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We founds lots of exoplanets. 
Which are habitable?



Habitable Zone: surface liquid water



Habitable Zone: surface liquid water
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Habitable Zone: surface liquid water



[Budyko, 69; Sellers, 69; Walker+, 81; Kirschvink, 92; Hoffman+, 98]

Snowball bifurcation



Snowball Events: O2 and complexity of life

Cambrian Explosion

?
?

Credit: Paul Hoffman



Lots of M-stars



15% M-stars host habitable zone target

[Dressing and Charbonneau, 2013]



[Joshi, 2012]

[Shields+, 2014]

M-star spectrum reduces albedo contrast



Habitable zone of small stars is close-in

[Kasting+, 1993, 2013]



Tidal locking of Hab Zone planets around M-stars



What happens to the snowball bifurcation on tidally 
locked planets?

?



Global Climate Model (GCM) PlaSim



PlaSim GCM simulations

Figure 6. Example states of equilibrated climates for the tidally locked ((A)–(F)) and Earth ((G)–(L)) configurations. The mapped variables are surface temperature
((A), (G)), sea ice concentration ((B), (H)), outgoing longwave radiation (OLR; (C), (I)), cloud cover ((D), (J)), top-of-atmosphere (TOA) albedo ((E), (K)), and
surface albedo ((F), (L)). The horizontal axis is longitude, and the vertical axis is latitude.
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one-dimensional EBM. For example, the PlaSim albedo
changes smoothly, rather than abruptly as in the EBM, between
a high albedo in icy regions and a low albedo in ice-free
regions as a result of heterogeneities in clouds, land, snow, and
the solar zenith angle (Figures 8(A), (B), (E), and (F)). The
PlaSim outgoing longwave radiation is relatively linear in
surface temperature only below 290–300K (Figures 8(C) and
(G)). Higher temperatures tend to be associated with deep
convective clouds that significantly reduce the outgoing
longwave radiation. Finally, the linearization of heat transport

as a function of the surface temperature appears to be much
better in the Earth configuration (Figure 8(H)) than in the
tidally locked configuration (Figure 8(D)), where the heat
transports are much larger and the night side has a fairly
constant heat transport despite some variation in surface
temperature.
Despite these limitations, the parameter values we infer for

the Earth-like simulation are similar to those we used to obtain
an Earth-like EBM simulation, which lends confidence to this
methodology. Strikingly, we find that the effective value of C,
which represents atmospheric heat transport, is 7.6 times larger
in the tidally locked than in the Earth configuration (Table 1).
As a result of the low rotation rate and strongly asymmetric
stellar forcing, the tidally locked planet is significantly more
efficient at transporting heat from the day to night side than
Earth is at transporting heat from the equator to pole. This
should tend to promote a snowball bifurcation. There is,
however, a much smaller top-of-atmosphere ice/ocean albedo
contrast in the tidally locked than the Earth configuration
(Table 1), despite the fact that we use the Sun’s spectrum for
both simulations. This results from strong cloud cover over the
open ocean region in the tidally locked simulations
(Figure 6(J)) and should tend to repress a snowball bifurcation.

Figure 7. Global mean equilibrated surface temperature ((A), (C)) and sea ice concentration ((C), (D)) as a function of insolation for the tidally locked ((A), (B)) and
Earth ((C), (D)) configurations. Blue stars correspond to a Cold Start (ice-covered planet) initialization and red stars to a Warm Start (ice-free planet) initialization. The
purple shaded area corresponds to the continuum of states ((A), (B)). The red line corresponds to the warm Earth state, the blue line corresponds to the Snowball Earth
state, and the gray dashed lines correspond to the unstable states ((C), (D)).

Table 1
A List of the Energy Balance Model Parameters Inferred from GCM

Simulations, for Both Configurations

Parameter Description Tidally Locked Earth

1a lower TOA albedo 0.4 0.3
2a upper TOA albedo 0.55 0.55

Surface 1a lower surface albedo 0.1 0.1
Surface 2a upper surface albedo 0.65 0.6
B OLR parameter 0.9Wm−2K−1 1.4Wm−2K−1

C heat transport
parameter

13.0Wm−2K−1 1.7Wm−2K−1
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Earth PlaSim has snowball bifurcation



No bifurcation when tidally locked
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Earth

Atmosphere+Ocean

Sun

Heat Transport

[Budyko, 1969; Sellers, 1969]

Energy Balance Model (EBM)

OLR Heat transportAbsorbed solar



EBM: rapidly rotating

Bifurcation Diagram

Example State



EBM: tidally locked

Bifurcation Diagram

Example State



pole equator

ice line perturbed toward equator

insolation increase

Tidally Locked: 
Stable

heat export increase

ice line returns to 
original position

pole equator

insolation increase

Rapidly-rotating (Earth): 
Snowball Bifurcation

heat export increase

ice line continues all the 
way to the equator



Can we recover the bifurcation with a 
dynamic ocean?



ROCKE-3D with dynamic ocean

Sea Ice Cover

Ice-free

Ice-covered



Ice-free

Ice-covered

ROCKE-3D with dynamic ocean

Sea Ice Cover



No bifurcation even with a dynamic ocean!



The Snowball bifurcation causes climate limit cycles 
at the outer edge of the Hab Zone

Andrea Salazar



Silicate-weathering feedback

[Walker et al., 1981, Kasting 1993]

Equilibrium: Weathering (W) = Outgassing (O)

W = W(CO2,Ts)



Climate cycles in rapidly rotating planets

Snowball 
No W 
O = 1

Deglaciation

W = 2 
O = 1



Cycles only occur at low outgassing

cycle max CO2

cycle min CO2

no cycle



Tidally locked: no hysteresis, no cycles!



Star Planet

No bifurcation 
No climate cycles 
No snowball  
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