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Motivation of our study

e Conditions determining i S R e
inner edge ofhabitable zone
— Aquaplanets and land planets

« “end members” of
various land-sea patterns
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 Parameter experiments using an atmospheric
general circulation model(AGCM)



Aquaplanet Experiment



HZ inner edge of aquaplanet

* Appearance of runaway greenhouse 1D gray model (Nakajima et al., 1992)

(W menZ) : I
Komabayashi -Ingersoll limit

— One of the conditions g . A

determining HZ inner edge s
IR
* Runaway condition was wf
considered for various cases: w0l (V0 atmosphere)
— Leconte et al. (2013): Earth-like planet, gt o

Importance of drying in subtropics Surface Temperature
— Yang et al. (2013): Synchronously rotating planet,
Importance of albedo of dense clouds
* Our previous result: Runaway condition is that global
mean stellar flux exceeds F; upper limit
— Ishiwatari et al. (2002): gray atmosphere AGCM w/o cloud

* In this study, appearance condition of runaway state
is re-examined
— Existence of the upper limit of F; in 3D system?

— for synchronously/non-synchronously rotating planets,
w/ cloud and w/o cloud



e General circulation model: DCPAMS5
— http://www.gfd-dennou.org/library/dcpam/

e Various experiments with a same framework
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e Basic equations:3D primitive equation on a sphere

e Discretization: spectrum method(horizontal),
finite difference method(vertical)
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Physical processes

using schemes for Earth’ s atmosphere

Radiation

— Absorption and emission by water vapor, CO,, cloud water:
Chou and Lee (1996), Chou et al (2001)

» 8-Eddington approximation: Toon et al. (1989)
* Insolation spectrum is assumed to be same as that of Sun

Cumulus convection

— Relaxed Arakawa-Schubert: Moorthi and Suarez (1992)
Surface flux: Beljaars and Holtslag (1991)
Vertical turbulent mixing: Mellor and Yamada (1982) level2.5
Cloud model

— Simple model: considering its generation, advection, turbulent
mixing and extinction

0q. 0qc | qc
=—v - Vw—0——+Fyp + S¢c + —
ot oo turb o )7
S, : Source of cloud water Tq_c : extinction of cloud water
. . . LT
—Condensation in large scale condensation scheme tuned as 7, = 1500sec

—Detrainment from could top in RAS scheme under Earth condition(T42L26)
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Setup of aquaplanet experiment

Solar flux Synchronously rotating non-Synchronous
distribution planet configuration configuration (Earth-like)
: . with diurnal and seasonal
Dayside RNe]alsi[e[s
= y‘\ ‘ changes

T
.‘
|

latitude

120 210 240 270 300 330
(degree_east)
longitude

Solar Constant S=1366, 1600, 1800, 2000, 2200 [W/m?]
Rotationrate  Q*=0, 0.1, 0.5, 1.0
Cloud T;1r=0 (no cloud), 1500 [sec]

extinction time

* Planetary surface: ocean with zero heat capacity, no horizontal heat transport
* Dry air amount at surface: 10°Pa, Surface albedo : 0.15

* Resolution: T42L26, Integration Period: 3 years



Examples of atmospheric state

Time mean field (365 day) with various distance from star
0*=1.0, S*=1.46 0*=0.5, S*=1.17

With .. .
changing
viewpoint

=24 D 24 48

color: surface temperature
arrow: horizontal wind at lowest level
Contour: precipitation

Ialrge Solar Constant: S (influences temperature) small

large Planetary rotation rate: Q*(influences circulation) ¢,

' ex. Noda et al. (2016)
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Yellow dot:
sub-stellar point



Outgoing planetary radiation
Threshold values of solar constant and F
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Horizontal distributions of F

* Synchronous cases: Zonal (meridional mean) Q*=1.0
- w/ cloud w/o cloud
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Land planet experiment



HZ inner edge of land planet

* Appearance of complete evaporation
* Previous studies perform GCM experlments with

increased solar constant SRR Y |
— Abe et al. (2011): at w | ) |
Complete evaporation of A RO
surface water for net §osf B | i
insolation over 415 W/m? = s 5 | em® g
* In this study: Sezf, 3 | :
. . . =R g i % 20m® 3
— We aimed the examination & | 5, £ _.
of planetary rotation rate T Complete
[ Poob evaporatjon
dependence 0'Ozsbol B ‘3602 - ‘3;0' a0 ‘450p s;m
— However, we obtained different

Net insolation, W m~

results from Abe et al. (2011) Abe et al. (2011)

— We perform GCM experiment
for confirming whether
complete evaporation really occurs
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Setup of land planet experiment

Experiment Name | Surface condition | Solar const. [W/m?| | Initial state

L _S1365 IniWet
L_S2400_IniWet
L_S2400_IniRun

L_S3600_IniWet
A_S1365_IniWet
A_S2000_IniWet

e Rotation rate : Earth’s value
* Obliquity: 0

bucket
bucket
bucket
bucket
swamp

swamp

1365
2400
2400
3600
1365
2000

bucket : Land planet
swamp : Aqua planet

Isothermal, Wind static
A_S1365_IniWet
A_S2000_IniWet
L_S2400 IniWet
Isothermal, Wind static

Isothermal, Wind static

Initial water depth :40cm
Resolution: T21L26



Results : Time evolution

Exp. L. S2400 IniWet
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Radiation fields
Exp. L. S2400 IniWet

* Equatorial Planetary radiation is 520 W/m?*
— Much larger than 350 W/m? (upper limit for aquaplanet)
— Because of dry atmosphere in the equatorial region

Net insolation Planetary radiation
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Rain & Evaporation
Exp. L. S2400 IniWet

Precipitation flux Evaporation flux
10 days, animation (interval:0.1 day ) 10 days, animation (interval:0.1 day )
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Surface water

10 days, animation (interval:0.1 day )
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Rain & Evaporation

Exp. L. S2400 IniWet

* Surface water is localized in polar region
* Polar ice cap exists

* Because temperature of polar region is low,
surface water does not evaporate

Amount of water Localization Water fluxes
N - o
| Surface water ® Evaporation
°F 10f Precipitation -
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Temperature Fields

Exp. L. S2400 IniWet

Meridional distribution Horizontal distribution
s
£
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In polar region, temperature does not rise
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 We performed GCM experiments on the inner edge of
habitable zone

e Aquaplanet experiment

— There exists F; upper limit regardless of existence of cloud, planetary
rotation rate, solar flux distribution

« Upper limit value is 350W/m? for no cloud case,
300W/m? for cases with cloud

« Remaining problem: What determines upper limit value of F; for
cloud case?
* Land planet experiment

— Complete evaporation does not occur with net insolation flux
obtained by previous study

 Liquid water may exist on land planet for net insolation
larger than those previously discussed

« Next problem: confirmation of the occurrence of complete

evaporation with increased obliquity
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Follow-up exp.: equilibrium state

 Resolution : T21L26, Surface water amount: 40cm
Initial state: Result of aguaplanet experiment
(same as Abe et al., 2011)

Heat fluxes Mass stream function

500 Absorbed solar flux at the top -
450 s 2
@ 400 utgoing intrared radiation b
$ 380 S
2 300 T
éz surface infrared radiation =
' =
‘g :z surface sensible heat flux T:
"‘;; cface |atent heat flux rhin 2
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(x100 day) (1)

day
Heat budget and water budget Hadley cells and Ferrel cells

almost reach equilibrium appear
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Time evolutions of Ts and OLR

Global mean values for cases with Q* =1.0

Synchronous Non-synchronous
w/ cloud  wj/o cloud w/ cloud w/o cloud
Surface Temp. | shiwatari et . 2002)
W ST800Y = USI00Y m P
e N -} NN /\/\/\:\:\/\

1000day

Time (day) In runway state: temperature keeps increasing
3 —2)IR
- Boo f JDDF%_’:/\JWJ-;\/\M 00 - -

1000day

Time(day) |n runway state: F,r is smaller than absorbed stellar flux

Most upper line in each figure shows result of runaway case



Cloud water (Synchronous case)
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Qurf. Temp & Precipitation

 Resolution : T21L26, Surface water amount: 40cm
Initial state: Result of aguaplanet experiment

(same as Abe et al., 2011)

Surface Temperature

latitude

-50 ;M

e
0 50 100 150 200 250 300 350

(degrees_north) (degrees_east)

longitude

CONTOUR INTERVAL = 1.500E+01

(mean) time:43600..4.

225 270 315 360 405

Precipitation, Evaporation
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* An aqua planet

Previous study

Inner edge of HZ

(Nakajima et al., 1992;
Ishiwatari et aI., 2002)

— Covered with ocean

— Appearance of runaway
green house state

« Runaway green house

state:
Planetary radiation < Insol

A land planet
(Abe et al., 2011)

— Covered with soil and
small amount of water

— Appearance of complete
evaporation state

« Complete evaporation

state:
All surface water evaporate
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