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Rees	  Fig.	  3.5	  

Dispersion 
If	  n	  varies	  with	  wavelength,	  then	  so	  does	  phase	  velocity	  v	  =	  ω/k	  =	  c/n,	  

	   	   	   	   	   	   	  …	  and	  group	  velocity	  vg	  =	  dω/dk	  

Dry	  air	  at	  15°C	  
(299792	  in	  vacuum)	  



Phase velocity vs. group velocity 

[Which	  is	  larger	  here?]	  



RefracAon	  through	  a	  prism:	  
n,	  k	  are	  funcAons	  of	  λ
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Rees	  Fig.	  3.6	  

Transmitted light is refracted 

Snell’s	  law:	  
	  

n1sinϑ1	  =	  n2sinϑ2	  



Snell’s law 

Consider	  how	  refracAon	  can	  distort	  your	  percepAon	  of	  distance…	  





Fresnel’s	  equaAons…	  
are	  actually	  much	  more	  complicated,	  generally	  
giving	  the	  reflecAon,	  transmission	  coefficients	  
as	  funcAons	  of	  ϑ1,	  ϑ2,	  polarizaAon	  

Rees	  Fig.	  3.8	   © Cambridge University Press 2011 
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Rees	  Fig.	  3.9	  

Scattering 

Q:	  What	  irradiance	  is	  measured	  at	  the	  surface?	  
A:	  Fcosϑ0	  

BRDF 
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Reflection envelopes 

specular	   LamberAan	   LamberAan	  
+	  specular	  

Minnaert	  
BRDF	  ~	  (cosϑ0cosϑ1)κ–1	  

Henyey-‐Greenstein	  
BRDF	  ~	  (1	  –	  g2)	  /	  (1	  –	  2gcosΘ	  +	  g2)3/2	  

0	  <	  g	  <	  1	   -‐1	  <	  g	  <	  0	  



Specular reflection: Earth 



Specular reflection: Titan 

Note	  Rayleigh	  roughness	  criterion:	  

rms	  Δh	  <	  λ/(8cosϑ0)	  

Here	  λ	  =	  5	  μm,	  ϑ0	  =	  73°	  
è Δh	  <	  ~2	  μm!!	  

See	  Barnes	  et	  al.	  (2011)	  for	  more	  detailed	  treatment	  



Fresnel’s	  law	  

rs	  =	  	  
(n-‐1)	  2	  +	  	  K2	  
(n+1)	  2	  +	  K2	  

n	  =	  refracAve	  index	  
Κ	  =	  exAncAon	  coefficient	  
	  	  	  	  	  	  	  for	  the	  solid	  
rs	  =	  fracAon	  of	  light	  reflected	  	  	  	  	  
	  	  	  	  	  	  	  from	  the	  1st	  surface	  

rs	  

The	   amount	   of	   specular	   (mirror)	  
reflec<on	  is	  given	  by	  Fresnel’s	  Law	  

Light	  is	  reflected,	  absorbed	  ,	  or	  transmiJed	  

TransmiBed	  	  
component	  

AbsorpLon	  
occurs	  here	  

Mineral	  grain	  

Light	  passing	  from	  one	  medium	  to	  another	  
is	  refracted	  according	  to	  Snell’s	  Law	  
n	  =	  c/v	  

Snell’s	  law:	  	  	  
	  n1·∙sinθ1	  =n2·∙sinθ2	  

Beer’s	  law:	  	  	  
	  (L	  =	  Lo	  e-‐kz)	  

z	  =	  thickness	  of	  absorbing	  material	  
k	  =	  absorpAon	  coefficient	  for	  the	  solid	  
Lo	  	  =	  incoming	  direcAonal	  radiance	  
L	  =	  outgoing	  radiance	  
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Rees	  Fig.	  3.27	  

ΔF	  =	  -‐nσaFΔz	  
	  

n	  =	  absorber	  #	  density	  
σa	  =	  absorpLon	  cross	  secLon	  

	  
nσa	  is	  the	  “absorpLon	  coefficient”	  

(1	  /	  absorpLon	  length)	  
	  

	  !	  F	  =	  F0e-‐nσz	  
	  

or	  F	  =	  F0e-‐τ	  
for	  “opLcal	  thickness”	  τ	  

Beer’s law 



Optical thickness: the 2007 Mars dust storm 



Note regarding non-normal incidence 
" Longer path through the absorbing medium 

F	  =	  F0e-‐nσs	  =	  F0e-‐nσz/μ	  
	  

i.e.,	  F	  =	  F0e-‐τ/μ	  



Rees	  Fig.	  3.28	  

Add emission 
dL/dz	  =	  γa(B	  –	  L)	  

(why	  same	  coefficient	  on	  B	  and	  L?)	  
	  

At	  low	  frequencies	  where	  B	  ~	  T:	  
	  

Tb	  =	  Tb(0)e-‐τ	  +	  T(1	  –	  e-‐τ)	  
observed	   input	   medium	  



Rees	  Fig.	  3.30	  

Add scattering (reflection, in 2-stream case) 

dU/dz	  =	  -‐(γa	  +	  γs)U	  +	  γsD	  
	  

dD/dz	  =	  (γa	  +	  γs)D	  –	  γsU	  
	  

Define	  ex<nc<on	  coefficient	  γe	  =	  γa	  +	  γs	  
Single	  scaBering	  albedo	  is	  γs/γe	  
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Rees	  Fig	  3.31	  

Scattering vs. absorption à reflectance 

R	  =	  γa/γs	  +	  1	  –	  √(γa2/γs2	  +	  2γa/γs)	  
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Rees	  Fig	  3.32	  

Scattering vs. absorption 
 à grain size matters 

Highly	  transmissive	  materials	  become	  highly	  
reflecLve	  when	  you	  increase	  the	  density	  of	  
scaJering	  interfaces	  (ice,	  salt,	  clouds)	  

Rees	  Fig	  3.34	  



Putting it all together 

dU/dz	  =	  -‐(γa	  +	  γs)U	  +	  γsD	   dL/dz	  =	  γa(B	  –	  L)	  

p(cosΘ)	  is	  the	  scajering	  
phase	  func<on;	  e.g.:	  


