
Towards a robust model of planetary thermal 
profiles 



RT Equation: 

General Solution: 



Extinction coefficient 

Emission coefficient 
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How would you express the 
Source function of light that is  
Scattered back into the beam? 



Consider the angles of the 
incident beam (primed) and 
the outgoing beam (not 
primed). 



Could you simplify the problem by using fewer variables? 



The angle (Θ) 
between the direction 
of incident and 
scattered radiation  
 



Can you think of a situation where particles are oriented? 



Shape of raindrops 







The Phase Function: normalized angular cross section 

Probability of scattering in a direction, normalized to the probability of 
scattering over a complete solid angle 
 



Probability Density 
Function 

If no preferred orientation:  

probability of a scattering 
event in a region of  
solid angle of dΩ around Θ  





Energy incident normally on an 
area dA in primed direction: 

Energy scattered, attenuated by            emerging in non-primed direction: 

Emission coefficient is then: 

Source function is then: 

Including thermal emission: 

Single scattering albedo (av) 



How do they depend on size, shape and composition? 



Source Estimate Flux (Tg/yr) Particle Size Category
Primary

Soil dust (mineral aerosol) 1000-3000 Mainly coarse
Sea salt 1000-10000 Coarse

Volcanic dust 2-10000 Coarse
Biological debris 26-80 Coarse

Secondary
Sulfates from biogenic gases 80-150 Fine

Sulfates from volcanic SO2 5-60 Fine
Organic matter from biogenic VOC 40-200 Fine

Nitrates from NOx 15-50 Fine and coarse
Total Natural 2200-23500 Best estimate 3100
Anthropogenic
Primary

Industrial dust etc. (except soot) 40-130 Fine and coarse
Soot 5-20 Mainly fine

Secondary
Sulfates from SO2 170-250 Fine

Biomass burning 60-150 Fine
Nitrates from NOx 25-65 Mainly coarse

Organics from anthropogenic VOC 5-25 Fine
Total anthropogenic 300-650 Best estimate 450
Total 2500-24000 Best estimate 3600



The chemical perspective ... a chemical size 
distribution 

1. chemical size distributions 
resemble mass, not number 

 
2. sulfate and organics 

dominate the accumulation 
mode, but there’s a 
surprising amount of 
seasalt 

 
3. there are a lot of 

unidentified organics 
 
4. the coarse mode has the 

expected mechanically 
generated aerosols, but 
also nitrate and sometimes 
sulfate 
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(C. Leck) 



Dust (mineral aerosols) 
• diameter size: 2-300 µm 
• main material: sand, silt, clay 
• includes essential trace metals such as Fe 
• consists of insoluble and soluble fractions 

Mineral Dust	




“brown carbon”: 
sugars 
alcohols 
aromatics 
di/tri acids 
ketoacids 
hydroxyacids 

soot – “elemental carbon” 
formed in flames 
little spectral dependence 
carbon-only 

Organic aerosols - burning 



Size parameter: 





E of vibrating dipole α 1/λ2 

I  α  E2  α  1/λ4 



Particle experiences a separation of charge 
 
It then oscillates with the incident E field 
 
Radiates like a vibrating dipole 



Incident Vertically 
polarized light 

Incident Horizontally 
polarized light 

Incident 
Nonpolarized 
light 

Polarization of Scattered 
light is shown in blue 

Degree of polarization: 

Phase function: 

Polarized light 



Mie scattering and geometrical optics 

Hansen & Travis (1974) have a seminal paper on this 
topic. They compare Mie scattering to ray 
geometrical optics, which considers the paths of a 
number of parallel rays incident on the particle and 
calculates the reflection and transmission 
coefficients from Fresnel’s equations and the 
direction of refracted rays from Snell’s law. 

Who is Jim Hansen?  

http://www.climatesciencewatch.org/2006/03/21/60-
minutes-global-warming-story-rewriting-the-science/ 



From Hansen & Travis 1974 

Scattering of spherical particles 
Consider geometrical optics. 

ni = 0 









 
 

Light travels 1.33 times faster in a vacuum than in water 



 
 

ni  = 0:  50% of light scattered / 3% reflected / 47% refracted  

No absorption: 

ni is Related to the absorption coefficient κ= 4πni/λ    

Strong absorption: 

ni  = 100:  50% of light scattered / 3% reflected / 0% refracted  



From Khare et al. 1984 







Smoothed over a size range. 
Still can see primary interference pattern 

Mean value of the cosine of 
scattering angle, weighted by 
phase function 

Maximum values of g 
result from diffraction & 
transmission - L=0 and 
L=2 of light through a 
spherical particle 



Interference between 
diffracted (l=0) and 
transmitted light (l=2) 

The phase shift in light passing  
through the diameter is 2x(nr-1). 
Constructive & destructive 
interference occurs in intervals 
of 2pi, and thus here in intervals 
of x = 2pi/2(nr-1) ~ 9.5 for 
nr=1.33 

nr=1.33 

Efficiency of scattering for one 
particle size  



Standard size distributions 



Dombrovsky, Leonid A.  

Indices of refraction of soot particles 



Titan’s scattering properties 
According to Huygens Probe 
Measurements  
 
(Tomasko et al. 2008) 





What causes increase in 
particle mass at 80 km? 



In steady state! 

Lavvas, Griffith, Yelle 2011 



characteristics of 
both large and 
small particles 



Particles scatter most efficiently at 
wavelengths shorter than particle size 

Griffith et al. 2006 Ethane clouds 

Methane clouds 

Griffith et al. 2000 

Optically thick at λ≤ 1µm 

Optically thick at λ ≤ 3µm 

Optically thick at λ ≥ 5µm 

Identifying clouds 
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