
Atmospheric Sciences 321 
Science of  Climate 
Lecture 11: Radiation Transfer  

Cloud Radiative Effect  



Community Business 
�  Check the assignments 

 HW #3 due  Today 

 HW# 4 has been posted 

�  Questions? 



Water Vapor Feedback 
�  If  you fix relative 

humidity, the 
greenhouse effect of  
water vapor increases 
with temperature, 
giving a positive 
feedback 

�  In Radiative-Convective 
Equilibrium model this 
more than doubles 
sensitivity to CO2  



Net CRE = zero 
�  From our heuristic model 
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Tzct

= Ts − Γ zct

On the right is a graph of  
the net radiative effect at 
the top of  the atmosphere 
of  putting in a cloud at  
altitude z, that creates an  
albedo contrast as specified 
in the abscissa. 
What is the take-away 
message from this graph?  à 
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Chapter 4:   
The Surface Energy Balance 

�  New Topic 

�  Study Chapter 4  

�  Surface Energy Balance 

�  Storage = radiation – latent – sensible – horizontal  

  

∂Es
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= G = Rs − LE −SH − ΔFeo
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Chapter 4:   
The Surface Energy Balance 
�  In equilibrium, the storage is zero and the radiative 

heating of  the surface is balanced by three terms. 

�  Storage = radiation – latent – sensible – horizontal 

�  becomes  

  

∂Es

∂t
= G = Rs − LE −SH − ΔFeo

Rs =  LE  +  SH  + ΔFeo



Heat Capacity 
�  The amount of  energy it takes to heat up the 

surface by 1˚K 

�  Energy in surface is heat capacity       (J m–2 K–1) 
times bulk surface temperature  

  Es = CeoTeo

  Ceo



Heat Capacity: Atmosphere 
�  The amount of  energy it takes to heat up the 

surface by 1˚K 

�  Heat Capacity of  Atmosphere = total mass times 
specific heat at constant pressure 

 

�  So, if  you apply 100 Wm-2 it heats up at rate of  
nearly one degree per day. 

  
Ca = cp

ps

g
= 1004J K−1 kg−1 ⋅105 Pa

9.81ms−2 = 1.02×107 J K−1 m−2

dTa
dt

= F
Ca

= 100Wm−2

1.02 ×107 J K −1m−2 = 10
−5K s−1 × 86400 sday−1 = 0.86˚K day−1



Heat Capacity: Ocean 
�  Heat Capacity of  Ocean = total mass times specific 

heat for some depth of  ocean dw 

 

�  So, to have the same heat capacity as the 
atmosphere, you need a little over two meters of  
ocean. 

�  when   

  

Co = ρwcwdw = 103kgm−3 ⋅4218J K−1 kg−1 ⋅dw

 = dw ⋅4.2×106 J K−1 m−2 m−1

 Ca = 1.02 ×10
7 J K−1m−2 = dw ⋅4.2 ×10

6 J K−1m−2 m−1

dw = 2.43m



The Ocean Heat Capacity 
�  Covers the Earth to an average depth of  2650 

meters, so about 1000 times the heat capacity of  
the atmosphere, 

�  But only about the first 70 meters of  the ocean is 
well-mixed on time scales of  seasons,  

�  So on time scales of  seasons, the ocean mixed-
layer has about 30 times the heat capacity of  the 
atmosphere 

�  But the ocean has another longer time scale that it 
takes to heat the entire 2650 meters equivalent of  
global ocean heat capacity. 



Ocean Mixed 
Layer 

�  From Chapter 7 

�  There’s always a layer on 
top that has almost the 
same temperature – well-
mixed layer 

�  This is shallower in 
summer and deeper in 
winter 



Ocean Mixed 
Layer 

�  From profile data 

Chu and Fan, 2011 



ARGO Floats 



Surfaced to report 



ARGO Floats 
Started deployment in about 2000 

in 2010 pretty good coverage of  the world ocean 

Our best shot at measuring warming of  deep ocean, but rather late 
being established, in about the year 2000.  Before that, sparse  
and infrequent measurements. 



Multi-National Contributions to ARGO 



Ocean Mixed 
Layer 

�  From ARGO profile data 

Chu and Fan, 2011 



Thanks! 


