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Instruments for Martian environment observation

TENGOO, OROCHI
* OROCHI Kameda et al. (2021}

* Wide-angle camera, 8 colors m"“m
3 colors (480, 650, 950 nm) will be used '
for Mars observation.

e 2.5 km/pix (sub S/C) from QSO

* TENGOO ,
* Narrow-angle camera Spoctairdanse g oot
* 35 m/pix (sub S/C) from QSO =® |
e MIRS ! MIRS

* Push-bloom type spectrometer Barucci et al. (2021)

e Spectral resolution: 10nm
* Spectral bandpass: 0.9-3.6 um
e 2.1 km/pix (sub S/C) from QSO

* MSA

* In-situ observations of the escaping
atmosphere with high mass resolution

e M/dM > 100
° H+, O+, C+, N+, 180+, 13c+’




- Continuous global monitoring from Martian orbit

Utilizing the high-altitude equatorial orbit as a
unique platform for atmosphere studies

MRO - o3z " Continuous

TGO

TR ~ imaging/spectral
MEX.," " £ S \ mapping
; OROCHI
U 4 | Sy TENGOO
S\ LESCAPADE . S MIRS
MAVEN Escaping atmosphere

MSA 'YOpg

/
/
4

Ogohara et al. (2022)



Close coupling between the lower atmosphere and exosphere

Heavens et al. (2018) ‘th storms
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Climate variation
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Steffen et al. (PNAS, 2018)



cold northern summer - growth of ice sheets

Milankovitch cycle

-> glacial inception (ice age)

from Wikipedia —_ ,
Earth's Precession
Direction North orbit today direction
Pole points
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Milankovitch cycles on Mars and Earth

Table 12.10 The orbital elements of Mars and the Earth and their variability.

Martian yvariability Terrestrial [variability
Parameter Present Mars Range  Cycle (years) Present Earth  Range Cycle (years)
Obliquity (%) 25.19 0-85* 120 000** 23.45 22-24 41 000
Eccentricity 0.093 0-0.12 120 000*** 0.017 0.01-0.04 100 000
Longitude of perihelion (°) 250 0-360 51000 285 0-360 2] 000

* Before ~10 Ma, obliquity variations are chaotic. While unpredictable at an exact time, statistically they would have varied between
0 and 85° (Laskar er al., 2004; Touma and Wisdom, 1993).

** The amplitude of obliquity oscillation is modulated with a ~1.2 Myr period envelope.

*** The amplitude of eccentricity oscillation is modulated with a ~2.4 Myr period envelope.

Catling & Kasting 2017



(Earth's) glacial inception by CO, emission

Ganopolski et al. 2016, Nature

* Interglacials ([EJ7KHA) occur during periods of high summer insolation
(EH 8Y) in the high latitudes of the Northern Hemisphere.
(Milankovitch theory)

* In the past, a decrease in Northern Hemisphere insolation to below
its present-day level always led to the end of interglacials and rapid
growth of continental ice sheets.

 However, at present, although summer insolation at 65°N is close to
its minimum, there is no evidence for the beginning of a new ice age.

 Glacial inceptions have occurred in the past under similar orbital
configurations.



* The current interglacial would have ended
if the CO, concentration had stayed at a
level of about 240 ppm, as was the case at
the end of MIS19 (800 kyr BP).

During the late Holocene (52t : IR E
{>) before the beginning of the industrial
era, the CO, concentration was about 280
ppm, leading to escape from glacial
inception. Pre-industrial land-use at least
partly contributed to the high Holocene
CO, level.

If carbon emission continues, glacial
inception is very unlikely within the next
100,000 years. Anthropogenic interference
will make the initiation of the next ice age
impossible.

Ganopolski et al. 2016

MIS19: 800 780 760 740
MIS11: 4
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Figure 1 | Orbital parameters. Comparison of Earth’s orbital parameters

and CO, concentrations for MIS1 (green), MIS11 (blue) and MIS19
(black). The vertical dashed line corresponds to the present day for MIS1
and the minima of the precessional component of insolation for MIS11
and MIS19.



Mars

VO 560B60
10 km

79.1°N, 340.8°W

Polar cap deposits




Recurrent slope lineae

Transition between different climate regimes ?



Subsurface ice
Mars Odyssey

Neutron Spectrometer (NS) and High-Energy Neutron Detector (HEND)

Global Distribution of Water on Mars
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Schorghofer and Aharonson (2005)

180° -120° -60° 0 B0° 120"

Figure 8. Color imlicates depth to the ice table in g cm™ when ice is in equilibrium with the
amosphene water vispor, Ground e 15 unstahle m the winte area, Black sepments indicate finite bunal
depihs larger than 130 g em ™. Missing data points are shown in geay. Assamed volume fizction of ice is
405, but the geograplue boundary between 1oy and 1ce-free sl 15 ndependent of the e fraction, Sohd
comouts indicate water-equivalent hydrogen content in percent determined fiom neutron speclroscopy
[Feldman et al, H04], The dotted hines are 200 J m K ' 1% contours of thermal inentia,

Comparison with models

- Near equilibrium at high latitudes
- Non-equilibrium at low latitudes

Color: model prediction of
H,0 ice sheets

Contour: observed H,0O



Buried glaciers
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Milankovitch cycles on Mars and Earth

Table 12.10 The orbital elements of Mars and the Earth and their variability.

Martian variability Terrestrial variability
Parameter Present Mars Range  Cycle (years) Present Earth  Range Cycle (years)
Obliquity (%) 25.19 0-85*| 120 000** 23.45 22-24 41 000
Eccentricity 0.093 0-0.12 120 000*** 0.017 0.01-0.04 100 000
Longitude of perihelion (°) 250 0-360 51000 285 0-360 2] 000

* Before ~10 Ma, obliquity variations are chaotic. While unpredictable at an exact time, statistically they would have varied between
0 and 85° (Laskar er al., 2004; Touma and Wisdom, 1993).

** The amplitude of obliquity oscillation is modulated with a ~1.2 Myr period envelope.

*** The amplitude of eccentricity oscillation is modulated with a ~2.4 Myr period envelope.

Catling & Kasting 2017



Milankovitch cycles on Mars
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Seasons of Mars

Ls = 0 :spring equinox of the northern hemisphere
/
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Kieffer and Zent (Kieffer et al. eds, Univ. Arizona Press, 1992)

7° Massive
e ~c1—CO; caps
11 ri~ T< Fros ™

Thin, clear
atmosphere

low obliquity - cold pole
- massive polar cap

—> dry atmosphere

—> retreat of ice sheet

Thick, dusty L i
w#& atmosphere it o

— T ==

Thin, seasonal
asymmetric caps

high obliquity = warm pole
- thin polar cap
- moist atmosphere

—> growth of ice sheet, ice
accumulation in the tropics



I 1 I I I

< 220 —

. i i

3 B _
5t _

g 2001 -0
€ L -

o g2
o - 350
8 i 45
T 180 =40
wn = 135
° B 30
3

c - 125
< 160 = —

c

o i 120
= 315

140 . . ] 2 . 1 ] | ]
-90 -60 -30 0 30 60 90
Latitude

Figure 3. Mean annual surface temperature for a range of obliquities. The eccentricity is 0.12, and the Lg at which
perihelion occurs is 270, corresponding to southern summer. A thermal inertia of 250 Jm™2 s~ "2 K™, an albedo of
0.25, a surface pressure of 600 Pa, and an infrared dust opacity of 0.1 are assumed. Discontinuities in the slope of each

curve are due to the effects of seasonal CO, frost.

104 | - - - 250
Mellon & Phillips (2001) = 2305
1 e
N ) EECIE
.:. 10 21C|§
a
€ ’ 200 &
= 10
o 190+
o 0 5
£ 10 1805
a e
€ o1 3
£ 10 1?Gu?:

20

30 40
Obliguity

20




Formation of glaciers on Mars by atmospheric precipitation at

high obliquity Forget et al. (2006)

« The model predicts ice accumulation in regions where glacier landforms are observed,
on the western flanks of the great volcanoes and in the eastern Hellas region

B
30N
25N
20N
15N
108
5N
[ ]
55
105
~500 km
155
-140" -130° -120* -110°* -100* A5W 140w 135w 130W
Fig. 1. (A) Geologic map modified from (30) of the Tharsis region showing the € 35N
location of fanshaped deposits of Amazonian age (yellow) located on the northwest
stopes of the Tharsis Montes and Olympus Mons. (B) Net surface water ice accumulation
in the Tharsis region simulated with 45° obliquity and assuming that surface water ice 30N 1
is present on the northem polar cap. Superimposed Mars Orbiter Laser Altimeter
(MOLA) topography contours are at 2000-m intervals. (O Same as (B) but for the
Elysium Mons region. Outside the Tharsis and Elysium areas, no net ice accumulation is 25N1
predicted.
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Fig. 3. Cross section of Olympus Mons along the 16°N latitude showing the mean atmospheric ice mass
mixing ratio (shaded blue) and the atmospheric temperature (contour, K) averaged over the period of ice
accumulation Ls = 1257 to 1557 (northern summer). The strong northwesterly winds induce adiabatic
cooling on the flank of the volcanoes and atmospheric condensation and precipitation,



H,SO, clouds of Venus
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Fig. 2. Comparison between the observed temperature structure
of Venus’ lower atmosphere and that of several models, which are de-
scribed in the main text.

Solar energy flux reaching the
Venus surface (17W/m?) is much
less than that of the Earth
(168W/m?).

Greenhouse effect of massive CO,
and small amount of H,0 explains
the high temperature.

Pollack et al. (1980)
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SO,
H,O

Origin of clouds

Photochemistry above clouds

Scenario #1 (Net reaction driven by catalytic cycles

including CIOx, HOx, NOx)

2C0, + hv — 2CO + 0,

CO +S0,+0,+hv — CO, + SO,

Scenario #2
SO, +hy—>SO+0
SO+hy—=S+0
SO,+0 — SO; (x2)

CO,+ S0, +hv — CO + SO,

3S0,+hv — S + 250,

*SO; rapidly reacts with H,O:

SO, + H,0 — H,SO,

Elemental sulfur (S) can serve as condensation nuclei.




Venus:
Massive eruptions several hundred million years ago ?

Wrinkle ridges may have been formed by
thermal stress caused by a sporadic
enhancement of greenhouse effect (H,O?) in
the past.

f

Radar image of Venus surface by NASA's
Magellan spacecraft




Recent Evolution of Climate on Venus (Bullock and Grinspoon 2001)

One-dimensional radiative-convective model coupled with cloud formation

H,SO, cloud is produced from SO, and H,O0.
The abundances of SO, and H,0 change through volcanic eruption, surface

reaction, and escape to space.
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FIG. 2. Temperature profile calculated from the Venus radiative transfer
model (solid line). For comparison, the Venus Interational Reference Atmo-

sphere is plotted with a dashed line (Kliore ef al. 1980).
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FIG. 5. Nominal cloud number densities as a function of altitude (solid
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shown with the dashed line.



Temporal development
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Variability of SO, above clouds

800

.~ Volcanic eruptions ?
. Change of atmospheric dynamics ?
600

400 - I Marcq et al.
: ‘ | (2013)

SO, abundance at 70 km (ppbv)

.........

.......

Year

Figure 3 | More than thirty years of SO, measurements at Venus's cloud
top. Black stands for previously published measurements2®. Red stands for
the 8-month moving average of the retrievals also shown in Fig. 1. Solid red
error bars represent 1o random uncertainty, and dotted red error bars
represent measurement dispersion in each temporal bin.
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Long-term variations of the UV albedo of Venus (Lee et al. 2019)
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Temperature (K)

Geopotential height (km)

Zonal wind speed (m s™')
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Temperature at the pressure
level of 3.2 X 10° Pa (~70 km)

O : RO obs.
M : Annual mean

(b)

Geopotential height at the pressure
level of 1.0 X 10° Pa (~75 km).

O : RO obs.
M : Annual mean

Zonal wind speed at cloud-top level
obtained from Venus Express and
Akatsuki UV cloud tracking

O : UV obs.
M : Annual mean

Ando et al. 2025



long-term variation of zonal wind in deep clouds
(Peralta et al. 2018)
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Radiative relaxation time

* Times cale of infrared cooling/solar heating

* The meridional overturning time is usually considered to be
similar to the radiative relaxation time.

* Radiative relaxation time is longer for larger atmospheric heat
capacities.

* Mars : 3 Earth days
* Earth : 100 Earth days

* Venus : 50 Earth years

* The dynamical time scale of Venus’s atmosphere can also be
very long -2 Internal oscillation ?



Spontaneous oscillation of the atmosphere

e Earth : Quasi-biennial oscillation (QBO)
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Observations of exoplanet

Planet Mass [Jupiter Mass]
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doi:10.1038/nature23266

Evans et al. (2017, Nature)

An ultrahot gas-giant exoplanet with a stratosphere

Thomas M. Evans', David K. Sing', Tiffany Kataria?, Jayesh Goyal', Nikolay Nikolov!, Hannah R. Wakeford?, Drake Deming*,
Mark S. Marley”, David S. Amundsen®’, Gilda E. Ballester®, Joanna K. Barstow?, Lotfi Ben-Jaffel'’, Vincent Bourrier'!,

Lars A. Buchhave'?, Ofer Cohen'?, David Ehrenreich!', Antonio Garcia Mufioz!*, Gregory W. Henry", Heather Knutson'®,
Panayotis Lavvas', Alain Lecavelier des Etangs'?, Nikole K. Lewis'®, Mercedes Lopez-Morales'?, Avi M. Mandell?,

Jorge Sanz-Forcada®’, Pascal Tremblin? & Roxana Lupu®

 secondary eclipse of WASP-121b on 10 November 2016 using the Hubble Space
Telescope (HST) Wide Field Camera 3 (WFC3)

» |If upper layers are cooler than lower layers, molecular gases will produce absorption
features in the planetary thermal spectrum. Conversely, if there is a stratosphere—
where temperature increases with altitude—these molecular features will be
observed in emission

* near-infrared thermal spectrum for the ultrahot gas giant WASP-121b, which has an
equilibrium temperature of approximately 2,500 kelvin

 Water is resolved in emission, providing a detection of an exoplanet stratosphere

Secondary
eclipse
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Figure 3 | Temperature-pressure profiles for WASP-121b. a, Grey lines
show a random subset of T-P profiles sampled by the MCMC retrieval
analysis. Red line shows the median temperature at each pressure level,
and pink lines show ranges either side encompassing +34% of the sampled
profiles. Yellow line indicates the best-fit isothermal temperature of
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Spectrally resolved detection of sodium in the atmosphere
of HD 189733b with the HARPS spectrograph*

A. Wyttenbach, D. Ehrenreich, C. Lovis, S. Udry, and F. Pepe

* high-resolution transit spectrum of HD 189733b in the region around the
resonance doublet of Na | at 589 nm

 HARPS spectrograph (R = 115 000) at the ESO 3.6-m telescope

* blueshift corresponding to winds blowing at 8 == 2 km s7*
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Clouds in the atmosphere of the super-Earth

exoplanet GJ 1214b

Laura Kreidberg', Jacob L. Bean', Jean-Michel Desert”, Bjorn Benneke®, Drake Deming’, Kevin B. Stevenson', Sara Seager®,

Zachory Berta-Thompson®’, Andreas Seifahrt' & Derek Homeier®

* Transmission spectroscopy using Hubble Space Telescope

* We rule out cloud-free atmospheric models with compositions dominated by
water, methane, carbon monoxide, nitrogen or carbon dioxide

e The planet’ s atmosphere must contain clouds

Kreidberg et al. (2014, Nature)
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FIG. 6. Transit transmission spectra of
potential planetary environments with dif-
ferent O, abundances for planet orbiting the
MS5.5V star Proxima Centauri (Meadows
et al., 2018). Tllustrating spectral features
that can help distinguish photosynthetic
from abiotically generated O, in a planetary
atmosphere. From top to bottom: self-
consistent Earth-like atmosphere with 50%
cloud cover (21% 05); 10 bar abiotic O,
(95% 0O,) atmosphere produced by early
ocean loss with ocean remaining (purple)
and desiccated (orange): 1 bar desiccated
CO,/CO/O, atmosphere that has reached a
kinetic—-photochemical equilibrium between
the photolysis rate of CO, and kinetics-
limited recombination (15% 0O,). Effective
atmospheric radius in kilometers is on the
left y axes and transit depth is shown on the
rl&hl y axes. The photosynthetic source for
O, in the Earth-like case is made more likely 2 04 ! 2 4 10
by the presence of 0,/O3, water, and meth- Wavelength [um]

ane. High O, cases with and without water

N
o

4900

Atmosphere Radius [k
F=N
o
(wdd] ,(*y/%) ydeq ysues)

o

.2 0.4 1 2 4 10 20
Wavelength [um)]

10 bar High O, —— Ocosn
v _9 Desicested | 5000

CcoO co

\ o | 4950

{0

—_—
N B O & O
o O o o o

\M_L‘_ ..... AN\ .-f.h'_‘; \._J et Lo/ ¥ ‘“\.’\_}\"—‘j
4900

Atmosphere Radius [km]

/
(=]
@

[wdd] ,(*y/%Y) ydaqg nsues]

o©
N
o

are distinguished by the presence of Oy, and =
the behavior of the 0.5-0.7um Chappuis 100 1 bar CO,/CO/O; (Desiccated) 5
band that is sensitive to tropospheric O;, 5000 2
which is more abundant in the desiccated ¢ 80 o
case. The desiccated chemical equilibrium g 3
atmosphere is easily distinguished by its & 60 5
high levels of CO. o 4950 -
o 40 o

a &

w N

o 20 4900 >

= 5

< 0 E

0.2 0.4 1 2 4 10 20 -

Wavelength [um)]




A map of the day-night contrast of the extrasolar planet HD
189733b (Knutson et al. 2007)

A minimum brightness temperature of 973 +/- 33 K and a maximum brightness
temperature of 1212 +/- 11 K at a wavelength of 8 microns, indicating that
energy from the irradiated dayside is efficiently redistributed throughout the

atmosphere

Observed phase variation for HD 189733b, with Brightness estimates for 12 longitudinal
transit and secondary eclipse visible. strips on the surface of the planet
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