Supplemental Notes on Atmospheric Refraction

This document is intended to better explain parts of my presentation that were glossed over a bit during the talk.

Ray Tracing

Recall that along a ray’s path, p = r n sin(z), where p is the distance of the unrefracted ray’s closest approach (see Power Point document for derivation).  So given any ray, (x0,y0,θ0), and the earth at (0,0), p can be easily  calculated.

The benefit of solving p = r n sin(z) for z, the zenith (incidence) angle, is that it saves us the trouble of:

1. Aplying Snell’s law, solve for the angle of refraction

2. Calculating how this angle relates to the angle of incidence when the ray strikes the next refracting layer.  

ie. αr(n) ≠ α i (n+1)  due to the curvature of the refracting layers.

It does not, however, save us from having to do ray tracing.  We now have z = z(r) but we need to know how Φ = arctan(y/x) varies with r.  This Φ describes how the ray translates laterally between refracting surfaces. I could not solve for Φ analytically so ray tracing must be done numerically, as I have done on the spreadsheet atm_rays.xls.

There is an important subtlety when interpreting z.  If a ray does not intersect the next lower refracting surface, it will continue straight until it intersects the same one it has just hit.  At this point, the ray strikes the surface from below, so the azimuth angle is in fact greater than 90° but sin(z) = p/rn gives a result less than 90°.  This is because sin is symmetric about 90°.

ie.  sin(x) = sin(180°-x).

As a result, the angle that is obtained when the ray is approaching from below is zref where

z = 180°- zref

zref is still the incidence angle, but the zenith angle (used to calculate θ) must be changed to z = 180°- zref .

Deductions from the Refractive Invariant

As can be seen from the equation sin(z) = p/rn , as nr decreases as a ray approaches the earth, sin(z) and therefore z increases. The ray moves away from the zenith as it goes down, even if there was no refraction.  If n=1 everywhere, this is just a geometric effect. If, however, n is increasing slightly a r decreases, the product nr will be slightly greater than when n=1.  As a result, z will still increase as ray approaches the earth, but not as much as when there was no refraction. 

What this means is that a ray that is passing to a medium of higher index of refraction will be bent by refraction towards direction of increasing n. Conversely, a ray that is passing into a region of lower index will be bent away from the direction of decreasing n. If we recognize that the index of refraction is generally related to the density, we can make the following rule of thumb:

Rays bend toward the denser medium.
Mirages

For a mirage to occur, light from a single source must take two paths to reach the observer.  Said another way, two rays that converge on the observer must converge on another point.

Consider two rays converging on an observer.  Since nr is the same for both rays at the observer, 

p = r n sin(z) tells us that since the rays have different z, they must have different p. 

 EQ \F(p1,sin z1) = \F(p2,sinz2) 
So if p1>p2, then z1>z2 at all nr, preventing the rays from ever crossing again provided nr is the same for both rays.  This is the case when the atmosphere is uniform, but if there are regions where the density is wildly different, this will not be the case.

For example, if the temperature (and therefore density and n) near the surface of the earth is much higher than that of the air above it, there will be a region where the index of refraction decreases rather than increases as a ray approaches the earth.  Using the rule of thumb above, this ray will bend towards the denser medium, away from the earth.  

This is exactly what happens to light in an inferior mirage.  An observer above the hot region, which looks like a watery reflective surface, sees light that has been refracted away from the earth.  This is how two rays that the observer sees can originate from the same object.  In the case of the green flash, the rays are green rays that originate at the sun.
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Contact

If you have any questions, ask me in class or email me at trevor_kinsey@hotmail.com  

