
Objectives   
 

•  Clouds and the energy cycle 
•  Electromagnetic radiation 
•  Concepts of Scattering and absorption 
 

Lecture-2 

Reference books 
• An Introduction to Atmospheric Radiation - K.N. Liou, Academic Press. 
• Atmospheric Science: An Introductory Survey –J.M. Wallce and P.V. Hobbs, 
Academic Press  
 



Clouds and the energy cycle 



High Clouds Low Clouds 



Deep Convective Clouds 
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Vertical profiles of cloud droplet size distribution observed  
in continental and maritime clouds 
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 A cloud with a greater 
number of small droplets 
has more reflective surface 
area than a cloud of the 
same volume with fewer 
large droplets. 

 Therefore, aerosols 
increase the reflective 
surface area of the cloud 
by acting as condensation 
nuclei. 

 This is the first indirect 
effect, or Twomey Effect. 

 Clouds precipitate when 
droplets collide and 
coalesce. 

 If droplet size is smaller 
because of increased 
aerosols, then the clouds 
will not precipitate as much. 

 If the cloud does not 
precipitate, then it retains 
its water, lasts longer, and 
becomes larger and more 
reflective. 

 This is the second indirect 
effect. 
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Same volume, more surface 
area 



Detecting and Quantifying AIE 

(CDNC, LWC, re ff )                  (number conc., CCN) 

At constant LWC 

 _   d ln re 

      d ln Na 

Cloud Aerosol 

Changes in cloud parameters (CDNC, reff ) as a function of  
changes in CCN and its proxies  

CCN proxies 

     d ln Nc 

      d ln Na 



 

Cloud droplet Reff, 
Size distribution, LWC 

Aerosol, CCN Cycle 
below cloud base 

Updraft 
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6 July 2009 09:48:10 near Anantapur, 10,000’. Enhanced 



CDP 

CIP CCN Counter 
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http://www.airport-data.com/aircraft/photo/005880L.html


Passive Cavity Aerosol Spectrometer Probe (PCASP)  
measures aerosol particles in the range from 0.1 to 3 µm. 

Hot Wire sensor measures liquid water content (LWC) from 
0.05 to 3 g/m3 

AIMMS probe senses air speed, direction,altitude, angle-of-attack, side-slip, ambient temperature and relative humidity.



A stratocumulus cloud photographed from above during the DYCOMS field study which 
took place over the northeast Pacific in July 2001. Here the corrugated patterning of the 
stratiform cloud sheet reflects the underlying convective motions that result from the 
radiative cooling of the cloud top. This photo was taken by Gabor Vali from the cockpit of 
the NCAR-NSF C130 research aircraft. 





• Most important process responsible for energy transfer is Electro 
Magnetic radiation. 
• Electric and magnetic fields that simultaneously oscillate in  
planes mutually perpendicular to each other and to the direction  
of propagation through space.   
• It has both wave and particulate properties 





 Basic radiometric quantities 
  Flux and intensity are the two measures 
of the strength of an EM field 

 
 Intensity (or radiance) is defined as 
radiant energy in a given direction per unit 
time per unit wavelength (or frequency) 
range per unit solid angle per unit area 
perpendicular to the given direction 



Iλ is monochromatic intensity. 
 
Monochromatic does not mean at a single wavelength,  
But in a very narrow (infinitesimal) range of wavelengths. 
 
UNITS:  J sec-1 sr-1 m-2 µm-1 



 Radiant flux 
 The rate of energy transfer by electromagnetic 
radiation is called radiant flux. 

   Unit:  Energy per unit time 
           Joules/sec = Watts  
 
Radiant flux from the Sun = 3.9x1026 Watts 
 
 Irradiance = Radiant flux/Area which it passes 
 
            Unit:  Watts/m2 
   







 In general, intensity is a function of the coordinates (r), 
direction (Ω), wavelength (or frequency), and time.  Thus, 
it depends on seven independent variables: three in space, 
two in angle, one in wavelength (frequency) and one in time. 

 Intensity, as a function of position and direction, 
gives a complete description of the electromagnetic 
field. 

 Isotropic – if intensity does not depend on direction 

 Homogeneous – if intensity does not depend on 
position of the field 



 Flux (or irradiance) is defined as radiant energy in a 
given direction per unit time per unit wavelength range 
per unit area perpendicular to the given direction: 

Thus monochromatic flux is the integration of normal  
component of monochromatic intensity over some solid 
angle. 



 Radiation is emitted from an infinite plane 
surface with uniform radiance in all directions.  
What is the irradiance on a plane parallel to the 
surface? 
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Monochromatic net flux is the integration of normal  
component of monochromatic intensity over all solid 
angles (over 4π).  Net flux for a horizontal plane is the  
difference in downwelling and upwelling hemispherical  
fluxes 



Radiative quantities may be spectrally 
integrated. 

  For example, the downwelling shortwave flux is  
 

Intensities and fluxes may be per wavelength or per  
Wavenumber.   



 Two processes can occur, depending on the incident 
wavelength (solar or terrestrial) : 

 
 Scattering: the incident radiation is re-radiated by 
the particles but with a different intensity and 
direction. 

 Absorption: the incident radiation is transformed into 
radiation at different wavelength (like heat). 

Interaction between radiation and 
particles (aerosol and cloud)  



 Scattering is a physical process associated with light 
and its interaction with matter.  It occurs at all 
wavelengths throughout the entire electromagnetic 
spectrum. 

  Effect of particle size on scattering is inferred by a 
physical term Size parameter. 

 For a spherical particle, it is defined as the ratio of 
the particle circumference to the incident 
wavelength λ 

              i.e. x = 2πa/λ,   a – particle radius  
              x << 1, scattering is called Rayleigh scattering 



 Example for Rayleigh Scattering  
        Scattering of visible light (0.4 – 0.7 µm), 

Explanation of blue sky 
 
Mie scattering 
   Particles whose sizes are comparable to or 

larger than the wavelength x ≥ 1 
 



In the atmosphere, the particles responsible for scattering 
range in size from 
 
gas molecules     -~10-4 µm 
Aerosols      - ~ 1 µm 
Water droplets    - ~10 µm 
Ice crystals    - ~100 µm 
Large rain drops and hail particles - ~1 cm 
 
Elastic scattering 
 
In atmospheric scattering, it is generally assumed that the light 
scattered by molecules and particulates has the same frequency 
(or wavelength) as the incident light.  
 





Raman scattering 
Also,  high energy laser light can produce phenomena such as 
Raman scattering in shift frequencies, which can be employed 
for the remote sensing of water vapor. 
 
Independent scattering 
 
Atmospheric molecules and particulates are separated widely 
enough so that each particle scatters light in exactly the same 
way as if all other particle did not exist. 
 
Secondary scattering 
 
Part of the scattered light can get scattered again in all 
directions and is called secondary scattering.  If scattering 
occurs more than once is called multiple scattering. 



Liou (2002) 







The intensity of unpolarized sunlight scattered by a molecule is proportional to the 

incident intensity (I0) and inversely proportional to the square of the distance 

between the molecule and the point of observation.   

  ==>  Polarizability, wavelength and scattering angle 









The scattered flux ‘f’ 







 Extinction and Emission are two main types 
interactions between Electromagnetic radiation 
and Medium (e.g., the atmosphere) 

 
 Extinction is a process that decreases the 

intensity, while emission increases it. 
   “Same Name” Extinction = Attenuation 

 



 Radiation is emitted by all bodies that have a 
temperature above absolute zero (0 K)   -- 
Thermal Emission 

 
 Extinction is due to scattering and absorption 

 
 Absorption is a process that removes the radiant 

energy from an electromagnetic field and 
transfers it to other forms of energy 
 

 Scattering is a process that may not remove 
energy but may redirect it. 
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For extinction:   

For emission 

•     βe,λ is the volume extinction coefficient (m-1) and  
Jλ is the source function. 
 

• In the most general case, the source function has  
emission and scattering contributions. 
 
• Generally, the volume extinction coefficient is a  
function of position ‘s’. 



 Extinction coefficient = absorption coefficient 
+ scattering coefficient 
 
   ,,, sae 

Mass extinction coefficient (βe,λ
*) = volume extinction  

coefficient / density 
UNITS:  mass ext coefft is in unit area per unit mass 
              (LENGTH2 MASS-1, m2 kg-1) 
 
If ρ is the density (mass concentration) of a given type 
of particles (or molecules), then 
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 Extinction cross section of a given particle (or 
molecule) is a parameter that measures the 
attenuation of electromagnetic radiation by this 
particle (or molecule). 
 

   Units:  the cross section is in unit area 
(LENGTH2) 

 
 If N is the particle (or molecule) number 

concentration , then 
     βe,λ = σe,λ N 
     
     σe,λ  is extinction cross section. 



 Optical depth of a 
medium between 
points s1 and s2 is 
defined as  
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UNITS:  Optical depth is unitless. 

If βe,λ does not depend on position (called a homogeneous  

optical path) 
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For this case, the extinction law can be  



 Optical depth can be expressed in several 
ways: 
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Problem: 
On a clear day, measurement of the direct solar flux  
density at the earth’s surface in the 1.5- to 1.6-µm  
Wavelength interval is 10.46 Wm-2 at solar zenith angle  
(SZA) of 60º.  Solar flux density at the top of the 
atmosphere is 22.31 Wm-2

.
  What is the optical depth of 

the atmosphere? 
 
Pathlength= sec(SZA) 



 Extinction process is linear in the intensity of 
radiation and amount of matter, provided that 
the physical state (i.e., T, P, composition) is 
held constant. 



Transmissivity (T) =I(s1)/ I(0)=e-k


u 

 

 

Absorptivity (A )=   1-T 

 

 

On the basis of conservation of energy, 

 

                       T+A + R=1 

 

 

 


