Unit 7. Scattering by particles and Atmospheric optics

Objectives: Scattering, Polarization by Scattering, Atmospheric optics, Rainbow, Blue sky, Rayleigh Scattering, Mie Scattering, Sky Saturation and Brightness, Coronas

Light scattering by particles plays starring and supporting roles on a variety of stages: astronomy, cell biology, colloid chemistry, combustion engineering , heat transfer, meteorology, paint technology , solid-state physics—the list is almost endless . Why is light scattered? No single answer will be satisfactory to everyone, yet because scattering by particles has been amenable to treatment mostly by classical electromagnetic theory , our answer lies within this theory . A single particle can be considered a collection of tiny dipolar antennas driven to radiate (scatter) by an incident oscillating electric field . Scattering by such a coherent array of antennas depends on its size and shape , the observation angle (scattering angle) , the response of the individual antennas (composition) , and the polarization state and frequency of the incident wave. Geometry, composition , and the properties of the illumination are the determinants of scattering by particles .

The field scattered by any spherically symmetric particle has the same form as that scattered by a homogeneous , isotropic sphere ; only the scattering coefficients are different . One such particle is a uniformly coated sphere .  New computational problems arise in going from uncoated to coated spheres . The scattering coefficients for both contain spherical Bessel functions , which are bounded only if their arguments are real (no absorption) . Thus , for strongly absorbing particles , the arguments of Bessel functions can be so large that their values exceed computational bounds . This does not occur for uncoated spheres because the only quantity in the scattering coefficients with complex argument is the logarithmic derivative , a ratio of Bessel functions computed as an entity instead of by combining numerator and denominator , each of which separately can exceed computational bounds . It is not obvious how to write the scattering coefficients for a coated sphere so that only ratios of possibly large quantities are computed explicitly . 
Polarization by Scattering


The scattering of light off air molecules produces linearly polarized light in the plane perpendicular to the incident light. The scatterers can be visualized as tiny antennae which radiate perpendicular to their line of oscillation. If the charges in a molecule are oscillating along the y-axis, it will not radiate along the y-axis. Therefore, at 90° away from the beam direction, the scattered light is linearly polarized. This causes the light which undergoes Rayleigh scattering from the blue sky to be partially polarized.
Primary and Secondary Rainbows
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Fig.23. The rainbow is caused by refraction and reflection in falling water droplets. 
Blue Sky

The blue color of the sky is caused by the scattering of sunlight off the molecules of the atmosphere. This scattering, called Rayleigh scattering, is more effective at short wavelengths (the blue end of the visible spectrum). Therefore the light scattered down to the earth at a large angle with respect to the direction of the sun's light is predominantly in the blue end of the spectrum. 
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Note that the blue of the sky is more saturated when you look further from the sun. The almost white scattering near the sun can be attributed to Mie scattering, which is not very wavelength dependent.
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Fig.24. Clouds in contrast to the blue sky appear white to achromatic gray. 

The water droplets that make up the cloud are much larger than the molecules of the air and the scattering from them is almost independent of wavelength in the visible range.
Rayleigh Scattering

Rayleigh scattering refers to the scattering of light off of the molecules of the air, and can be extended to scattering from particles up to about a tenth of the wavelength of the light. It is Rayleigh scattering off the molecules of the air which gives us the blue sky. Lord Rayleigh calculated the scattered intensity from dipole scatterers much smaller than the wavelength to be: 
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Rayleigh scattering can be considered to be elastic scattering since the photon energies of the scattered photons is not changed. Scattering in which the scattered photons have either a higher or lower photon energy is called Raman scattering. Usually this kind of scattering involves exciting some vibrational mode of the molecules, giving a lower scattered photon energy, or scattering off an excited vibrational state of a molecule which adds its vibrational energy to the incident photon. 

Mie Scattering

The scattering from molecules and very tiny particles (< 1 /10 wavelength) is predominantly Rayleigh scattering. For particle sizes larger than a wavelength, Mie scattering predominates. This scattering produces a pattern like an antenna lobe, with a sharper and more intense forward lobe for larger particles.
Mie scattering is not strongly wavelength dependent and produces the almost white glare around the sun when a lot of particulate material is present in the air. It also gives us the the white light from mist and fog. 

Greenler in his "Rainbows, Haloes and Glories" has some excellent color plates demonstrating Mie scattering and its dramatic absence in the particle-free air of the polar regions.
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Sky Saturation and Brightness

As a qualitative examination of sky brightness and the saturation of the blue sky color, measurements of the color of the sky photograph were made from a computer monitor using Adobe Illustrator's color tools. 
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None of the data should be taken as quantitatively reliable since the original photo had been transformed several times, and the measurements were taken from a non-calibrated computer monitor. Nevertheless, it might be useful as an example of the progressions of sky color.

A series of points on the sky image were chosen starting from the left, indicated by the white dots superimposed on the image above. It is clear to the eye that the progression leads to a brighter sky and to a blue color which is less saturated, or more pastel. Measurements of the color and brightness were made at each point based on amounts of red, green and blue present. In the graph at upper left, the blue brightness was normalized to 1 and the red and green expressed as a fraction of the blue. One result was that the green was significantly brighter than the red. This is consistent with Rayleigh scattering which emphasizes the shorter wavelengths. Another result was that the red and green increased as a fraction of the blue, indicating that the color was becoming less saturated. This can be interpreted as blue mixed with an increasing fraction of white light, which is consistent with the light being a combination of Rayleigh and Mie scattering. As you approach the sun's direction, the Mie scattering accounts for a larger fraction of the total light, and the Mie scattered light is essentially white. The graph of overall brightness above is just the sum of all three colors, with a maximum of 1 being white on the monitor. The increasing brightness along the path of the data is again consistent with a combination of Rayleigh and Mie scattering. The Mie scattering has a strong forward lobe and increases as you approach the sun's direction.

Coronas

A circle of light quite distinct from the 22° halo can sometimes be seen around the sun or moon if there are thin clouds composed of water droplets or ice crystals of nearly uniform size. 
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This circle is smaller, on the order of 10°, and is caused by diffraction of light by the small particles. The appearance is often that of alternating blue-green and red circles. The diffraction by a tiny opaque barrier shows the same pattern as that of an aperture of the same size and shape in an otherwise opaque screen (Babinet's principle). 

Fig.25. The moon corona image was taken on March 19, 2005 on a night when thin clouds were moving swiftly across the sky.
The colors are subtle, but you can see a blue tint to the corona close to the moon and a reddening further out. This indicates diffraction in tiny water droplets. The shorter wavelength blue light produces diffraction maxima closer to the sun. 

Glories

A rainbow band around the shadow of your aircraft seen on a cloud below is an example of a glory. For more distant clouds, the plane's shadow would be smaller, but the glory would be the same angular size if the water droplets were the same size.
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The phenomenon is one of diffraction, with smaller droplets giving larger glories, and Mie scattering is thought to be the mechanism controlling the intensity of light scattered back to the viewer. However, mathematical modeling of the details is quite complex.
Glory on Close Cloud
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Fig.26. This glory was observed on an approach to Anchorage through clouds which were sometimes very close, sometimes distant. 
At this point the aircraft shadow is larger than the glory, but as the clouds became more distant, the shadow was smaller while the glory stayed the same size. Remarkable telescoping of the shadow size occurred within the glory.
Iridescent Clouds. The corona around the sun is often hard to see because it is close to the sun and masked by the extreme brilliance of the sun. When the same diffraction effects occur in clouds some distance from the sun which is composed of tiny uniform droplets, colorful bands or "iridescence" can be seen.

Heiligenschein

The heiligenschein or "holy light" is like the glory except that it is seen as a white glow around the shadow of your head projected on fog or mist. It can also sometimes be seen around your shadow on a rough or dusty surface (in this case called the "dry heiligenschein"). The area immediately around your head's shadow may be seen as slightly brightened by "head on" incidence of light on small particles while at slightly greater distance from the head's shadow you get darkening because you begin to see the shadows of the small particles which are now being lit at a greater angle of incidence. Dew heiligenschein can be produced by retroreflection of the light focused by tiny dewdrops, while this light from droplets further from your head's shadow does not reach your eyes. 

Examining dew heiligenschein a bit more closely, following the discussion of Lynch and Livingston, tiny dewdrops act as essentially spherical lenses, focusing the light at a distance of about 0.7 x the drop radius behind the drop. If that concentrated light strikes a leaf or blade of grass, part of it is retroreflected through the droplet, proceeding backward toward our eyes. The retroreflection produces the appearance of a bright diffuse glow around the viewer's head. It is spread over a few degrees by the fact that the droplet "lenses" have large amount of aberration and don't send their light back at exactly 180°.
Key terms: scattering, coronas, halo, Rayleigh and Mie scattering and sky color, glory
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Questions for review:

1. How do you understand scattering?

2. What is a coronas and glory?
3. What is halo of light?
4. Who is the author  of the term “”

5. What does scattering study?

      6. What is the explanation of the “blue sky” by Lord Rayleigh?
7. What size droplet would it take to diffract light at 22°??

· Homework:

Reading Textbook “Optics”, answering questions.

· Make Examples of glories on close and distant cloud. 

Explain possible Mie scattering from fogged eyeglasses[image: image9.png]



