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1. Exoplanets
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2. Classical Habitable Zone

Liquid water is on surface

Water Planet
el Steam Planet Snowball -
Liquid water on Planet

surface evaporates S s

covered with ice
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2. Classical Habitable Zohe
- Inner edge of classical habitable zone

Star
_~RL ML~
Runaway greenhouse Limit Moist greenhouse Limit
- The onset of the runaway greenhouse effect. A rapid water loss.
The “instantaneous” inner edge of HZ The inner edge of HZ for long-term evolution.

(Kasting+1993; Kopparapu+2013)



2. Classical Habitable Zone

maintain a thermal equilibrium state with surface liquid water.
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- Inner edge of classical habitable zone
The onset of the runaway greenhouse effect

When a planet with surface water receives insolation above a certain critical value, the planet is no longer able to
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2. Classical Habitable Zohe

- Inner edge of classical habitable zone
The onset of the moist greenhouse effect

- When the surface temperature is around 340 K due to high insolation, the cold trap disappears and fy20 suddenly increases.
High fu20 leads to rapid water loss through diffusion-limited hydrodynamic escape.

Height
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(Kodama+2015)



2. Classical Habitable Zone
- Quter edge of classical habitable zone

Star

RL ML g
Maximum greenhouse

i Planets avoid the snowball state due to
the greenhouse effect of CO2.



2. Classical Habitable Zone

- Quter edge of classical habitable zone

Maximum greenhouse effect of COZ2

0.46

0.44}

0.42f

0.36

Effective solar flux vs Pcos

Increase of greenhouse effect
due to increasing of Pco»

/

Increase of albedo
(Rayleigh scattering)

0.34}
0.32
10

10’
CO2 partial pressure

10°
(Kopparapu+2013)

- NO cloud

:1.7 [AU] (Kopparapu+2013)
- with cloud

:1.37 - 2.4 [AU]

(Altitude, density, radius,
distribution, etc)
(Mischana+2000)



2. Classical Habitable Zone
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2. Classical Habitable Zone

- Inner edge : Runaway or Moist greenhouse effect
- Quter edge : Maximum greenhouse effect of CO?2

Inner edge Outer edge
Runaway Moist Greenhouse Maximum
Greenhouse Greenhouse
Kasting+1993 0.84 [AU] 0.95 [AU] 1.67 [AU]
Kopparapu+2013 0.97 [AU] 0.99 [AU] 1.70 [AU]

Assumptions: 1D climate, Earth-based boundary conditions



3.1 Habitable Climate Around G stars

1D climate models -> 3D Global Climate Models (GCMSs)

(Global average) (Distribution, ununiformity, etc.)
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3.1 Habitable Climate Around G stars
- Inner edge of habitable zone
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3.1 Habitable Climate Around G stars

- Inner edge of habitable zone

We focus on the surface water distribution.

Land planets which have small amount of water on their surface can

maintain habitable climate even they receive a stronger insolation than
the critical limit for aqua planets.

C
Insolation

Planetary R 1d| mon n - ""h-

Critical Flux

----- .~
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s

Dry Surface Wet Surface

Equator Pole




3.1 Habitable Climate Aréund G stars

Outline of GCM

- CCSR / NISE AGCM 5.4g

32(lat)x64(lon) horizontal grids, 20 vertical layers(c level)
Dynamics : Primitive equation

Physics : Radiative transfer : 2-stream k-distribution scheme with 37

subchannels (Nakajima&Tanaka, 1986)
Cumulus convection (Arakawa&Shubert, 1974)
Large scale condensation (Le Treut&Li, 1991)
Setting
. eccentricity=0, obliquity=0, rotation velocity=Earth

background atmosphere(air, 1bar), no ozone,

flat surface, surface albedo without snow=0.3, heat capacity =desert




3.1 Habitable Climate Around G stars

Surface water distributions
(a) Zonally uniformed
water distributions

water flow limit

(b) Meridionally uniformed
water distributions

(2) Dispersed case

i (1) Concentrated case
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3.1 Habitable Climate Arbund G stars

Climates at inner edge of the Habitable zone

Temperature Temperature
(water flow limit = 09) (water flow limit = 5809)
@ . o:2~ *
m‘\\\\\\\‘illll ”
- . (130%5Sp) COMTOLR MTERVAL - 2000 401 (167 % So)
- It can maintain stable climate until 129%. - It can maintain stable climate until 167%.

- The onset of the runaway greenhouse
occurs at 130%5S,.

(Sp: the present Earth’s insolation)
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3.1 Habitable Climate Around G stars
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Habitable Climate Around G stars
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3.1 Habitable Climate Around G stars

Atmospheric circulation & Climate(d. D/\SASFTESEILT S ?

Rotation Period, Surface Pressure, Incident Stellar Flux, Planetary Radius,
Surface Gravity, Effective Liquid Cloud Particle Size

(EBE. FLESBAEBIEBINTULERA. R4 CIBDFELEN. Habitable
ZoNeDRZE (I NN DER-E T, sTEHERRIEN. )

- Exo CAM —Komacek & Abbot (2019)

Finite-volume dynamical core Horizontal Resolution: 49 x 59
Correlated-k method Vertical Level: 40
(HITRAN 2012) N2 & H20 atmosphere
| Sub-grid parameterization Zero Obliquity & Zero Eccentricity

for Cloud & for convection

Incident stellar spectrum
Sun, BT-Settle for M dwarf



3.1 Habitable Climate Around G stars

[ Rotation Period]
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3.1 Habitable Climate Around G stars

[ Rotation Period] Rotation period%1i&t>9 &, Hadley celldexpansion.
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3.1 Habitable Climate Around G stars
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3.1 Habitable Climate Around G stars
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3.1 Habitable Climate Around G stars
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3.1 Habitable Climate Around G stars

.5 x Earth Gravity
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3.2 Habitable Climate Around I\/I stars
[late-type M dwarfs(2700K) ]
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3.2 Habitable Climate Around M stars
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3.2 Habitable Climate Around M stars

Inner Edge of the Habitable Zones around late-type M dwarfs
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(Hagg-Misra+2018)



3.2 Habitable Climate Around M stars

Non-dimensional Rhines length
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3.2 Habitable Climate Around M stars

Rotation rate (day)

100

80

40

20

Inner Edge of the Habitable Zones around late-type M dwarfs

rapkd rotators |
I 4500 K

¢ 200K

2600K o

I
I
I
I
I
I
— i ”
I
I
I
;

| | |

—

0.0 1.0 2.0 3.0 4.0
Non-dimenslonal Rossby deformation radlus

Day-night to eg-pole temperature ratio

1.0

o
(e

o
>

S
>

o
o

o
o

2600 K

| slow rotators

A/\j ]
| S
3300 K -

<o
o

1.0 20 3.0
Non-dimenslonal Rhines length

(Hagg-Misra+2018)




3.2 Habitable Climate Around I\/I stars

Inner Edge of the Habitable Zones around late-type M dwarfs
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4. Future

From detection to characterization::

Characterization
(Detection) Physical
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