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•Earth receives 1360 W
/m

2 of pow
er from

 the Sun.

•It absorbs 70%
 of this light. Its albedo is α = 30%

 = 0.3.

•As the Earth rotates, it distributes the absorbed energy (f=1/4).

•The global average flux on Earth is 
F = 1360 W

/m
2 × 0.7 × 1/4 = 238 W

/m
2.

H
eating from

 the O
utside 

O
n Earth

René H
eller



•Earth receives 1360 W
/m

2 of pow
er from

 the Sun.

•It absorbs 70%
 of this light. Its albedo is α = 30%

 = 0.3.

•As the Earth rotates, it distributes the absorbed energy (f=1/4).

•The global average flux on Earth is 
F = 1360 W

/m
2 × 0.7 × 1/4 = 238 W

/m
2.

•Stefan-Boltzm
ann equation* 

T = (F / σ
SB ) 1/4 = 254 K = –18.6°C.

* Josef Stefan (1879) in Sitzungsberichte der M
athem

atisch-N
aturw

issenschaftlichen Classe der 
Kaiserlichen Akadem

ie der W
issenschaften
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In fact, the average surface 

tem
perature is +15°C due 

to the atm
ospheric 

greenhouse effect.
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•Venus receives 1360 W
/m

2 × (1 AU / 0.72 AU) 2 = 2600 W
/m

2.

•It absorbs 23%
 of this light. Its albedo is α = 77%

 = 0.77.

•Venus rotates slow
ly, its heat distribution is less efficient (f=1/2).

•The global average flux on Venus is 
F = 2600 W

/m
2 × 0.23 × 1/2 = 299 W

/m
2.

•Stefan-Boltzm
ann equation* 

T = (F / σ
SB ) 1/4 = 218 K = –4°C.

* Josef Stefan (1879) in Sitzungsberichte der M
athem

atisch-N
aturw

issenschaftlichen Classe der 
Kaiserlichen Akadem

ie der W
issenschaften

H
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tem
perature is +464°C due 

to the atm
ospheric 

greenhouse effect.
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H
eating from

 the O
utside 

O
n Titan (O

rbiting Saturn)

Voyager 1 (N
ASA), 1980

•Titan receives 1360 W
/m

2 × (1 AU / 9.6 AU) 2 
                    = 15 W

/m
2.

•The global average flux on Titan is 
F = 15 W

/m
2 × 0.78 × 1/4 = 3 W

/m
2.

•Stefan-Boltzm
ann equation* 

T = (F / σ
SB ) 1/4 = 84 K = –189°C.



Voyager 1 (N
ASA), 1980
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H
uygens m

easured 94K = -179° C. 
There is +10°C of greenhouse 
w

arm
ing

H
uygens lander 

(ESA), 2004

H
eating from

 the O
utside 

O
n Titan (O

rbiting Saturn)

T = (F / σ
SB ) 1/4 = 84 K = –189°C.
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•Inner H
Z boundary: 

runaw
ay greenhouse effect

•O
uter H

Z boundary: 
m

axim
um

 CO
2  greenhouse effect
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utside 

H
abitable Zones Around Stars

Video credit: Rory Barnes

TRAPPIST-1: 

– ultra-cool red dw
arf 

– 40 ly aw
ay, ~7.6 G

yr old 
– 7 transiting planets 
    (G

illon+ 2015; D
elrez+ 2018) 

– all planets roughly 
   Earth-sized

 (using stellar evolution tracks: Baraffe+ 2016; H
Z lim

its: Kopparapu+ 2013)
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the
first

billion
years

afterthe
M

oon-form
ing

im
pact.E

pochs
correspond

to
those

in
Fig.5.
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in
prolonging

the
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agm
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anes
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the
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oon
evolves
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ay
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the
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arth.T
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0.2–0.3
W

/m
2,

notenorm
ously

largerthan
w

hat
they

are
now

.Forcom
parison

heatflow
today

is
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0.1
W

/m
2

through
the

ocean
crust.

C
om

putationalassum
ptions

are
given

in
the

text

show
n

in
Fig.5

w
e

have
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solubility

in
liquid

basalt;(3)
assum

ed
thatw

ater
is

confined
to

the
m

olten
fraction

of
the

m
antle;

(4)
assum

ed
a

total
E

arth
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the
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concentrated
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the
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In
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illion
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farenough
aw

ay
from

the
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5
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140
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threshold.T
hereafter
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the
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end
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feedback
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the
surface
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odels
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w
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hereafter
w
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and
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m
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untilthe
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preparing
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the

one-third
pow
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viscosity
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is
like
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convection
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at

least
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orders
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w
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is

an
exponential

function
oftem

perature,w
ith

e-folding
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and
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.
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is
the
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of
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the
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to
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ow
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net
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to

the
global

m
ean

difference
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and
evaporation.

It
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not
obvious
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hat
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rain

gauge
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atari

et
al.

(2002)
com

puted
average

rainfall
rates

exceeding
10
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/yrin
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G
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M

study
ofa

runaw
ay

greenhouse
atm

osphere,buttheirsim
ulated

clim
ates

are
far

outofbalance,and
feature
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poles

and
a
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air.A

passively
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steam
atm

osphere
m
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be

too
bland

to
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and
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Evidence of Tidal H
eating in the Solar System

 
Europa orbiting Jupiter



In 1977, “black sm
okers” have been 

found at the seafloor of the Pacific 
O

cean on Earth.

Evidence of Tidal H
eating in the Solar System

 
Europa orbiting Jupiter



U
ncoupled 

from
 

the 
Sun 

as 
an 

energy source, a w
hole ecosystem

 
exists in a depth of 3 km

.
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Europa orbiting Jupiter
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uygens (N
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Evidence of Tidal H
eating in the Solar System

Enceladus orbiting Saturn



Cassini-H
uygens (N

ASA/ESA), 2009

12 km

Evidence of Tidal H
eating in the Solar System

Enceladus orbiting Saturn



So w
here does the heating com

e from
? 

Tidal H
eating in Eccentric O

rbits

René H
eller

tidal 
potential



So w
here does the heating com

e from
? 

Tidal H
eating in Eccentric O

rbits

René H
eller

physical 
shape



So w
here does the heating com

e from
? 

Tidal H
eating in Eccentric O

rbits

René H
eller

☝

☝



So w
here does the heating com

e from
? 

Tidal H
eating in Eccentric O

rbits

René H
eller

force
☝

standpoint

☝
☝

☝
☝

The m
oon is constantly being flexed. 

Friction generates tidal heating. 
O

rbital energy is transform
ed into heat. 

Thus, the orbit m
ust evolve.
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1. Rotational synchronization (“tidal locking”): P
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O
rbital Evolution due to Tides

René H
eller

The tidal potential acts to 
align the tidal bulge w

ith 
the line connecting the 
Earth and the M

oon.

The M
oon’s rotation is 

being slow
ed dow

n until 
its rotation is 
synchronous.

1. Rotational synchronization (“tidal locking”): P
rot  = P

orb



Apollo 8 (N
ASA), Christm

as Eve 1968

Tidal Locking of the M
oon



O
rbital Evolution due to Tides

René H
eller

W
hile the M

oon is already 
synchronous, the Earth is 

still spinning dow
n.

rotati on

force

M
oonEarth

The tidal torque of the 
M

oon is slow
ing the 

Earth’s rotation.
W

hile energy is dissipated 
as tidal heat, the total 
angular m

om
entum

 is 
conserved. => The Earth-
M

oon distance increases.

1. Rotational synchronization (“tidal locking”): P
rot  = P

orb



O
rbital Evolution due to Tides

René H
eller

2. O
rbital circularization: e = 0

1. Rotational synchronization (“tidal locking”): P
rot  = P

orb

3. Spin-orbit alignm
ent: ψ = 0

4. For P
rot  < P

orb , the distance increases (Earth-M
oon system

). 
4. For P

rot  > P
orb , the distance decreases (Phobos around M

ars).



O
rbital Evolution due to Tides

René H
eller

W
e can use analytical m

athem
atical m

odels 
and num

erical sim
ulations to com

pute the 
past orbital evolution of the Earth-M

oon 
system

.

Bills & Ray (1999)
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Bills & Ray (1999)

✗✗



O
rbital Evolution due to Tides

René H
eller

Bills & Ray (1999) ✗

The tidal response of the Earth (k/Q
) has 

changed a lot over the age of the Earth, 
m

ostly due to the strong frequency-
dependence of 
dissipation in 
the oceans.
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