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1) List examples of radiative forcing processes that 
impact the energy budgets of planetary atmospheres 

2) Define the greenhouse effect and describe its impact   
3)  Understand and replicate the toy model of the GH 

effect with an arbitrary number of absorbing layers 
4) Compare and contrast the GH effect on the Earth and 

Venus to the exoplanet population 
5)  List the steps in the Carbon-Silicate cycle on Earth

Learning Objectives - Heating/Cooling 
The Greenhouse Effect



Radiative Forcing 
Any physical process that alters the energy budget 

of a planet’s atmosphere
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Cooling 
processes 

- albedo 
- blackbody 

radiation



Radiative Forcing 
Any physical process that alters the energy budget 

of a planet’s atmosphere
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Heating 
processes 

- incident 
stellar flux 

- GH effect



The Greenhouse Effect
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The warming of a 
planet’s surface due to 
the insulating effects of 
the planet’s atmosphere
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Atmospheric transmission: GH gases



Recall a planet’s equilibrium temperature
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Teq = 279K (1�AB)
1/4

✓
Teff

5780K

◆ ✓
R?

R�

◆1/2 ⇣ a

au

⌘�1/2

Teq,� = 252K
<latexit sha1_base64="iRSTEEm62DwXyJbclWnIURWn0bg="></latexit>

For the Earth, Teq,⊕ ~ 252 K (-21 °C) 
Whereas Tsurf,⊕ ~ 288 K (15 °C)



ASTRON 2E03 - Planetary Astronomy | Winter 2024 | Dr Ryan Cloutier

GH gases absorb outgoing (longwave) radiation. 

The atmosphere reradiates isotropically to reach 

thermal equilibirum with the planet’s surface

Atmospheric transmission: GH gases
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This extra heat source warms the planet’s 

surface beyond the equilibrium temperature  

(i.e. atmospheres warm planets)

Atmospheric transmission: GH gases



ASTRON 2E03 - Planetary Astronomy | Winter 2024 | Dr Ryan Cloutier
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For the Earth:

S0 is known as the 

solar constant

S0 =
L�

4⇡(1 au)2

= 1362Wm�2
<latexit sha1_base64="982KM/TJKTv9L+BMG2cLKJfvMxw="></latexit>

Before we explore a toy model of the GH effect, 
recall the incident stellar flux is 
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TPS Activity

Recall our derivation of Teq from Lecture 4,  
which began by setting the incident power on a planet’s 

cross-section equal to the power out.

Pin = Pout
<latexit sha1_base64="ZEDAepNScjceH+mKGFVKt4HGkhk=">AAAB+XicdVDLSsNAFL2pr1pfUZduBovgKiStYl0IRTcuK1hbaEOYTCft0MkkzEwKJfRP3LhQxK1/4s6/cfpAfB64cDjnXu69J0w5U9p1363C0vLK6lpxvbSxubW9Y+/u3akkk4Q2ScIT2Q6xopwJ2tRMc9pOJcVxyGkrHF5N/daISsUScavHKfVj3BcsYgRrIwW23QhyJiboAhmSZHoS2GXXOa/VKtVT5DnuDL9JGRZoBPZbt5eQLKZCE46V6nhuqv0cS80Ip5NSN1M0xWSI+7RjqMAxVX4+u3yCjozSQ1EiTQmNZurXiRzHSo3j0HTGWA/UT28q/uV1Mh3VfPNZmmkqyHxRlHGkEzSNAfWYpETzsSGYSGZuRWSAJSbahFUyIfz/+ye5qzhe1ancnJTrl4s4inAAh3AMHpxBHa6hAU0gMIJ7eIQnK7cerGfrZd5asBYz+/AN1usHRQSTbg==</latexit>



ASTRON 2E03 - Planetary Astronomy | Winter 2024 | Dr Ryan Cloutier

Toy model of the GH effect

Incoming 
irradiances?

Outgoing 
irradiances?

Atmospheric 
layer

Planet 
surface

Tsurf
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Tatm = Teq
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Toy model of the GH effect

In class, we’ll show that the planet’s surface temperature in 
the presence of an absorbing atmospheric layer is

Tsurf =

✓
2S

�

◆1/4

⇠ 1.19Tatm
<latexit sha1_base64="+iuW070svhXr5GYRcnZVaiKMyDI="></latexit>
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Toy model of the GH effect

Temperature

H
ei

gh
t

Tsurf
<latexit sha1_base64="6LpxJVzMjiGWDjRSBu5bYxfz58w=">AAAB8HicdVDJSgNBEK1xjXGLevTSGARPw0yiGG9BLx4jZJNkCD2dnqRJd8/Q3SOEIV/hxYMiXv0cb/6NnQVxfVDweK+Kqnphwpk2nvfuLC2vrK6t5zbym1vbO7uFvf2mjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+Hoauq37qjSLJZ1M05oIPBAsogRbKx0W+9lOlXRBPUKRc+9qFRK5TPku94Mv0kRFqj1Cm/dfkxSQaUhHGvd8b3EBBlWhhFOJ/luqmmCyQgPaMdSiQXVQTY7eIKOrdJHUaxsSYNm6teJDAutxyK0nQKbof7pTcW/vE5qokqQMZmkhkoyXxSlHJkYTb9HfaYoMXxsCSaK2VsRGWKFibEZ5W0I///+SZol1y+7pZvTYvVyEUcODuEITsCHc6jCNdSgAQQE3MMjPDnKeXCenZd565KzmDmAb3BePwD9rpCI</latexit>

Tatm
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Tsurf ⇠ 1.19Tatm
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(extended) Toy model of the GH effect

Atmospheric 
layer 1

Planet 
surface

Atmospheric 
layer 2

Incoming 
irradiances?

Outgoing 
irradiances?
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In class, we’ll show that the planet’s surface temperature in 
the presence of n=2 absorbing atmospheric layers is

(extended) Toy model of the GH effect

Tsurf =

✓
3S

�

◆1/4

⇠ 1.32Tatm,2
<latexit sha1_base64="ZyTC9LGs8ZKQmsqIrTKLEJ90zR4="></latexit>
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Temperature

H
ei

gh
t

Tsurf
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Tsurf ⇠ 1.32Tatm,2
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Tatm,1
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Tatm,2
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(extended) Toy model of the GH effect
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General form of Tsurf from our toy model 
with n atmospheric layers 

Tsurf =


(n+ 1)S

�

�1/4

= (n+ 1)1/4 Tatm,n
<latexit sha1_base64="2vkGgjUzrPM0qnyerJZ7y3eGBZ0="></latexit>
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How many absorbing 
atmospheric layers are 

needed to describe the Earth? 
Recall that  
Teq = 252 K 
Tsurf = 288 K

TPS Activity

Tsurf = (n+ 1)1/4 Tatm,n
<latexit sha1_base64="Xedqo+5yPZtIHHVKZXnnolLaiag=">AAACDHicdVDLSgMxFM3UV62vqks3waJULHWmrVgXQtGNywp9QTuWTJppQzOZIckIZZgPcOOvuHGhiFs/wJ1/Y/pAfB4IHM45l5t7nIBRqUzz3UjMzS8sLiWXUyura+sb6c2thvRDgUkd+8wXLQdJwigndUUVI61AEOQ5jDSd4cXYb94QIanPa2oUENtDfU5dipHSUjedqXUjGQo3hvtnMMsPrYPryDoqxZ0c1A5SXo7HOmXmT8vlQvEYWnlzgt8kA2aodtNvnZ6PQ49whRmSsm2ZgbIjJBTFjMSpTihJgPAQ9UlbU448Iu1ockwM97TSg64v9OMKTtSvExHypBx5jk56SA3kT28s/uW1Q+WW7YjyIFSE4+kiN2RQ+XDcDOxRQbBiI00QFlT/FeIBEggr3V9Kl/D/7Z+kUchbxXzhqpSpnM/qSIIdsAuywAInoAIuQRXUAQa34B48gifjzngwno2XaTRhzGa2wTcYrx+cx5l0</latexit>
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Recall that our toy model assumed that all outgoing 
longwave radiation was absorbed by the atmosphere

In reality, some radiation escapes 

through transmission windows. 

I.e. the atmosphere is not opaque at all 

wavelengths



ASTRON 2E03 - Planetary Astronomy | Winter 2024 | Dr Ryan Cloutier

How many absorbing 
atmospheric layers are 

needed to describe Mars? 
Note that  
Teq = 210 K 
Tsurf = 215 K

TPS Activity

Tsurf = (n+ 1)1/4 Tatm,n
<latexit sha1_base64="Xedqo+5yPZtIHHVKZXnnolLaiag=">AAACDHicdVDLSgMxFM3UV62vqks3waJULHWmrVgXQtGNywp9QTuWTJppQzOZIckIZZgPcOOvuHGhiFs/wJ1/Y/pAfB4IHM45l5t7nIBRqUzz3UjMzS8sLiWXUyura+sb6c2thvRDgUkd+8wXLQdJwigndUUVI61AEOQ5jDSd4cXYb94QIanPa2oUENtDfU5dipHSUjedqXUjGQo3hvtnMMsPrYPryDoqxZ0c1A5SXo7HOmXmT8vlQvEYWnlzgt8kA2aodtNvnZ6PQ49whRmSsm2ZgbIjJBTFjMSpTihJgPAQ9UlbU448Iu1ockwM97TSg64v9OMKTtSvExHypBx5jk56SA3kT28s/uW1Q+WW7YjyIFSE4+kiN2RQ+XDcDOxRQbBiI00QFlT/FeIBEggr3V9Kl/D/7Z+kUchbxXzhqpSpnM/qSIIdsAuywAInoAIuQRXUAQa34B48gifjzngwno2XaTRhzGa2wTcYrx+cx5l0</latexit>
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How many absorbing 
atmospheric layers are 

needed to describe Venus? 
Note that  
Teq = 233 K 
Tsurf = 737 K

TPS Activity

Tsurf = (n+ 1)1/4 Tatm,n
<latexit sha1_base64="Xedqo+5yPZtIHHVKZXnnolLaiag=">AAACDHicdVDLSgMxFM3UV62vqks3waJULHWmrVgXQtGNywp9QTuWTJppQzOZIckIZZgPcOOvuHGhiFs/wJ1/Y/pAfB4IHM45l5t7nIBRqUzz3UjMzS8sLiWXUyura+sb6c2thvRDgUkd+8wXLQdJwigndUUVI61AEOQ5jDSd4cXYb94QIanPa2oUENtDfU5dipHSUjedqXUjGQo3hvtnMMsPrYPryDoqxZ0c1A5SXo7HOmXmT8vlQvEYWnlzgt8kA2aodtNvnZ6PQ49whRmSsm2ZgbIjJBTFjMSpTihJgPAQ9UlbU448Iu1ockwM97TSg64v9OMKTtSvExHypBx5jk56SA3kT28s/uW1Q+WW7YjyIFSE4+kiN2RQ+XDcDOxRQbBiI00QFlT/FeIBEggr3V9Kl/D/7Z+kUchbxXzhqpSpnM/qSIIdsAuywAInoAIuQRXUAQa34B48gifjzngwno2XaTRhzGa2wTcYrx+cx5l0</latexit>
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Venus and the Earth have some 
remarkably similar properties

Venus Earth

Planet radius 0.95 R⊕ 1 R⊕

Equilibrium   
temperature 233 K 252 K

Surface 
 temperature 737 K 288 K

What differed between their 

evolutionary histories that led 

to this large difference in Tsurf
?



The Carbon-Silicate Cycle 
A geochemical process that helps regulate the Earth’s temperature

Credit: John Garrett
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Credit: Pearson Education Inc



This is an example of a 
negative feedback process 

Fluctuations that cool the planet are 
geochemically “corrected” back to its 

equilibrium state

Conversely, a positive feedback process would 
amplify the temperature perturbation and continue 

to drive the system away from its previous state
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Venus likely experienced more 
UV photodissociation of water
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⇝
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UV photons
Venus likely experienced more 
UV photodissociation of water
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Recall the  
Maxwell-Boltzmann 

distribution

✓
dN

dv

◆

m,T

=

v2
✓

m

2⇡kBT

◆3/2

⇥

exp

✓
� mv2

2kBT

◆

<latexit sha1_base64="jRgOkVkLKbPjaZWhnHm/F9r2hpw="></latexit>



The lighter hydrogen is lost to space ⇝
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UV photons
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The absence of water would have shut 
off a C-Si cycle on Venus, allowing 
volcanic CO2 to build up and...

...resulting in a  
runaway GH effect
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Runaway greenhouses may be 
extremely common

(zero albedo)

Most terrestrial exoplanets have a 

higher Teq 
than Venus and are 

likely susceptible to a runaway GH


