulation are quite sensitive
to the electric and magnetic field. Therefore, it is important to provide a realistic field model
in the trajectory tracings. In order to construct a large scale structure, we developed a MHD
simulation code, and adopted to the global simulation of Mercury magnetosphere. In this study,
first we performed two cases of simulation, low and high solar wind density cases(35cm*{-3},
70cmn{-3}, and 140cmM{-3}) with velocity for 400km/s and northward IMF condition. When solar wind
density is low, magnetopause is formed at 1.4R_{M}, and the global structure has weak north-south
asymmetry in the MHD simulation. One of the important characteristics is open field line from south
pole even in the northward IMF condition without Bx and By components. When solar wind dynamic
pressure is high, Mercury's magnetosphere is compressed to the scale of Mercury itself. In this
case, planetary surface disturbs the magnetospheric convection, and the north-south symmetry as
well as similarity to Earth's magnetosphere are strongly violated. Trajectory trancings in the MHD
fields show that there are enough space for energetic (~ few keV) sodium ions which are the main
component of 'sodium ring' at the vicinity of the planet to go through the dayside magnetosphere in
the low density case. In the high density case, dayside is too compressed and there are no space
for sodium ions to go through. As a result, 'sodium ring' became not isotropic ring but formed only
at nightside. In the next step, we performed higher dynamic pressure of the solar wind condition,
it is, density for 140cmM{-3} and velocity for 800km/s. This parameter is rarely occurred except
for the extreme case such as CME events. The result of MHD simulation shows that most of magnetic
filed lines are opened, and continuous tail reconnection occurred by extremely high dynamic
pressure. These structure and phenomenon partly correspond to that of magnetosphere with southward
IMF, while magnetospheric convections are largely different because no magnetic reconnection occurs
at the dayside magnetosphere. Another characteristics is secondary compression region in the
magnetosheath at flank side of the planet. First compression is occurred by planetary surface at
the front side and formed what we call bow shock. Second compression is caused by magnetopause at
the flank side which lies at the direction of sheath flow. In the presentation, we will also report
the ongoing simulation result of trajectory tracings in this extreme case.

F—OU—F  KERKE. BKRE
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Ionic composition in the Io plasma torus measured using Hisaki/EXCEED and gourd-based
telescope
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Volcanic gases (mainly composed of SO,, SO and S) originated from jovian satellite Io are ionized
by interaction with magnetosphere plasma and then form a donut-shaped region called the plasma
torus. Ion composition in the plasma torus is a key issue to investigate a source region and
production mechanisms of magnetospheric plasma. A coordinated observation of EUV spectroscopy by
Hisaki/EXCEED with a ground-based spectroscopy by Kitt Peak 4-m telescope enables to measure
composition of most of ions (S', S*, S, 0" and 0") in the plasma torus.

At the begging of January 2014, intense campaign observations of Jovian aurora and Io plasma torus
were made using Hisaki/EXCEED, Hubble Space Telescope and other ground-based telescopes covering
wavelength range from EUV through IR. The 4-meter R.C. Spectrograph was set up covering 550nm
through 80@nm which could successfully detect NaD (589nm), [S III] 631.2nm, [S II] 671.6/673.1nm,
and [0 II] 731.9/733.0nm as well. A field-of-view was 98 arc-seconds along the slit and the slit
center was pointed at the dawn or dusk edge of the centrifugal equator. We could get 54 spectra
from the observation during January 4th through 10th, 2014.

Based on analysis of visible spectrum from Kitt-Peak 4-meter, typical emission intensity of [S II]
671.6+673.1Tnm, [S III] 631.2nm and [0 II] 731.9+733.0nm were 700R, 100R and 60R, respectively.
Combining the visible spectrum with EUV spectrum measured by EXCEED/Hisaki, plasma diagnostics can
be made on the plasma torus. According to the atomic database, CHIANTI version 8.0, the best fit
ion composition was S*:S™:S™:0%:0™ = 4:27:11:13:40. The result shows that the average ionization
state was higher than that at Cassini era in 2004. More accurate analysis including errors and
uncertainty is ongoing, the recent result will be presented at the meeting.

F-—D—R ! AAFTSIVE—32
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Variations of Io's volcanism seen in Jupiter's sodium nebula
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The wave structure in Jupiter's polar region and the asymmetric distribution of the polar
cup haze
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In the Jupiter stratosphere, the polar cup hazes exist in the both hemispheres whose edges show the
wave structure. Previous observations, such as by Cassini ISS in 2000 or the Hubble Space Telescope
(HST) from 1994 to 1999 [Barrado-Izagirre at al., 2008], show that the polar region is covered by
bright diffuse haze and its edge has a wavy structure spreading in longitudinal direction with
wavenumber of 12 -14 at 67° S, which travels westward with a phase velocity of @- 10 m/s. These
observations suggested that this wave structure is caused by a planetary Rossby wave. However,
these observations had been carried out only every other year and the variance of short time scale
(about month) is not clear. The spatial range of this wave structure have not been investigated.
The aim of this study is to clear dynamics of the wave structure which vary within few days or few
weeks. This is achieved by the continual observation using a methane absorption band filter at 889
nm installed at Multi-Spectral Imager (MSI) of the 1.6 m Pirka telescope. To investigate spatial
structure of this wave, we measure the boundary of the low-latitude side of the wave. We also clear
the vertical structure in polar region using observation at wavelengths that absorption by methan
are different. In addition, identify of distribution of the haze structure is also purpose of this
study.

In this presentation, we introduce the observational results of time variation of the wave
structure in Jupiter’s south polar region in 2011 to 2015 by the ground-based telescope. Each
result is separated by few days to few weeks. Our results show the variation of the wave structure
within few weeks for the first time. It is found that disappearance of wavy positive peak at
longitude 100° in 18 days by the time variation of the wave structure. The wave structure change
locally in a short period. The longitudinal difference of the vertical wave propagation is found by
observation at some wavelength that observational altitude are different. It is possible that which
is different from Rossby wave. It was suggested that not only Rossby wave but also locally and
short-period wave structure exist in the polar region. It is cleared that the wave structure at 67°
S is only seen at 56° S by the latitudinal variation of the wave structure. Thus, the spatial
distribution of the wave structure is constrained.

In addition, the spatial distribution of polar cup haze in the north hemisphere is asymmetry for
the north pole. This corresponds with a sharp of auroral oval at some longitude. It is suggested
the relationship haze structure and auroral oval.

F—DO—R  ATX, KiESE
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Measurements of Jupiter's decametric source locations by LWA1 modulation lane data
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Jupiter's decametric emissions originate along magnetic field lines within auroral zones as well as
field lines that pass through Io and the Io plasma torus. The radio waves at Jupiter are amplified
by particle-field interactions and are generated in both the X-mode and 0-mode. Due to the emission
source parameters, right-hand (RH) polarized waves are generated from northern hemisphere sources
(Io-A and Io-B sources) while left-hand (LH) polarized waves come from the southern hemisphere
(Io-C and Io-D sources).

The modulation lanes in Jupiter’s decametric radiation, which were discovered by Riihimaa [1968],
are groups of sloping parallel strips of alternately increased and decreased intensity in the
dynamic spectra. Extensive systematic observations of modulation lanes have been made in the
frequency range 21 to 23 MHz by Riihimaa [197@, 1974, 1978]. The frequency-time slopes of the lanes
can be either positive or negative, depending on which of the Jovian sources is being observed.

In the Imai et al. model for the production of modulation lanes, the lanes are assumed to be a
manifestation of interference fringes from the line source consisting of the points along the axis
of the Io-activated flux tube that are emitting at the different local values of fc. The fringes
are produced as a result of the passage of the multi-frequency radiation through an interference
grating. This grating is a planar grid of almost equally spaced field-aligned columns of enhanced
plasma density, perpendicular to the ray-paths toward Earth, located near the sub-Earth point on
Io’'s orbit. Radiation from each of the frequencies emitted by the line source produces a set of
interference fringes when it is scattered by the plasma-enhanced columns. These sets of fringes are
inclined with respect to the Jovian equator. The rotation of Jupiter sweeps the inclined
interference patterns for the different frequencies across Earth, producing the modulation lanes in
the observed dynamic spectra. We developed a model to explain the production of the modulation
lanes [Imai et al., 1992a, 1992b, 1997, 2001, 2002]. By using our model the precise Jupiter's radio
source locations and beam parameters can be measured. This new remote sensing tool is called as the
modulation lane method.

The Long Wavelength Array (LWA) is a low-frequency radio telescope designed to produce
high-sensitivity, high-resolution images in the frequency range of 10-88 MHz. The Long Wavelength
Array Station 1 (LWA1) is the first LWA station completed in April 2011, and is located near the
VLA site in New Mexico, USA. LWA1 consists of a 256 element array, operating as a single-station
telescope. The sensitivity of the LWA1 combined with the low radio frequency interference
environment allow us to observe the fine structure of Jupiter's decametric modulation lanes. Using
newly available wide band modulation lane data observed by LWAT, we measured source locations and
beam parameters. The results of LWA1 data analysis indicate that the radio emitting sources are
located along the restricted range of longitude. We only receive one of the individual sources
which has a very thin beam thickness (probably less than few degrees) at a given time. We show the
measured locations of Io-related sources based on the modulation lanes observed by LWA1. The new
components of Io-C and Io-B sources are discussed.
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