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Martian studies
executing & planning at Tohoku Univ. etc.

- Infrared spectroscopic observations
- Numerical modeling studies
- Ground-based & space programs

and expected extensions toward & with TGO / ACS

Y. Kasaba', H. Nakagawa’, T. Sakanoi’, S. Aoki'5, T. Kuroda?,
N. Terada’, H. Sagawa?, Y. Kasai?, T.M. Sato3, T. Imamura3,

Y. Hirahara* (1: Tohoku Univ., 2: NiCT, 3: ISAS/JAXA, 4: Nagoya Univ., 5:|1APS-INAF)
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Neutral & Plasma Atmospheres in Solar System
~ Radio / IR/ Vis / UV + Numerical studies ~

Terrestrial Akebono (1989-) Planetary Kaguya (Moon)
Aurora & Geotail (1992-) Atmosphere & 2007-

Magnetosphere Reimei (2005-) Magnetosphere
F? ERG (2015-) Sakigake/Suisei
. (P/Halley: 1984-)

.1«/

3 ' Akatsuki
(Venus: 2010-) -

Icela

Svalbard Electric field

Fairbanks Plasma & Radio waves
Antarctica UV/VIS

BepiColombo
Ilepll:olnmno Hlssmnto Mercunr i

Urbiter ea

SEREEEET Saeiesss | CH4/03 [
ISS-IMAP | ¥23 8§/ inupper a!lnetosnherl

Ail‘gIOWS = w % atmosphere I J 'rllltel'




Our current targets for Mars ~ observations & Simulations ~

Atmospheric Escape Global dynamics
"_‘f' A |
Amount, process, % Air glow imaging &
Solar activity effects Atmospheric waves
Minor elements: Water & CO2 Cycles:
production /loss / circulation Sublimation - condensation
L ey

e

Release
,:Er 2

Lo

. Sl e F

i PR CH, | L TN RS ke ‘reservoir
W;_ Production -=‘_£|027)-\,_ !/} A ao= =
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Atmospheric Escape
A mission to Mars: Nozomi (1998-2004)

Main target: to investigate the Martian upper atmosphere
by the consortium of Imaging & Plasma instruments

—

The spirits of Nozomi was partially continued to BepiColombo & JUICE, and ...




Sprint-A/EXCEED mission

(EXtreme ultraviolet spectrosCope for ExosphEric Dynamics)

~ Extreme Ultraviolet (EUV) space telescope ~

- Launch 14 Sep 2013
- Observation Nov 2013 ~

A (partial) recovery mission of Nozomi
in UV/EUV/XUV plasma imaging

Collaboration with MAVEN is
now in planning.

Hybrid Simulation of
Exosphere,
Ionosphere, and
Escaping atmosphere

(Terada et al.)




Nozomi-heir mission (in 2020s?)
Investigate how and where the Martian
CO, and H,O disappeared

« Target 1:
Current escape rates of CO, and H,0O

« Target 2:
Escape mechanisms

« Target 3:

Responses to solar forcing
(extrapolate backwards through

e Target 4.

Responses to forcing from lower atmaéﬂpx)h
- Energy transfer from lower to upper




Infrared / Submm studies of Martian Atmosphere
~ with Large-sized facilities ~

Infrared: Mauna Kea

Submm: Atacama ASTE
~ (NAOJ)

Infrared: Mars

(with PFS team)£*

~
~
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Our current targets for Mars ~ observations & Simulations ~

Global dynamics

- GCM/Thermal Tides etc.

- Gravity Waves etc.
(not Mars. Earth/Venus/Jupiter)

- Mesospheric wind by MIR heterodyne, mm/submm

(ground based MIR/mm/submm + Models)

Water & CO2 Cycles
Minor elements
- H20 & CO2 clouds

- H20/HDO
- 12C02/13C02
- H202 (with CH4)
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obal dynamics: Thermal Tide
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amplitudes and phases of
diurnal and semidiurnal migrating tides

Martian environment studies executing & planning at Tohoku Univ.
Y. Kasaba et al. (IKI,

Oct 2013)

et al.)

Amp1: 6.2 [K]

Pha1: 351.8 [degree]
Amp2: 0.58 [K]
Pha2: 19.5 [degree]

3 Amp1:3.1[K]
3 Phat: 58.7 [degree]
1 Amp2: 1.7[K]
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Global dynamics: Gravity Waves [EEERRs 2N
~ Connectlon from Iower to upper atmospheres ~

0.6 — :— Mesosphere

o
o

3 E wave Breaking . = Mean wind
0.5 o acceleration

=2}
(=]

Propagation -%% Wave Breaking 40
Mean wWind
Acceleration

j?: E E Propai I3 ..l- L _. : opag
3 03 e stratosphere )
] E Troposphere
i w 3 n of

0 20 40 60

bays trom Orbil 007 Martian lower atmosphere (10-30 km alt.)

Martian upper atmosphere Global distribution of GW potential energy
at 10-30 km alt. (vertical wave lengths < 10 km)

o
'S
|
I
[ ]
[=]

Latitude, deg
o

]
=

40

Longitude, deq

Time variation of GWs observed during aerobraking

on MGS and Mars Odyssey [Fritts et al., 2006] by the radio occultation of MGS
[Creasey et al., 2006]

Gravity waves (GWSs) from lower atmosphere are important
for main transport (large-scale winds and eddy diffusion)
into the thermosphere which could be seen in Airglows
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Dynamics & Minor elements: H20 & CO2 clouds
COz2 Cloud features in CRISM & OMEGA 4.28um 4.26pm
e g g emission emission
-2.0 -2.0
-@ -22 -22
— o
P =
it v 5 L 24 W QL 24
; | 2 = = |
o 2 S -26 § -26
©
O X
o -2.8 -2.8|
Rssatassalsssntosach
4.204.254.304.354.40 -30 -3.0 '
Wavelength (um) 17.0 17.3 17.0 17.3
Longitude Longitude

Spectra obtained by MEX/PFS  Cloud image by OMEGA

Cloud particle characteristics can be followed by
spatial resolution better than PFS &
wavelength resolution better than OMEGA. (Y. Sato et al.)




:?‘5:-;. Martian environment studies executing & planning at Tohoku Univ.

‘m é
oox Y. Kasaba et al. (IKI, Oct 2013)

Dynamics & Minor elements: Radiative Transfer

3 observed in Spring
-CH4, H20 CO2  (Ls=0-90 deg.)

o
(XY

[T 40 km measurement

Radlat|ve transfer |n leb 06 Spectrum observed at 35 Km tangent altitude, in SPRING
- 100 km _
L 90 km '—é °“5§
- 80 km i 0.45—
o | $ MEX/PFS
.. OMEGA limb s twaterice f-q A averaged spectrum

- 30k _ .
L o k: (Vincendon+, JGR, 2011) & a1 at 35 km altitude
10 km (Formisano et al.)
B QO0E . o0 oo v o e e e e e e e L
0 km 3000 4000 5000 6000 7000 8000
[wavenumber, cm—1]
1(2)= /‘L(?JZC" (O] (i i‘:ij‘i;""(;] A,gmm,
A .y X
Development of A
MO nte_Carl O SC h em e (Anle il b A 4, A}
based on JACOSPAR

(Iwabuchi and Suzuki, 2009)

The multiple scattering term is calculated
by backward Monte-Carlo method.

very fast calculation. : (Aoki et al.)




DRAMATIC M-GCM (T. Kuroda)

DRAMATIC = [ynamics, /. diation, terial ' ransport and
their mutual 'ntera tions [Kuroda et al., 2005-2012]

Dynamical CCSR/NIES/FRCGC AGCM 5.7b (MIROC 4.0)
core 3-dimensional primitive equations, spectral solver

Resolutions Horizontal resolution of ~5.6°x5.6° (T21)
(grid interval of ~333km at the equator)
49 layers with o levels, the model top is at ~100km.

Radiation CO,: Absorption and emission in MIR (15um, 4.3um)
NIR NIR absorption (only LTE effects)
Dust: Absorption, emission and scattering in 0.2-200um

Tracers Water vapor, water ice, CO, ice

Surface Realistic topography, albedo, thermal inertia and
roughness, deposition of CO, and water ice




DRAMATIC M-GCM (T. Kuroda)

Annual variances of CO, polar cap
thickness and surface pressure
in comparison with Viking observation)

. w13 —— *ﬂt WWM
" '

 Baroclinic waves
(Kuroda et al., 2007) (

« Semiannual oscillations
(Kuroda et al., 2008)

* Polar warming with

global dust storm __
(Kuroda et al., 2009) Change of atmospheric fields

with global dust storm

_ _ Simulated CO,
» CO, snowfall in winter Snowfall at 80° N

polar atmosphere
(Kuroda et al., 2013)

[

Pressure

905 605 308 EQ 30N 60N 90N

Pressure

Semiannual e
oscillations
on equator gu== =

% BOE



£, Martian environment studies executing & planning at Tohoku Univ.

¢ 3
TGH:ZU Y. Kasaba et al. (IKI, Oct 2013)

HDO/H,O ratio search by SUBARU/IRCS
[Aoki et al.]

Subaru

telluric H20 lines  1oxe

B.0x10"

- 1.
20x10 |
(1)294-3.01 pm 2 h% ”'

g™

[h! Drdsr.

i
(2)3.10-3.18 pm .., Wrrmr W m' \Jrr “"Iﬁ, ﬂ
Al
Table. IRCS Instrument parameters "o 400

telluric H20 lines ‘“"“ f L | || |1|
I l ‘1 |
L-band echelle o £ Orel :
{ ]I (3] 3.25—3.35 |.l|'|'l axin® 'ﬂ "I | I'| |'ﬂ|| f |'||M||m
m CSHELL telluric H20 lines g > ‘ 1\ | |
telluric CH4 lines ;"‘1: |\ i | | ﬂ || |
Spectral IR 10em-! | J WP s
coverage QRGN ELE (@) Ordsr

XS [

8510 i ﬂrﬂ F"‘-‘II "'T]"nl
Spectral (4) 3.49-357 um  _ Soek o m‘ Ww
resotution ARl ~40.000 | iCjiric CHa ies 2 son I m

L]

2.5x10°F

Slit W E CX: i 0.477°x307 . o e 3
i (5) 3.72-3.81 pm h"': - — N .
Pixel 0.2” telluric HDO lines  _ *** Mmmw‘m Ve -
Scale Martian CO2 £ f i
isotope lines 20t

a 200 400 00 Ll 1000

Fig. An example of measured spectrum by IRCS (5-min integration).

Owing to the wide spectral coverage, we could performed absolute simultaneous observations of

multiple CH4, H20, HDO, and CO; lines.
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H20 latitudinal distribution
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HDO latitudinal distribution (Ls=52)

Latitude [degrees]
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HDO/H20 latitudinal distribution (Ls 96)

1 D/ (v, SMOW)

HDO/H20 Water ice
[T T T | LI | T T 1 | LI T T T T T
90¢ : }z | LorbHusqi 1a= mmgm -
[ : 0547 (167°W, 12/ pril) 1
[ ] o=+ -OrT0558{162°W, 14/April) | 4
I I s Drb1055?i1ﬂ9 "W, 14/ ﬁ;plllj 5
80 - 1 5 - longitudinal-mean values
5 | 5 :
[ ] f '
? 70_ _ .- : : T 1] 0 &0 90 Lm0 150 lLS”I} I 0 T AW SIZI .I
$ i 1/ = % . Fig. The predicted annual cycle of HDO/H20 ratio
o ; / § : ' calculated by the GCM (Montmessin et al., 2005).
o | g | '
=i L ] - '
lll‘ 60: g & '
o I £ 40 +a
2 | 5 '
L - [ .
S 50¢ ] '
: 20 = + .
[ i e — e +
40 : e A
L L =+ = = X -+ + o
[ : o+ o+ ’ -
30:||| |||||||||||: 0+"+" L "'l"'|+"'|"'|"'|'
00 02 04 06 08 10 12 14
0 2 4 6 8 Water-ice cloud optical depth (830 cm™)
HDO/H20 wrt SMOW

Fig. Latitudinal distributions of HDO/H20 ratio (left) water ice cloud optical depth at 830
cm' retneved from the PFS/LWC observations (nght). Differences in color shows the
PFS orbits (different date and longitude). The red curve represents their mean values

and standard deviation.
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SO, search
for the volcanic activity signs
[Nakagawa et al. 2009]

NOAJ/ASTE
(ALMA test facility)

‘no sign’ --- < 1ppb

iy

3.465120+10° 3.465130-10° 3.465140:10° 3.465150+10° 3.465160-10° 3.465170-10° 3.465180
Frequency (Hz)

including HDO & H20 toplcs
ALMA & orbiters should override
these kinds of iIssues.

- Very low level of volcanic gas or the gas dissociated from sulfates
for several years & no seasonal variation.

- If “CH4/SO2” ratio is same as Earth’'s, CHa from the inner crust is much few.
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H,O, search for the CH4 variation factors
[Aoki et al.]

v This study used the LWC data in the spectral range from 350 to 400 cm' (25.0-28.5 um),
which includes the strong absorption lines of H20O2 and H20 (no CO2, dust features).

10— —H,DI
E . “*3+Line strength (HITRAN 08)
E “}-“ I:
T o10® i

10‘“. :

T ' R 0 —%= 3 i _
iy SR AT < Synthetic spectra (PFS resolution)
g. 257.0
R v Note that the band around 362 cm- is
£ 200 overlapped with weak H-O band (363 cm-1) and
- h2: o strongly contaminated by the side-lobes of water

Y r 30 30 |lines (360-361 cm-1). Therefore, we mainly used

o Wavenumber fem™ .. |379 cm ' band to search of H2O2 and investigate its

[ "‘j seasonal variation.

1.000 E

L L% J s L
ara 380

L 1 L 0,
335 360 365 aro
Wavenumber [cm ]

Fig. (Top) Line strength of H20 and Hz0: obtained from HITRANOS.
(Middle and Bottom) Synthetic spectra for the spectral resolution of the
apodized PFS spectrum. The black and color curves show the spectra wit
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H,O, search for the CH4 variation factors
[Aoki et al.]

v We found that the mixing ratio of H202 increased at Ls = 120-240°, and it Is correlated
with H20 variation.

" Krasnopolsky (2009). and Lefevre et al (2008) predicted seasonal variation of H202.
" The differences between two models are coefficients of (1) H202 production (HO2+HO2) and,
(2) heterogenous loss (H202 + water ice).

PFS: 57+20 ppb

40 Lefevre et al (2003).—__________}/ / O~ ~ KranopDS"{Y (2009}
T 30EPFS: 31:10 ppb y g / PFS=29%13 ppb
4 Lef08, -
&' 20 —
I

0 100 200 300
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12C/13C by GICMICS @ SUBARU: MIR Echelle
fghmx“”““”“‘“““””’?u _(Nagoya U.)

4, Cross Disperser
1.24 —mm
03
1.20F
2 |
= 1.16 ’-
o
=
QlL12F :
Z N\ e —
1.08 |- _"‘ _--—_____ u
i - ..:_— H20 Hzo _
L.O4 ] | I 1 C> | | 1
10.2 10.3 10.4 10.5 10.6 10.7 10.8

wavelength(um)
. ZCOz (V3Hv,) = (Vi V) Test data: Venusian spectroscopy
. 10O, vy v, [10.1-10.8 um, MdA ~ 40,000]
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(Nakagawa et al.)

w0p e b | Variation of wind 3 o,
[ e 1 in the Venusian 5 W\/’"
2 0.6
20r | Mesosphere Pl e
1 [Nakagawa et al. 2013] 0.009

——— observed peak position

RMS velocity (LOS) [mfs]
=
T |
—eh g
\
./o .
| o
A
\\
[ Q,.\]-
1
K
/
N
_.4-'_34
|

0.008 - zero wind case
_ [+ 1 | Velocity of Targets _ 007
L | E A/dA > 1 07 E. 0.006 1 M‘—Kf E((})uzalormss
-20- 1 | % 0005 | - P(2) 959.3917cm™!
i 1 (3 - 1 08 / 30 [m/S]) 5 0 004 rest frequency

03/16 17 18 19 20 21 22 23 = |
0003
2009 Date
0.002 r
0.001 [‘ —Venus CO emission

Line profile of Targets .. e
)\/d)\ > 3' 105 IF[MH] 1100 1200 1300 1400

(30THz/100MHz) Example of the CO2 non-LTE emission line
[Sornig et al., 2008]

The light from source

MCT detector

by Ground-based IR-heterodyne measurement
with Univ. Koln group.

aouei’ -' '\ It did not have the continuous facility.
| i . But from Summer 2014, we will continuously
" set it to a telescope @ Haleakala, Hawaii.
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Tohoku University Haleakala “Very-Small” Observatory
In Haleakala High-Altitude Observatories (Univ. Hawaii)

Jr— . USAF
.~ Altitude: 3055m 7
Clear sky rate 80% T =
Neutron & _I |"' ‘ |
. ""‘*‘khqf’:l’f: GEODSS | | " L
e \it'gll'n\‘ MSSS * [ {1 , L i -

= Facility
Faulkes Telesc pe ;

North : - ':

HVSO [Tohoku Univ.

(Haleakala Very Small Observatory)
[40cm® Schmidt-Cassegrain]

New telescopes — N e e ~

= . ‘. i‘.-‘f.‘-'" / i ' : ,: =
/modiaa]',Q 2 Reb“‘
Proposed ™ : e nCircle /
SLR 2000 I '\ o g %" m— l

Site Mees Solar MAGNUN [' sx “«5&\\‘1\% NS

£ .
]‘ il I .
| .
. k]' P K o ‘ \ i | E

Figure 2-3. Aenal of Halealkald Observatones Lookang remotely operated from our Universit

Observatory LURE Complex

L




N

& ) Martian environment studies executing & planning at Tohoku Univ.

Y. Kasaba et al. (IKI, Oct 2013) 25

litate 60-cm telescope:
move to Haleakala, Hawaii

Radiation dose rate ' &

T MEEALIMOBEOEMERE(
[1A29BREOWRNR]

19-91
8.5-19

Radiation dose rate | =
- Current value : 3uSv/hr ~ 30mSv/yr M e - -~ —
(5 uSv/hr in 2011) 00 o e

- Inside a building: 0.2 uSv/hr

ARR-NFLR

Radio Telescope Optical Telescope

r e
http://www.mext.go.ijp/component/a menu/other/detail/

LV LM N Tatsgdepro-sens 7 o0 D T o
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Tohoku Univ. 60cm Observatory PLANETS 2m
moved to Haleakala Off-axis Planetary &

Exoplanetary telescope
(by institutes from 6 countries)

 Wide dynamic range
Off-axis with 1/100X smoothness

with Coronagraph & AO
Ep!:ﬂaﬁa-f"ﬂmﬁrlesﬁ: Polarization: Equatorial mount

First light: in summer 2014 First light: end of 2015 ?

Flexible operations! Ex) support campaian. Dust storm



Instruments .

il 47

 Near-infrared Echelle imaging spectrograph

AUk N e
Detector: 1k x 1k CCD e

FOV: 10’ with optical fiber
Resolution : ~50,000 in 500-900nm

AL/

*/ NIR high-resolution Echelle Spectrograph

B 25—/

Detector 256 x 256 InSb et
FOV 50’ or filter imaging
Resolution ~50,000

 Mid-infrared heterodyne super high-resolution spectrometer

Detector: MCT photo-diode

Resolution : > 1,000,000 + MIR Echelle

Wavelength : 7-11 um




Heterodyne Target: with R>1,500,000

Isotope map, HDO/H20 (villanueva+, 2008)

Deuterium Enrichment

IRTF/HIPWAC (Fast+, 2009)

of Water on Mars \ 1 r
‘- -l ﬁ 22 Feb 2008
% | 60°N 114°W
£ § %1 o, 11:30 MLT
i b 15} 4
§ L co, Ozone (0,)
3 § 1o *
5 7 . _ I
E O 5| 2 A M
@ LJ
3 Or - i . . . i - - " i i . . . . -
800 1000 1200 1400 -16800 -1200 -800 400 800
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A aer DeteCthn Of CH4 1085 62 105563 105564 105569 105570
Late Northern Spring Wavenumber (em }
(Sonnabend+, 2009)
60 T I I I T I ] Ll I T T ! T T I T ] | T T T l ] T I T I I T I | T ]
' Model, gas phase | (Nakagawa+, 2013)
| — Model, heterogeneous N
50+ [ Vv IRTF, 2002 - L @ eouatar _
| @ IRTF, 2003 —, 40 o caume | b
. A JCMT, 2003 E I . l
é 40 I B IRTF, 2005 =N [ o e pote
el | %)
@ | o 20r _
8. | = F3
30 = .
& I = et . -
8 | Ks] L o | . |4
‘—(:J | E ﬂ - g -.EHD Q P _.:0_ Pl — *:‘% /___. _‘.__
ONZO I o s ™" [ e & i 8 o
I | "; L .. i e s, Ak - H
| g 1 ® l | M
10~ : . o [ |
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; I ]
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Seasonal var. of trace gas, H202

(Lefevre+, 2009)

Mesospheric wind and T
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GICMICS @ SUBARU: MIR Echelle (Nagoya U.)
e = installed to SUBARU-8.2
o P S e 0 this fall as a test

1.24
03
1.20F
2 |
= 1.16 -
o
=
QlL12F :
Z N\ e e —
1.08 |- _--—_____ u
¥ H.0 A
i =3 H,0 20 7
L.O4 ] | I 1 C> | | 1
10.2 10.3 10.4 10.5 10.6 10.7 10.8

wavelength(um)
t Ot (itv) L Test data: Venus (in 2012)
. BBCO, vy v, [10.1-10.8 um, MdA ~ 40,000]




2.0m telescope @ Antarctica

Test facility (2010-)
40cm telescope .
at 11m height structure
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Development from 2015 (tbc)



Mars meteorological orbiter .
concept (in 2020s) .

* Nominal m,&lon plan: a medium-size orbiter
The prlmary target Dust meteorology
Water cycle
Atmospheric chemistry

m  100m  Tkm 10km  100km 1000km Sat|a| Scale




Altitude, km

Nominal plan: Continuous global monitoring from high
orbit using a set of dedicated meteorological sensors

Radio occultation
- | *temperature profile

Polarimetric camera
*Dust

*Clouds

* Particle sizes

20 ey

E A) 20°N-5"N
1 1 1

170 185 200 215 230
Temperature, K

, i
Narrow angle camera (optional)
* Meso-scale processes

Mid-IR camera
i 4 ° DUSt
* Surface temperature

Sub-millimeter sounder
*3-D temperature
*\Water vapor

- Orbital period: 12 hours *Trace gases
- Visualization of transport processes and diurnal *Isotopic ratios
cycle by global mapping conducted every one hou'r *Surface temperature




FIRE (Far Infrared Experiment)

> Atmospheric composi R 550 620 GHz range)

Key ps

D structure of temperature
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pbservatlon of water vapor, CO, 03, and its isotof
e temperature and properties
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FIRE observation Geometry

Limb observation from near Nadir mapping from

mars points

far mars points

Vertical scan between 0 — 120 km
~300 km step mapping for

horizontal direction
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Trace Gas Orbiter 2016

Channel

Spectral range

Type of instrument

Resolving power

(resolution at mid-
range)

We hope to go
as far as possible with TGO,
and extend the outputs
' {o the next.

resolution

Vertical Spatial

Resolution

NOMAD/SO Solar Occultation
NOMAD/LNO  Solar Occultation /
Limb / Nadir
ACS/TIRVIM Solar Occultation /
Nadir
ACS/MIR Solar Occultation
ACS/NIR Solar Occultation /
Limb / Nadir

2.2-4.3 um

2325-4545 cm!

2.2-3.8pum

2631-4545 cm!

2-25 ym

400-5000 cm'?

24-4.2 um

2380-4166 cm™!

0.7 -1.6 ym

6250-14285 cm'!

Echelle /
AOTF spectrometer

Echelle /
AOTF spectrometer

FTS

Echelle /
cross-dispersion

Echelle /
AOTF spectrometer

20000

(0.15cm?)

10000

(0.30 cm?)

4000 (SO) / 500 (N)

(0.15/ 1.6 cm?)

50000

(0.06 cm'1)

20000

(0.5 cm?)

3000

1000

1000 (SO) /

500 (N)

2000

2000 (SO) /
1000 (N)

< 1km --

< 1km 60-1000km?

Better than

< 10 km

< 1km

< 1km



