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The inner edge of the HZ – 
                     When is hot too hot?

Light blue: Kasting et al. 1993, Kopparapu et al. 2013
Yellow:      Zsom et al. 2013 

Seager 2013, Science



Large scale parameter study I :
(Carone et al., 2015, MNRAS, 453,pp 2412)

with

Tidally locked Earth-like atmosphere scenario:
1 bar, N2 dominated greenhouse atmosphere and effective 

Earth-like stellar irradiation 
(Carone et al. 2014, MNRAS,445,pp 930)



165 full 3D climate simulations



Example cases



Rossby wave jets vs Direct circulation
(fast rotation,1d)      (slow rotation, 100d)
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Found first by Joshi, M. et al. 1997 
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Substellar point surface cooling
    via direct circulation 

???

Shielding by clouds over substellar point
Yang, Y. et al. 2014, 2013



Meridional Rossby wave numbers

• Amplitude of Rossby wave
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Climate dynamic state maps
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Rossby wave driven 
                  climate state bifurcation I

Weak tropical Rossby wave
+

Direct circulation

strong tro
pical

Rossby wave

extra tropicalRossby wave

First indication by Edson et al. 2011
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Rossby wave driven 
                  climate state bifurcation II
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Evolution of circulation cells (R
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???

Eq. Superrotation

Direct circulation disrupted by
strong equatorial superrotation (ClimateI)

Shielding by clouds over substellar point
Yang, Y. et al. 2014, 2013

also suppressed



Large scale parameter study II:
Carone et al., 2016,MNRAS, in review

528 3D climate simulations
• Change surface friction time scale

( nominal                  )τ fric=1days



Efficient surface friction (0.1 days)  )

Abrupt transition from weak tropical →  
extra tropical Rossby wave 

τ fric=0.1days
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Conclusions
• Climate states of tidally locked planets at IHZ of M stars 

can be dominated by Rossby waves

• Short rotation periods: <12 days
o 2 Climate states possible:

• Equatorial Superrotation
• High latitudes westerly jets

• Ultra short rotation period < 6 days
o 3 Climate states possible

• Two as above
• + mixed states

• Eq. superrotation 'kills' direct circulation cells and thus 
efficient cooling of dayside

• Efficient surface friction =>High latitude jets state 
         favored  
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