
Atmospheric Sciences 321 
Science of  Climate 
Lecture 8: Radiation Transfer  



Community Business 
�  Check the assignments 

  HW#2 Due TODAY 

 HW #3 due next Wednesday 

�  Quiz had a trap: fraction absorbed vs fraction 
reflected. 

�  Questions? 



Transmission Function 
�  Here’s another way to look at it, 

�  Define the transmission 

�  so 

�  Then, if  we make the grey absorption assumption, 
really, really bad for climate, but OK for pedagogy, 
we can take the frequency dependence of  the 
transmission outside the integral, assume black 
body emission and get, 

 

Τ(z ', z)= e− τ (z ')−τ (z )( )/µ

dΤ(z ', z)= −µ−1 e− τ (z ')−τ (z )( )/µ



Transmissivity and Temperature 
�  Transmissivity Functions 



Grey Radiative Transfer Equation 
�  These are not quantitatively accurate, but OK for 

problem sets 

   
F↑(z) =σTs

4T{zs , z}+ σT ( #z )4 dT{ #z , z}
T{zs ,z}

1
∫

   
F↓(z) = σT ( #z )4 dT{ #z , z}.

T{z ,∞}

1
∫

Surface emission 
that reaches level z 

Emission from layers below z  
that reaches level z 

Emission from layers above z  
that reaches level z 



Opaque and Transparent 
Atmospheres 

�  Some Limits,  

�  first an opaque atmosphere 

�  next a transparent atmosphere 

   T {zs ,∞}= 0 ⇒ F ↓(zs ) =σTA
4 ,  F ↑(∞) =σTA

4

   T {zs ,∞}= 1  ⇒ F ↓(zs ) = 0,  F ↑(∞) =σTS
4



Let’s put a cloud in 
�  Clouds can be assumed to be black bodies 

�  Effect on TOA OLR 

�  Effect on Surface Downward Longwave 

   
F ↑(∞) =  σTzct

4 T {zct ,∞}+ σT ( ′z )4 dT { ′z ,∞}
T {zct ,∞}

1

∫

   
F ↓(zs ) =  σTzcb

4 T {zcb , zs}+ σT ( ′z )4 dT { ′z , zs}T {zcb ,zs}

1

∫

See cold cloud top 

See warm cloud bottom 

Only see emission from Atmosphere 
Above the cloud 

See emission from Atmosphere 
below the cloud 



The Heuristic Model 
�  Two opaque layers for Terrestrial, transparent to 

solar radiation 



Two Layers -> N layers 
�  The solution for the two-layer model is 

�  TOA 

�  Layer 1 

�  Surface 

�  Generalizing for N Layers  

  σTe
4 =σT1

4 → T1 = Te

  σT2
4 = 2σT1

4 = 2σTe
4 → T2 = 24 Te

  σTe
4 +σT2

4 =σTs
4 → Ts = 34 Te

  Ts = N +14 Te



Radiative Equilibrium is 
Unstable to Convection 

�  Solution to Heuristic Model 

Surface and Surface 
Air Temperatures 
are different,  
and lapse rate in 
lower atmosphere is 
super dry adiabatic, 
and so unstable to 
small vertical 
displacements of  
air parcels. 



Homework Problem 
�  Fix Lapse rate and hypothesize non-radiative 

transport to attain thermal equilibrium 

T(z) 

Fs-2 

F2-1 

We know Te and we 
know specified 
lapse rate, so we 
know Ts.  Then we 
just have to solve 
for Fs-2 and F2-1 to 
achieve energy 
balance. 

In the real atmosphere, 
convective fluxes of  
energy involving fluid 
motions are very 
important. 



Clouds 
�  Clouds cover ~60% of  surface of  Earth 



What Clouds do 
�  Clouds are very opaque in thermal infrared 

Longwave emissivity is close to 1 for 20 gm-2 of  water cloud 



What Clouds do 
�  Clouds reflect a lot of  solar radiation 

Albedo and absorption in percent as functions of  liquid 
water path (LWP) and solar zenith angle. 
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Some formulas for Clouds and Radiation 
�  For a cloud particle of  radius r the amount by 

which it reduces the radiant beam I0 is  

�  The extinction efficiency is composed of  scattering 
and absorption parts 

�  The optical depth can be written 

πr2keI0

ke = ks + ka

τ = π h ke(r)r
2

0

∞

∫ n(r)dr

Shadow area of droplet, if spherical 



Some formulas for Clouds 
and Radiation 

�  Optical depth 

�  where n(r) is the number density of  particles of  
radius r. 

�  For particles that are large compared to the 
wavelength of  radiation  

�  If  the particle size distribution is peaked near an 
average value of     the optical depth is about 

ke ≈ 2

τ = π h ke(r)r
2

0

∞

∫ n(r)dr

τ = 2π hr 2N
r



Some formulas for Clouds 
and Radiation 

�  The optical depth of  a cloud is about 

�  where N is the total particle density and h is the 
depth of  the cloud 

�  The Liquid Water Content of  a cloud is 

�  where    is the density of  water 

τ = 2π hr 2N

LWC = 4
3
π r 3ρLhN

ρL

LWC = 4
3
π r 3ρLhN = m3 •kgm−3 •m •m−3 = kgm−2 = mass perunit area



Some formulas for Clouds 
and Radiation 

�  Combine our formula for liquid water content 

�  with our formula for optical depth 

�  To get a new formula for optical depth 

�  So the optical depth is proportional to the liquid water 
content and inversely proportional to the average 
particle radius. 

LWC = 4
3
π r 3ρLhN

τ = 2π hr 2N

τ = 3
2
LWC
ρL r



What Clouds do 
�  Cloud particle radius matters for solar reflection 



Twomey Effect 
�  Clouds are water collected on cloud condensation 

nuclei.  So if  I double the number of  cloud 
condensation nuclei and keep the liquid water 
content the same, then the optical depth will do 
what? 

�    

�  for fixed LWC 

τ = 2π hr 2N

LWC = 4
3
π r 3ρLhN

r2 = r1
N1
N2

⎛
⎝⎜

⎞
⎠⎟

1
3

τ = 3
2
LWC
ρL r



Twomey Effect 
�  Clouds are water collected on cloud condensation 

nuclei.  So if  I double the number of  cloud 
condensation nuclei and keep the liquid water 
content the same, then the optical depth will do 
what? 

  LWC = 4
3
π r 3ρLhN

r2 = r1
N1
N2

⎛
⎝⎜

⎞
⎠⎟

1
3
= r1

N1
2N1

⎛
⎝⎜

⎞
⎠⎟

1
3
= 0.79 r1

τ = 3
2
LWC
ρL r

τ 2 =
τ1
0.79

= 1.26τ1

Double 
number, 
radius 
decreases 
a little 

Optical depth increases 26% 



Aerosols and Cloud Reflection 
�  Ship Tracks and other pollution brighten clouds 



Remotely Sensed Cloud 
Droplet Radius 

�  Cloud droplet radius 



Aerosols and Cloud Reflection 
�  Ship Tracks and other pollution brighten clouds 

�  First indirect effect of aerosols:  more aerosols 
reduce cloud particle radius, so for fixed LWC 
clouds reflect more solar radiation 

�  Second indirect effect of aerosols:  More aerosols 
reduce cloud particle radius, so precipitation size 
particles less easily formed, LWC increases due to 
reduced precipitation. 



My Favorite Image of  
Aerosol Effects 

ship tracks 
first and second indirect effects 

smoke bright over land 
direct reflection by aerosols 

smoke dark over clouds 
semi-direct effect 

AEROSOL EFFECTS 



Thanks! 


