
Laboratory experiments in atmospheric optics

Michael Vollmer and Robert Tammer

Old and new laboratory experiments on atmospheric optics with a focus on mirages, rainbows, and halos
are presented. Some qualitative demonstrations serve primarily didactical purposes, e.g., by proving
the existence of curved light rays in media with a gradient of the index of refraction, by directly
visualizing the minimum-deviation curve for rainbow paths in water droplets, or by helping to elucidate
the ray classes in hexagons that contribute to a specific halo. In addition, quantitative experiments
allow a direct comparison of angular positions and intensities with analytical computations or Monte
Carlo simulations of light scattering from small water droplets or ice hexagons. In particular, the latter
can help us to understand complex halo phenomena. © 1998 Optical Society of America
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1. Introduction

If you love nature, you respond to her phenom-
ena as naturally as you breathe . . . Never think
that the poetry of nature’s moods in all their
infinite variety is lost on the scientific observer,
for the habit of observing refines our sense of
beauty and adds a brighter hue to the richly
colored background against which each partic-
ular fact is outlined.

These words of Marcel Minnaert in the preface of his
famous book, Light and Color in the Outdoors1 from
1937, expressed his feelings when he was observing
nature. They still describe the major motivation for
current research of many people who nowadays sci-
entifically investigate phenomena of the nature
around us. In most fields of physics and other nat-
ural sciences, research is based on the interplay of
theory and experiment that leads to a scientific un-
derstanding. Concerning atmospheric optics, the
field of interest appears, however, not to be twofold
but rather threefold ~this division does not refer to
individual researchers, who might belong to several
of these groups!.

First, there are the true observers of nature in the
sense of Minnaert, who carry out naked-eye observa-
tions or use optical instruments like binoculars or

telescopes. Usually the observations are docu-
mented in the form of slides or photographs; lately
transient phenomena are often recorded by video-
cameras. These observations are the raw material
of atmospheric optics research.

Second, the theoreticians use this raw material of
observations and try to give qualitative as well as
quantitative explanations. Depending on the phe-
nomenon under study, quite elaborate theoretical ap-
proaches have to be applied, ranging, e.g., from
classical electrodynamics for simple spherical geome-
try ~Mie theory! to complex multiple-scattering Monte
Carlo simulations for nonspherical geometries.

The third approach to atmospheric optics is based on
the experimental point of view. Many optical phe-
nomena of the atmosphere can be simulated in the
laboratory. Hence optical phenomena of the atmo-
sphere can also be quantitatively studied under well-
defined conditions and for longer time periods than
those available in nature. Experimental rainbows,
halos, or mirages can therefore help us to understand
the natural phenomena, to demonstrate them to inter-
ested people, and to perform quantitative tests of the
theories ~as a matter of fact, every theory, explaining a
natural phenomenon, should also be tested quantita-
tively in a laboratory experiment concerning angular
positions as well as intensities!.

Below, a survey of simple and complicated, old and
new, and qualitative as well as quantitative labora-
tory experiments of atmospheric optics is given. On
the one hand, it should serve didactical purposes.
Because atmospherical optical phenomena are par-
ticularly well suited to arouse scientific interest in
school children of all ages, it seems helpful for teach-
ers to have a selection of easy and impressive lecture

The authors are with the Physikalische Ingenieurwissen-
schaften, Fachhochschule Brandenburg, Magdeburgerstrasse 50,
14770 Brandenburg, Germany.

Received 25 June 1997; revised manuscript received 29 Septem-
ber 1997.

0003-6935y98y091557-12$15.00y0
© 1998 Optical Society of America

(C) 1999 OSA 16 August 1999 / Vol. 5,  No. 4 / OPTICS EXPRESS  75

Reprint from 20 March 1998 / Vol. 37,  No. 9 / Applied Optics  1557 - 1568



demonstrations at various levels of difficulty at hand.
In addition, specific sophisticated theoretical expla-
nations of these phenomena can be directly visual-
ized, e.g., the minimum-deviation curve for rainbow
paths in water droplets or the ray classes in hexagons
contributing to a specific halo.

On the other hand, quantitative laboratory exper-
iments allow direct comparison with the partially
complex up-to-date analytical computations or Monte
Carlo simulations of light scattering from small wa-
ter droplets or ice hexagons. In particular the latter
can help us to understand complex halo phenomena.

The elementary theories of the various phenomena
are not outlined here in detail, as many good treat-
ments can be found in the literature ~e.g., Refs. 1–4!.
Rather, short descriptions of the physical processes
are given with emphasis on the experimental simu-
lation, in particular of mirages, rainbows, and halos.
The state of the art can be found in the special fea-
tures on light and color in the open air.5

2. Mirage Experiments

An old artistic view of a mirage in a desert scene is
shown in Fig. 1. In brief, mirage effects occur be-
cause of a curvature of light rays, bent in the air
because of a gradient of the index of refraction, which
is a consequence of different temperatures. Simple
demonstration experiments of mirages are classified
according to these various curved light paths; conse-
quently the two major experimental setups refer to
superior and inferior mirages. A prerequisite to
both kinds of mirages is the demonstration of curved
light rays in inhomogeneous media.

A recent excellent description of laboratory simu-
lations of inferior and superior mirages was given by
Greenler.7 The basic setups used here are similar.
New aspects concern the differences of the object dis-
tances of the real image compared with those of the
mirage and the possibility of also observing transient
effects of mirages due to turbulences of the medium
~which in nature is air, in the experiment a liquid!.

A. Curved Light Rays

The curvature of light paths can be demonstrated
easily in liquids with a gradient of the index of
refraction.7–9 The equipment needed consists of

Fig. 1. Mirage in the desert ~from Ref. 6!.
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only a water tank ~dimensions, e.g., 10 cm 3 30 cm 3
20 cm height!, a light beam ~e.g., from a He–Ne laser!,
and layered sugar or salt solutions.

The solutions may be prepared in a variety of ways.
Below the procedure for only the salt solution is de-
scribed. Either fresh water is poured on top of a sat-
urated salt solution or a saturated salt solution is
poured below the fresh water layer by means of a reg-
ulated flow through a thin rubber tube, ending at the
bottom of the tank. In both cases one can generate
the layered systems without much mixing by carefully
avoiding turbulences and vibrations on filling the tank.

After preparation, the two liquids slowly mix by
diffusion processes, resulting in a gradient of the in-
dex of refraction between the saturated salt solution
~n ' 1.364! and pure water ~n ' 1.332! at l 5 632.8
nm ~hence this setup corresponds qualitatively to an
inversion layer in the atmosphere in which warm air
is above colder air!. The water tank should not be
exposed to vibrations, as rapid diffusion decreases
the period for observations. Without disturbing the
solution, experiments for demonstration of curved
light beams may be performed for a couple of hours,
those of three-part superior mirages for even longer
times, and some mirage distortions, like towering or
stooping, may be seen for 1 or 2 days.

After preparation of the layered liquids in the tank,
the curvature of a He–Ne laser in the inhomogeneous
solution can be easily demonstrated by illumination
from below and varying of the angle of incidence.
Figure 2 is a photograph of a curved laser beam di-
rected through the tank and viewed from the side.

Even a horizontally incident beam will be curved
downward because of the vertical gradient of the index
of refraction. This is due to the finite dimension at
the beam waist: the upper and the lower portions will
be bent differently and consequently the whole ray will
be curved.

B. Inferior Mirage

Inferior mirages, i.e., desert mirages, have already
been simulated nearly 100 years ago by Wood10 and
repeated by Greenler.7 In nature, these mirages are
observed over distances of hundreds of meters to ki-
lometers. Nowadays the most usual observations
are on the pavement of hot streets on summer days.

Fig. 2. Curved He–Ne laser beam in a tank with fresh water on
top of saturated salt water, i.e., an artificial inversion layer.
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Typical laboratory dimensions are smaller by a factor
of ;1000; hence the temperature differences have to
be higher or the objects smaller. Usually a plate of
metal ~several meters long! is heated ~e.g., by gas
flames, which by itself is a spectacular demonstra-
tion!. Following Greenler, covering the plate with a
layer of sand ensures that no actual reflections from
the metal are possible. During the heating, a
He–Ne laser beam directed parallel to the surface of
the plate through the hot air fluctuates, a phenome-
non well known to every astronomer. Figure 3 de-
picts a mirage seen above such a hot plate. In this
case, the object was a playing card, the ace of hearts.
Other examples of good quality were published by
Greenler.7

C. Superior Mirage

Superior mirages may be observed with the water
tank setup described above. Curved light paths, i.e.,
the prerequisites for mirages, were demonstrated in
Fig. 2. Hence one may readily observe mirages of
objects through the water tank. The sizes of the
objects depend on the height of the salt solution and
the fresh water layers. Typically we used dimen-
sions of several centimeters. Parameters for the mi-
rages are the orientation of the object with respect to
the artificial inversion layer @i.e., the relative height
of the object and the boundary ~diffusion! layer and
the distance of the object behind the water tank#, the

Fig. 3. Object, like the ace of hearts, ~a! observed over a hot metal
plate ~length 3 m! gives rise to ~b! an inferior mirage. Total dis-
tance from object to observer '6 m, focal length 210 mm.
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distance of the observer, and the angle of incidence of
light rays with respect to the eye of the observer.
Consequently the way of observing mirages and op-
timizing the conditions is to use a selected distance
and height of the object with respect to the boundary
layer and vary the observation angle and distance by
moving the eye. Optimum conditions are usually
found within a couple of minutes. In order to have
better quality of the mirages, we illuminated the ob-
jects and—to reduce light attenuation while passing
the liquids—we observed through the smaller dimen-
sion ~width! of typically 10 cm rather than through
the length of the tank. Depending on the observa-
tion angles, one can readily observe three-part im-
ages ~see Fig. 4! or just stooping or towering. These
effects correspond to the well-known mirages due to
inversion layers in the atmosphere. In nature, the
dimensions are of the order of kilometers and
changes of the index of refraction are of the order of
several 1025. The reason for easy observation in the
laboratory is obvious: In the experiment, the artifi-
cial inversion layer has changes of the index of re-
fraction of the order of 1022 and dimensions are
consequently reduced to ;1 m.

For large audiences it is convenient to use a video-
camera on a tripod combined with a videoprojector.
By adjusting the height of the camera and correspond-
ingly changing the angle of observation, one can dem-
onstrate the change of the mirages from the single
image of the object ~viewed through a single solution!
stooping or towering and finally to three-part mirages.

Fig. 4. Objects ~two colored tops and the words FATA MOR-
GANA! as viewed through ~a! plain water, ~b! the artificial inver-
sion layer. The three-part mirage in ~b! corresponds to a superior
mirage.
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Systematic investigations of these artificial mi-
rages, in particular the use of videocameras to record
the effects, reveal another interesting property. In
order to focus the object and the mirages simulta-
neously, it is necessary to select a large f-number
~small aperture!, i.e., the light rays forming the image
of the object and those of the mirages seem to come
from different object distances. While observing
with the naked eye, one automatically accommodates
and hence observes all images as focused.

One of the most fascinating properties of mirages
in nature is the transient effects that are due to air
fluctuations. One can demonstrate this by introduc-
ing water turbulences, e.g., by slowly stirring the
system. Wavelike disturbances in the artificial in-
version layer lead to similar wavelike patterns in the
mirages. This can be most easily demonstrated by
video sequences. Figure 5 shows a number of snap-
shots from such a sequence, taken at time intervals of
the order of seconds ~see Ref. 11!.

D. Other Recipes

Laboratory simulations of mirages can also be easily
demonstrated with sugar solutions.12 In particular,
multilayer solutions that help us to understand more
complex mirages in nature are possible. Quite a few
more complicated chemical recipes have also been
reported in the literature ~e.g., Ref. 8!. In most
cases, however, controlled substances are required.
Therefore they are not suited for simple lecture dem-
onstrations.

Fig. 5. Snapshots of a videosequence of transient effects in mi-
rages due to wavelike disturbences. Some parts of the mirages
vanish and reappear periodically.
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3. Rainbow Experiments

In brief, the classical geometric optical explanation of
the rainbow is based on the interaction of light with
a single droplet. Parallel light is incident upon a
raindrop. According to the laws of refraction and
reflection, the angular deviation due to light rays
producing the primary rainbow is calculated as a
function of the impact parameter for given index of
refraction. Because of a shallow minimum of this
curve, the light intensity as a function of angle ex-
hibits a sharp peak of deflected light intensity ~Des-
cartes was the first to estimate this minimum-
deviation effect numerically!. Similar arguments
hold for higher-order rainbows.

Geometric optics does not properly describe the
rainbow with all details. In particular the concept of
interference leads to easily observable discrepancies
between the predictions of the geometric theory and
the observations of supernumerary arcs. The geo-
metric optics intensity profile must be substituted by
interference rings ~Airy rings!, with the position of
the first maximum being shifted. Quantitative
analysis uses either the approximate Airy theory or
the complete Mie theory.5,13–15

Qualitative and quantitative experimental demon-
strations are described below. For example, the
minimum-deviation effect curve can be directly
proved, and Airy ring systems can be measured for
spherical and cylindrical symmetry. The first exper-
iments of this kind had already been performed in the
Middle Ages ~see Ref. 16!, but many refinements are
due to later ages, including our century after the
invention of the laser.

A. Setup for Rainbow Experiments

The general setup for a demonstration of rainbows
consists of a light source, raindrops, and a detector or
observation screen placed at an appropriate angle.
Polarizing sheets are helpful. Because the main fea-
tures of a rainbow can be understood with the
minimum-deviation curve related to a single
drop,17,18 most experiments just study the behavior of
a single drop. As white-light sources, one can use,
e.g., simple halogen lamps or arc lamps with condens-
ing optics ~for qualitative purposes, slide projectors or
overhead projectors are sufficient!, He–Ne lasers are
easily accessible monochromatic sources. The usual
detector for rainbows is the human eye; however,
quantitative experiments are possible with photo-
diodes or similar devices. As raindrops, one can, for
example, use water drops from the needle of a sy-
ringe. However, experiments are also possible with
other liquid materials or glass spheres, etc. Hence,
in order to compare results for materials with differ-
ent indices of refraction n, the rainbow angles ~order
N! must be computed from the geometric optics for-
mula,

cosN~ainc! 5 F n2 2 1
~N 1 1!2 2 1G

1y2

. (1)



Here ainc is the angle of incidence for the respective
rainbow rays, which gives the deviation angle d ac-
cording to

d~ainc! 5 2ainc 1 ~N 1 1!~p 2 2arefr! 2 p, (2)

where the angle of the refracted ray arefr is computed
from Snell’s law.

B. White-Light Rainbows: Direct Demonstration of
Minimum-Deviation Curve

The minimum deviation curve can be directly tested.
For this purpose, it is useful to have a large drop and
small light beam diameters. In our setup, we used a
6.5-cm glass sphere and white light from an arc lamp
with a diameter of 0.5 cm. First the sphere is ad-
justed on axis with the light beam. This results in
two overlapping white spots of reflected light on the
axis. Subsequently the light beam is moved side-
ways relative to the sphere ~in principle, either of the
two can be moved!. Consequently the two white-
light spots in the backward direction are now sepa-
rated on the screen. The first one is due to reflection
at the surface of the sphere, the second one to light
rays of the rainbow type, i.e., first refraction into the
sphere, one internal reflection, and second refraction
while exiting the sphere. For small impact param-
eters ~byR # 0.7! both spots remain white. Increas-
ing the impact parameter leads to a blurring out of
the rainbow spot. Approaching the rainbow value of
byR 5 0.86 suddenly leads to a colorful spot at the
rainbow angle. Increasing the angle further leads to
a change of direction of this spot while it is blurring
out while also turning white again. As b 5 R is
approached, it can be clearly seen that the deviation
angle is finite and smaller than 180°. In a darkened
room, one may also observe a third more faint white
spot that moves opposite to the one of the primary
rainbow rays. For byR slightly larger than the one
of the primary bows, this spot develops the secondary
rainbow. For quantitative measurement of the even
smaller differences in byR for the minima for higher-
order rainbows, the use of a precise translational
stage is recommended.

Illumination of single drops by white light, e.g.,
from an arc lamp, leads to fascinating caustic effects
due to gravitational and adhesion effects suffered by
the drop. Figure 6 depicts the white-light rainbow
~or rather the caustic patterns! of a single water drop
of ;1-mm size.

In principle, the minimum-deviation effect can also
be demonstrated with a laser; however, in this case,
no colorful bands, but rather the occurrence of the
Airy ring systems ~see below! is the criterion for the
proper impact parameter.

A big water droplet can also be simulated by a glass
sphere filled with water or for less didactical purposes
with wine or similar liquids ~which need not be put
into the drain at the end of the show!. In addition to
changes of the angle itself ~method for determining
the index of refraction!, the relative intensities
change according to Fresnel’s equations.
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The predominantly perpendicular polarization of
rainbows19 can be easily tested with polarizing filters.
Placing, e.g., a polarizing foil between the drop and
the screen shows noticeable intensity differences.
Of course the perpendicular polarization relates to
the plane of incidence, which itself depends on the
position in the bow. Consequently the polarization
of the light on top of the bow is rotated by 90° com-
pared with the light at the sides.

C. Rainbow Light Paths of Primary and Higher-Order
Rainbows

For small beam diameters compared with the sphere
diameter, it is also possible to visualize directly the
ray paths that are responsible for the primary, sec-
ondary, and higher-order rainbows. For the glass
sphere, the observability depends on the quality of
the glass, as the light beam is visible only when scat-
tered at impurities or fluctuations of the index of
refraction. It is easier to use water, e.g., in a glass
cup with thin sides. Fresh tap water works best
because it has many impurities whereas distilled wa-
ter shows much less scattering. Figure 7 shows the
light paths of a 5-mW He–Ne laser in a glass filled
with water for impact parameters byR . 0.86, i.e., in
the region of the higher-order rainbow rays as well as
the theoretical ray paths according to Ref. 20.

Because the rainbow ray impact parameters corre-
spond to angles of incidence near the critical angle,
internal reflections are quite efficient and many
higher-order ray paths can be seen. Following the
incident light ray allows us to correlate the exiting
rays to a specific ray class that is responsible for the
higher-order bows. Because of the finite width of
the glass the shown example is qualitative only, i.e.,
the rainbow angles are not quantitatively in accor-
dance with those of pure water. For optimal obser-
vation the glass should have a nearly cylindrical
shape at the position of the light beam.

D. Qualitative Demonstration of Airy Rings with
Monochromatic Light

Direct observation of interference effects in rainbows
is most easily possible with a He–Ne laser and a
water drop. As a matter of fact, this is the most

Fig. 6. Rainbow caustics of a single water droplet, illuminated by
white light from an arc lamp.
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simple imaginable interference experiment with a la-
ser, as one needs only a single drop of water to ob-
serve spectacular displays.

Credit for this kind of experiment goes to Walker,
who performed a series of easy and instructive exper-
iments21 ~see also Ref. 22!. He reported observation
of higher-order bows up to the 13th order by succes-
sively blocking smaller impact parameter regions
that give rise to smaller-order rainbows. This block-
ing of inner impact parameter regions is not trivial.
For example, the minimum-deviation impact param-

Fig. 7. Experimentally observed rainbow light paths of higher-
order rainbows within ~a! the water drop, ~b! the theoretical ray
paths ~after Ref. 20!.
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eter for the sixth-order rainbow has already reached
the value byR 5 0.99 for n 5 1.330. In this respect,
careful observations are more tedious than expected
after one has read these excellent articles.

Direct observation of Airy ring systems can be done
by illumination of a small water droplet ~0.5–2 mm!
with a He–Ne laser. For better observation, the la-
ser should shine through an observation screen with
a small aperture. If the laser beam diameter is
larger than the drop size, Airy ring systems can
readily be observed centered on the optical axis. It
is advisable to use distilled water. Fresh tap water
results in disturbances in the form of additional non-
spherical fringes slowly crossing the interference pat-
tern because of scattering at impurities etc. The
patterns of distilled water are much more stable.

Part of the Airy ring systems of the primary bow
are shown in Fig. 8 for two colinear red and green
He–Ne lasers leading to the most simple system of
supernumerary arcs, due to just two colors. It is
easily possible to count more than 60 or 70 rings.

Because the ring systems of higher order may over-
lap with those of lower orders, it is convenient to use
a He–Ne laser with a smaller diameter, which illu-
minates only one half of the drop. In this case, pri-
mary and secondary rainbows are at opposite sides
such that more faint higher-order bows, lying in sim-
ilar angular regions, are not obscured. Figure 9 is a
photograph of four Airy ring patterns observed simul-
taneously on a wall. Clearly the brightest system
belongs to the primary bow. From an analysis of the
positions ~see also Fig. 7!, one readily deduces that
the first-, second-, fifth-, and sixth-order ring systems
are simultaneously seen. The third and the fourth
orders are in the forward direction at ;45°. They,
as well as other ring systems, can be seen when a
screen is rotated around the water drop.

The observed Airy ring systems are not totally sym-
metric around the optical axis, as the water drop at
the needle of the syringe is not perfectly spherical.
Large drops are elongated because of gravitation, and
near the needle, shape differences due to adhesion
forces to the needle occur. They can lead to complex
caustic effects, and quite spectacular displays can be
observed. For quantitative measurements, one

Fig. 8. Airy ring systems of primary bow due to illumination with
two colinear red and green He–Ne lasers.
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therefore usually refers to the horizontal plane where
the cross section of the drop is spherical.

E. Quantitative Measurement of Airy Rings with
Monochromatic Light Sources

The first quantitative measurements of Airy rings
were published in the 19th century ~see Ref. 16! in
order to set the controversy among different theo-
ries of the rainbow. The results of these experi-
ments finally helped the Airy wave theory of the
rainbow to become generally accepted, although the
more general Mie theory has produced measurable
differences with Airy’s theory ~e.g., Refs. 13 and 14!,
which have meanwhile also been observed experi-
mentally.

Quantitative experiments, i.e., measurements of
the interference ring systems of the rainbow, can be
done in at least two quite different ways, namely, first
by studying spherical drops or second by studying
cylinders.

1. Single Drops
In the first approach, spherical raindrops are illumi-
nated by light. The easiest observation of the ring
systems is, as described above, by shining with a
laser onto a single water drop of e.g., 0.5-mm diam-
eter. The angular dependence is measured with a
precision rotary stage, and the scattered light inten-
sity is monitored in a given direction.

In our experimental setup, we used a rotary stage
of angular precision of 1y100° and monitored typi-
cally in intervals of 1y10° to 1y20°. Unfortunately,
the measurement of an angular range from 110° to
150° takes several minutes. During this time, the
drop evaporates i.e., decreases its size. Figure 10~a!
demonstrates this problem. Even though the exper-
iment was performed at a room temperature of
;15 °C, the drop suffered from a substantial evapo-
ration. This results on the one hand in a change of
the angular position of the Airy rings; on the other
hand, the intensity of each ring depends on the size as
well ~e.g., Ref. 23!. A water drop of initially ;2 mm
evaporated during a time scale of ;15 min, quite
appreciably leading to significant changes of the Airy
ring intensities.

Every quantitative measurement of Airy rings has
therefore to be analyzed carefully. An example of a

Fig. 9. Airy ring systems of first-, second-, fifth-, and sixth-order
rainbows for a red He–Ne laser.
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quantitative measurement for a drop size of ;1 mm
is shown in Fig. 10~b!. Evaporation was accounted
for by Fig. 10~a!, i.e., the data at specific times were
corrected such that the data should, to first order,
represent Airy ring systems of the initial drop size
~the change of angular positions with drop size was
neglected!.

2. Flowing Water
In order to improve the single-drop measurement we
decided to use in a second approach cylindrical sym-
metry rather than a spherical one. This was already
done by the first investigators, who used running
water or thin glass cylinders ~see Ref. 16!. Illumi-
nating perpendicularly leads to portions of the Airy
ring systems in the plane perpendicular to the water
flow.

In practice, a water container with a small hole
~diameters between 0.4 and '2 mm! was used. In
order to have steady flow, the hydrostatic pressure
should be kept approximately constant within the
water container. We used a very big water con-
tainer, such that the water level is little affected by

Fig. 10. Change of measured intensity of the first Airy ring max-
imum of the primary bow as a function of time. ~a! The intensity
decreases because of the decrease of the drop size, ~b! Airy ring
systems for a primary bow for a spherical water drop of R ' 1 mm
and l 5 632.8 nm. The intensities as functions of time were
corrected according to ~a!.
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the outflow through the thin nozzle. The maximum
change of hydrostatic pressure was ;1%–2% during
the measurement, which resulted in a change of in-
tensity of the first Airy ring maximum of less than 2%
over the time scale of the experiment. In this case,
a change of rainbow angles could not be detected
within the chosen step width of 0.05°. The size of
the water cylinder was measured separately with a
microscope. Figure 11 shows the result of a mea-
surement of Airy rings for a water diameter of 0.465
mm.

The precision of the rotary stage was 0.01°, the
angular resolution was 0.025°, the beam divergence
was 0.42°, and data were taken in intervals of 0.05°.
Clearly the differences in the primary and second-
ary ring systems can be seen. The first maximum
is found at dpri 5 138.4° for the primary bow and dsec
' 128.8° for the broad maximum of the secondary
bow.

In comparison, the Descartes theory would expect
the maxima ~for n 5 1.332! at 137.8° and 129.4°,
respectively. Mie theory for spherical symmetry
would give rise to the primary maxima at 138.3° for
n 5 1.332 ~courtesy E. Tränkle!. It would be desir-
able to do a direct comparison with the theory for
cylindrical symmetry also concerning the widths of
the peaks. So far, it is already obvious, however,
that such a simple setup can directly prove the va-
lidity of the wave theory of the rainbow.

Last but not least, it should be mentioned that the
most spectacular experiments of rainbows concern
realistic demonstrations with many water drops.
Similar to rainbows in waterfall sprays, artificial
rainbows can be observed in every garden or yard
when water is sprinkled from a hose. By applying
color filters one can, e.g., photographically detect in-
frared rainbows, demonstrating that the minimum-
deviation effect is not restricted to the visual spectral
range.2 Supernumerary arcs can also be observed;
however, drop size distributions and overlapping of
all colors usually reduce the visibility to two or three
Airy ring systems.

Fig. 11. Airy rings ~l 5 632.8 nm! of primary and secondary bows
for a cylinder of flowing water ~2R 5 0.465 mm!.
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4. Halo Experiments

Halos in nature and their theoretical interpretation
are discussed in many excellent articles and books
~e.g., Refs. 2–4 and 24!. In brief, halos are formed
because of reflection and refraction effects in small
hexagonal ice crystals. Because hexagonal crystals
have a much larger geometric variety of light paths
compared with that of raindrops, the number of pos-
sible related optical phenomena is larger, and today
more than 40 different halo arcs, etc., are classified.
Some of these, e.g., the parhelia that are due to min-
imum deviation of light by the ice crystals at a re-
fracting angle of 60°, can be easily reproduced in
experiments. Such demonstrations may on the one
hand help us to understand the phenomena qualita-
tively; on the other hand they can provide quantita-
tive data that help us to have a better theoretical
understanding of more complex halo displays. Be-
low, experiments to study parhelia ~sun dogs!, the
parhelic circle, and Parry arcs are described. Many
more experiments are possible.

A. Setup of Halo Experiments

The principle of halos may be illustrated, similarly to
rainbow experiments, by a single model ice crystal.
Depending on the halo phenomenon under study,
slightly differing setups are necessary. The essen-
tial setup consists of a light source ~white light or
laser!, a model ice crystal, a device for letting the ice
crystal rotate, and a light detector. The rotation of
the model crystal is necessary, as ice crystals have
lower symmetry than spheres. In the atmosphere,
crystals of all orientations ~i.e., angles of incidence of
light on various crystal faces! are possible. For a
single crystal, this is modeled by the rapid rotation of
the crystal, e.g., by a motor.

In this type of experiment, the angles of incidence
are varied sequentially. Most detectors, such as the
eye, yield time-averaged signals that therefore re-
semble halo displays. However, in a time-resolved
detection mode, e.g., single pictures of a video se-
quence, only stroboscopic snapshots are seen, which
bear no resemblence to naturally observed halos.

For qualitative experiments, the eye is the detec-
tor; for quantitative ones, photodiodes may be used.
In addition, a rotary stage may be used for angular-
resolved measurements. In this general setup, the
following parameters may be varied:

• orientation of the rotating ice crystal model: c
axis of crystal vertical, horizontal, or statistically dis-
tributed;

• angle of incidence of light: variation of angle
models the Sun elevation;

• geometry of ice-crystal model: hexagons and
triangles were used, but other forms are possible;

• material of ice-crystal model, changing the in-
dex of refraction: here, triangles of glass ~n 5 1.62!
and hexagons made of Plexiglas ~n 5 1.48! were used.
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For halos due to minimum deviation for refracting
angles g, the influence of the index of refraction n
may be calculated from

gmin 5 2 arcsinSn sin
g

2D 2 g. (3)

B. Experiments with a Glass Prism and White Light:
Parhelia and Parhelic Circle

Parhelia are due to minimum deviation of the 60°
angle of a hexagon. Therefore the basic effect can be
demonstrated with a 60° prism. While illuminating
the prism fully, one may slowly rotate the mount by
hand to attribute the various light spots to reflection
or refraction from various crystal faces. In the first
experiment, the c axis should be perpendicular to the
k vector of the incident light ~i.e., Sun elevation 5 0°!.
In particular, the light rays that are refracted twice
give rise to the parhelia ray class. Because of dis-
persion of the prism the exiting spot resembles a
nicely colored spectrum. While the angle of inci-
dence is changed by rotation of the prism, the spec-
trum moves along the minimum-deviation curve ~this
is similar to the water drop rainbow experiment, in
which the minimum-deviation curve for rainbow rays
could also be traced directly!. The minimum occurs
for symmetric ray paths through the prism. This
effect, well known by students from beginner labs, is
usually used to determine the index of refraction of
materials and to study the spectral lines of spectral
lamps etc. However, the relation to atmospheric op-
tics and parhelia is usually not mentioned.

After the effect is established by slow rotation, it is
clear that rapid rotation of the crystal results in two
halos, the spectrally resolved parhelia at the angle of
minimum deviation due to twice-refracted rays and
the parhelic circle due to single reflection. This sit-
uation is shown for a glass prism of n 5 1.62 in Fig.
12. This experiment may be easily performed, with
an overhead projector as the light source, by use of
papers, books, etc., to form a slit that just illuminates
the rotating prism. Compared with hexagonal ice
crystals, our glass prism exhibits at least three dif-
ferences, neglecting for the moment the geometric
difference.

First, the higher index of refraction of n 5 1.62 ~ice
has n ' 1.31! changes the relative contributions of
parhelia and the parhelic circle because of Fresnel
equations. In particular, the parhelic circle is stron-
ger than it would be for ice @for getting closer to ice, a
hollow prism filled with water ~n ' 1.33! can be used;
alternatively, the new development with easily ma-
chined and polished crystals of NaF with n ' 1.33 at
l 5 640 nm ~Ref. 25! seems promising for the future#.
This higher index of refraction also shifts the angular
position of the parhelia @see Eq. ~3!#. Second, ice is
birefringent whereas glass is optically isotropic.
Therefore the observable shift between the two par-
helia components that can be observed in nature by
the rotation of polarizing sheets by 90° cannot be seen
here ~see also Ref. 26!. Third, glass has a larger
(C) 1999 OSA
dispersion than ice. Therefore the artificial parhelia
are better spectrally resolved than those observed in
nature.

Changing the Sun elevation leads to a change of
the halos, as shown in Fig. 12~b!. These data are in
qualitative agreement with Monte Carlo simulations.

C. Angular-Resolved Measurements of Parhelia and the
Parhelic Circles

The experimental setup described in Subsection 4.B
also allows angular-resolved measurements if the
crystal rotates colinearly to the axis of a precision
rotary stage on which a detector is mounted. With
an expanded He–Ne laser as the monochromatic light
source and an angular resolution of 0.15°, quantita-
tive measurements of the intensity of parhelia and
the parhelic circle at a Sun elevation of 0° were per-
formed. These experiments were motivated by a
discussion of the ray paths, which are responsible for
certain features. In particular, some Monte Carlo
simulations by Tränkle predicted features, known as
90° parhelia, that, compared with observations, were
not uniquely accepted. The main points in the ar-
gument were the questions whether these features
are indeed due to the predicted ray paths and, if so,
whether they are observable in nature. The main
problem of observations in nature is the contrast
against the sky, as similarly bright changes of inten-
sity could be due to changes in the concentration of ice
crystals in a cloud, e.g., by contrails, etc.

Fig. 12. Artificial parhelia and the parhelic circle as observed
with a glass prism ~n 5 1.62! for a Sun elevation of ~a! 0°, ~b! ' 20°.
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In order to solve this question experimentally,
measurements at zero Sun elevation were performed
with glass triangular prisms and Plexiglas hexagons.
Measurements for higher Sun elevations are difficult,
as, in this case, the signals are not on a circle at
constant elevation. Therefore the detector would
have to be adjusted in height while the angle was
changed.

The results of the first quantitative measurement
are shown in Fig. 13 for the glass prism ~n 5 1.62!
together with a Monte Carlo simulation for this sys-
tem by Tränkle.

Obviously the parhelia exhibit a strong peak,
which rapidly decreases for increasing angle. At 72°
an additional small peak can be seen not only by the
photodiode, but also with the naked eye. It was this
additional peak that motivated the whole experi-
ment, as this structure, also seen in the simulation,
corresponds to the so-called 90° parhelia for ice crys-
tals.

After these preliminary studies, it was decided to
approach more closely the natural phenomenon.
Substituting the prism by a hexagon ~n 5 1.48! led to

Fig. 13. ~a! Intensities of parhelia and parhelic circles for a glass
prism ~n 5 1.62! illuminated by a He–Ne laser ~l 5 633 nm! as
functions of the deviation angle, ~b! Monte Carlo simulation of the
experiment ~courtesy E. Tränkle!.
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a much greater variety of ray paths, resulting in a
more complex intensity pattern ~see Fig. 14!.

The various peaks can readily be attributed to cer-
tain ray classes. The experimental procedure is the
following: The unexpanded laser ~diameter '1 mm!
is hitting the rotating hexagon ~dimension '3 cm!
and the horizontal position of the laser is shifted,
until the desired feature is observed on a screen.
Then the motor is stopped and the crystal is rotated
slowly by hand. The various light spots that con-
tribute to the desired feature can then be followed
backwards, making an unequivocal interpretation
possible. In a darkened room, the residual scatter-
ing of light within the hexagon may also allow direct
visualization; however, it is more easy to observe the
reflections simply at the side faces and follow their
ray paths inside and outside the crystal. All fea-
tures are also easily attributed to specific ray classes
by use of Monte Carlo computer simulations. Obvi-
ously the 90° parhelia peak is located at '85°. Fig-
ure 15 shows the predicted ray path, giving rise to the
90° parhelia for zero Sun elevation.

Comparison between simulation and experiment
clearly proves the existence of a feature at this angle.
Therefore we conclude that the predicted halo feature
must be present. After the existence of the pre-
dicted structures is unequivocally proved in the ex-
periment, the open question obviously is whether
they can be observed in nature, i.e., whether the
intensity-to-background ratio is sufficient for natural
observations ~in the darkened laboratory, the 90° par-
helia were visible to the naked eye also for the hexa-
gon!. Complications may arise, as the relative
intensities of ray classes that contribute to certain
features change as functions of Sun elevation. This
holds for, e.g., the 120° parhelia but also for the 90°
parhelia. As a matter of fact, the angular position of
the 90° parhelia for ice crystals ranges from '98°
~zero Sun elevation! to ;85° ~Sun elevation 20°!. At
any rate we still have to wait for the first unequivo-
cally verified observation of 90° parhelia. Maybe
they will be found for a Sun elevation close to zero,
where they should be observable with the naked eye.

Fig. 14. Intensities of parhelia and parhelic circles for a glass
hexagon ~n 5 1.48! illuminated by a He–Ne laser ~l 5 633 nm! as
functions of the deviation angle.
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D. Historical Chemical Recipes for Ring Halos

There are a large number of historical chemical rec-
ipes for producing ring halos. The basic idea is the
generation of crystals by precipitation from a satu-
rated solution ~e.g., Refs. 20 and 27!. In particular
Cornu used an idea of Brewster, who observed the
Sun through a glass plate, covered with dried alaun
~KAl~SO4!7 z 12 H2O! crystals. Three rings of
'18.3°, 29.5°, and 40°–45° could be observed in the
transmitted light, which can be attributed to
minimum-deviation effects from the cubic crystals
with pyramids on end faces with octahedral and do-
decahedral symmetry.

Cornu developed another recipe that works with-
out drying the crystals. A cold saturated solution
of alaun ~n ' 1.3! is illuminated with white light or
a laser. Adding ;10%–15% alcohol ~at least 90%!
and shaking the mixture soon leads to the genera-
tion of alaun crystals that attenuate the transmit-
ted light. In a dark room, one may soon observe
ring halos. According to Pernter20 two rings ~9.5°
and 20°! may be visible. The observation time de-
pends on the number and the size of crystals as well
as on the quality of their surfaces. Hence one just
has to try the best empirical recipe ~good luck and
persistence!.

E. Other Halos

In addition to parhelia, ring halos, and the parhelic
circle, there are many other halo phenomena that can
be observed experimentally. Two of the most bril-
liant arcs, the circumzenithal and the circumhorizon-
tal arcs ~due to crystals with c axes vertical and a
refracting angle of 90°!, are, unfortunately, observ-
able only for crystals with an index of refraction of
n , =2. Hence they are not observable with the
glass prisms and hexagons. It is, however, possible,
to observe these arcs by use of a hollow hexagon
~made of microscope slides! filled with water.28

Parry arcs, alternate Parry arcs, and tangent arcs
may be easily demonstrated for various Sun eleva-
tions by illumination of the rotating hexagon columns
with the appropriate orientation. Figure 16 shows

Fig. 15. Theoretical ray path responsible for the 90° parhelia.
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two examples. The crystals were in Parry arc ori-
entation and Sun elevations were 0° and 40°. In
order to observe large portions of the halo, the crys-
tals were rotated in the center of a hemisphere of
;1-m diameter, whose inner side served as a hemi-
spherical projection screen.

In addition to generating the arcs, all polarization
effects of halos may be tested experimentally by
polarizing sheets. Parallel light and perpendicu-
lar polarized light give rise to different intensities,
as described by Fresnel equations ~see Ref. 26!.

5. Conclusions

A survey of laboratory experiments on atmospheric
optics, in particular mirages, rainbows, and halos, is
presented. Besides serving didactical purposes
~providing easy and impressive qualitative lecture
demonstrations at various levels of difficulty, e.g.,
direct visualization of the minimum-deviation curve
for rainbow paths in water droplets!, quantitative ex-
periments allow direct comparison of angular positions
and intensities with analytical computations or Monte

Fig. 16. Halo display due to hexagons ~n 5 1.48!, rotating in
Parry arc orientation and illuminated with white light from a slide
projector. Sun elevations of ~a! 0°, ~b! '40° were chosen. The
halos were projected on a hemisphere of 1-m diameter.



Carlo simulations of these light-scattering phenom-
ena. Hence laboratory experiments on atmospheric
optics are useful complements to visual observations
as well as photographs on the one hand and theoretical
models and explanations on the other.

We thank B. Görtz, J. Schmidt, and D. Karstädt for
help with some experiments, Ken Sassen for sending
a NaF crystal, and in particular E. Tränkle for moti-
vating the halo experiments and providing theoreti-
cal plots.
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