
cirrus clouds, halos, coronas, 

and arcs/circles? It appears 

to be more complex than 

previously thought, and 

may depend in large part on 

the geographic locations of 

the clouds. 

A Closer 
Look 

and Halos: 

During the Age of Enlightenment, an 
important preoccupation of the natural 
philosopher/scientist was to establish the 
cause of atmospheric optical phenomena, 

ranging from colorful sunsets to rainbows and 
halos. This knowledge was important because 
it laid the foundation for modern scattering 
theories and foreshadowed the use of remote 
sensing methods for inferring the shapes and 
compositions of atmospheric particles. Historic 
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European drawings of remarkable multi-featured halo 
displays, which date back nearly four centuries, are still 
studied avidly. It was eventually shown that sky color 
was controlled by the scattering of sunlight from air 
molecules and suspended aerosols, rainbows by spheri
cal water drops, and halos by crystals of ice displaying a 
basic hexagonal symmetry.1-3 By the turn of the eigh
teenth century it was deduced that halos were generated 
by prismatic ice crystals, and that their orientation in 
space had great consequences for the display observed. 
The clouds that generated the displays were apparently 
high-altitude cirrus clouds, establishing the connection 
between cirrus ice crystals and halos. The details in 
understanding how and why cirrus halos occur are not 
only of great historical significance, but are still a pro
ductive area of research.4 

Modern research 
Other than, perhaps, the common halo of 22° radius, it 
is now apparent that many, if not most, cirrus clouds are 
poor producers of vivid optical displays. The extraordi
nary displays that stimulated the European scientists of 
the Enlightment are in reality extremely rare, at least in 
midlatitude cirrus. For example, at the University of 
Utah Facility for Atmospheric Remote Sensing (FARS), 
cirrus clouds above Salt Lake City have been researched 
for nearly 12 years using a combination of lidar, radar, 
and radiometric remote sensing methods. Also routine 
is all-sky photography, and a weary eye is kept for cirrus 
optical displays. Although a proper statistical analysis 
has yet to be completed, it is obvious that cirrus optical 
displays are hardly ubiquitous in our region of the Great 
Basin. Many cloud systems produce no discernible dis
plays, many others only mediocre or incomplete halos, 
and very few create sustained displays of any complexi
ty, like those shown in the photographs of Figures 1 and 

2. In other geographical 
regions, though, such as the 
midwestern U.S. and north
western Europe, cirrus halo 
sightings seem to be much 
more routine, up to 227 
days a year on average.4 

This suggests that geo
graphical differences in cir
rus cloud properties exist, 
due likely to the action of 
regional weather processes. 

Today's best halo pho
tographs come mostly from 
Antarctica, and cirrus 
clouds do not appear to be 
responsible. Yet, modern 
research has revealed that 
cirrus clouds are composed 
predominantly of ice crystals 
displaying a hexagonal sym
metry, as had been guessed 
centuries ago. So, we are left 
with the following ques
tions: Why do many cirrus 

produce little or no indications of optical displays? Why 
do midlatitude cirrus only rarely produce complex 
halo/arc displays? What is responsible for the apparent 
geographical variability in halo/arc sightings? And, why, 
in particular, are cirrus sun pillars so rare when polar
ization lidar observations show that horizontally orient
ed plate ice crystals are a common occurrence. Before 
addressing these questions, let us examine some cirrus 
cloud optical fundamentals. 

Cirrus optical displays 
There are three basic categories of known cirrus cloud 
optical displays4 

the rare coronae and related iridescence, which are 
forward-scatter diffraction phenomena involving 
unusually small ice particles, 
the great circular halos that rely on random 3-D par
ticle orientations, and so are independent of the solar 
(or lunar) elevation angle, and 
the potentially large assortment of arcs and circles 
that require various uniform crystal orientation sce
narios, depending precisely on crystal habit, degree of 
orientation, and sun angle. 

Let us examine these classes of displays in a bit more 
detail. 

Coronae 
Only recently was it shown unambiguously that some 
cirrus clouds generate the colored rings of the corona. 
Such displays are associated with unusually high and 
cold midlatitude cirrus clouds that lie in contact with 
the tropopause. Diffraction theory requires the particles 
to have dimensions of ~10-30 μm, as has been verified 
experimentally. Ice crystals of this size are too small to 
assume uniform orientations caused by aerodynamic 
drag forces (i.e., they fall too slowly), and are likely to 

Figure 1. Comparison of a 180° fisheye halo model simulation (Left) and photograph (Right) taken from FARS on Sep
tember 25, 1997. showing a complex halo/arc display in a cirrus cloud layer. The simulation comes from a unique PC 
Windows program available for downloading (courtesy of L. Cowley and M. Schroeder) at http://dspace.dial.pipex.com/ 
Ic/halo/halosim.htm. To recreate the display the model was run for a 38° solar elevation angle using a combination of 
randomly oriented plates, and horizontally oriented columns and plates, with a small number of Parry-oriented columns 
thrown in. Identifiable features include the common 22° halo around the Sun (bottom center), 22° and 120° parhelia, 
the parahelic circle passing through the Sun, a lower tangent arc, and an upper tangent arc/Parry arc combination, all 
of which were observed eventually in the cirrus cloud. A day earlier this cirrus was part of the thunderstorm blow-off 
from decaying hurricane Nora off the southern coast of California. 
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have uniaxial shapes. It has been speculated that the 
favorable particle shapes and sizes are related to the ice 
crystal nucleation process in these frigid clouds, likely 
involving the homogeneous freezing of aqueous sulfu
ric acid droplets. 

Halos 
The common and great halo rings have radii of 22° and 
46° from the Sun, which basic theory shows results from 
internal refractions at the angle of minimum deviation 
through hexagonal ice plate, column, or bullet crystals. 
To achieve a uniform-appearing halo circle and be unaf
fected by the solar elevation angle, the crystals must, to 
a large degree, be randomly oriented. Herein lies a diffi
culty. If particle dimensions must be > ~25 μm to be 
free of diffraction effects and thus begin halo formation, 
and < ~100 μm to remain randomly oriented,5 this does 
not leave much room for halo generation in terms of 
particle sizes. An alternative scenario involves bullet 
rosettes or other radial crystal combinations: in either 
case the individual crystal elements can be considered to 
be randomly arrayed. 

Arcs and circles 
The varieties of theoretically predicted arcs and circles 
are so large (and a good number of these have been 
observed), that it would be a major enterprise to 
address them individually. They can, however, be bro
ken down into classes involving external reflection and 
internal refraction/reflection phenomena. The latter 
gives rise to colored arcs because of the dispersive 
refractive index properties of ice in the visible spec
trum, while the former is uncolored. The preferred 
crystal falling orientation is the one in which the particle 
presents the maximum surface area to the flow, thereby 
maximizing aerodynamic drag. This occurs when their 
maximum dimensions reach 100-200 μm. If the parti
cles grow too large, a fluttering or erratic fall pattern 
develops due to the 
eddies of air that are 
shed in the particles' 
wake at high fall speed. 
Such large, millimeter-
sized crystals should be 
relatively unimportant 
in cirrus, however. 

Optics versus crystal 
shape and orientation 
What are the possible 
negative effects on halo 
formation resulting from 
cirrus particle shape 
variations? A review of 
the recent literature4 

indicates that cirrus 
crystals, even though 
they often appear to be 
quintessentially hex
agonal when sampled in 
situ, may suffer from 

flaws associated with growth in the frigid upper tropos
phere. For example, it has been suggested that the angles 
between facets may deviate from perfect hexagonal sym
metry, irregular or aspherical ice particles dominate at 
times, portions of cirrus that are sub-ice-saturated cre
ate rounded shapes from evaporation; and the ubiqui
tous cavities in hollow crystals would all combine to 
restrict the formation of halos and arcs. Geometric 
optics simulations reveal that solid, randomly-oriented 
hexagonal ice crystals will always produce 22° and 46° 
halos in their angular scattering patterns. Modifying the 
simulations to account for the above effects generally 
smears out or destroys the intensity of the halos, espe
cially the 46° halo. So, there is no doubt that cirrus crys
tal structure will often interfere with halo formation. In 
addition, some unusual or hypothetical ice crystal 
shapes and orientations can account for rarely reported 
displays, such as the odd angle arcs attributed to pyra
midal crystals. In these cases, the rareness of some dis
plays may simply be a consequence of the uniqueness of 

Glossary 
Halos: Colored rings around the Sun or Moon, which occur at 
radii of 22° for the common halo and 46° for the great ring, 
caused by the refraction of light through hexagonal ice crystals. 

Cirrus clouds: High cold clouds composed predominantly of ice 
particles that occur in the upper troposphere, often appearing 
wispy or bluish-colored from transmitted sky light. 

Tropopause: The frigid temperature inversion that separates the 
Earth's troposphere and stratosphere, whose height varies with 
latitude and season: in the midlatitude belt, it can range from 
about -50° to -70°C and 8-14 km above sea level. 

Bullet rosette: A common ice crystal habit in cirrus clouds, 
consisting of an array of column like crystals radiating from a 
central frozen particle. 

Figure 2. At right, a normal (55-mm) lens view of the brilliant cirrus cloud optical displays photographed from FARS on 
November 16, 1998, compared with (Left) a matching computer simulation (within the box) using the program described 
in Figure 1. Shown are the top of the common 22° halo surmounted by a classic upper tangent arc/Parry arc combina
tion, plus, higher up, the circumzenithal arc. These features were generated using a combination of randomly oriented, 
and very uniformly oriented plate, column, and Parry-oriented column crystals. The source of this cirrus was from the 
tropical Pacific Ocean. 
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the proper meteorological conditions responsible for 
the formation of these odd crystals. 

A n important additional property is the extent that 
the crystals deviate, or wobble, f rom the horizontal 
plane due to shape irregularities or air microturbulence. 
The variations in fall attitude typically follow a Gaussian 

distr ibution. 6 Monte 
Carlo model simula
tions have revealed a 
significant sensitivity 
of halo/arc visibility 
to the degree of ice 
crystal wobble angle. 
In general , w i th 
increasing fall att i
tude stabi l i ty (less 
wobbling), halos be
come incomplete, the 
sharpness and color 
o f arcs in tens i f ies , 
and the visible extent 
o f some re f lec t ion 
displays decreases. 
For example, 2 while 
the 22° tangent arc is 
o n l y m e d i o c r e for 
column crystals' wob
bles o f ~2.5°, the 
exceptional complex 
displays require angles 
< ~0.5°. In contrast, 
sun pillars created by 
the ref lect ions off 

plate basal faces when the Sun is near the hor izon , 
become readily apparent as the wobble angle increases 
to 10° or so. 

Finally, there are some practical factors that impact 
halo/arc visibility. Since many cirrus display consider
able spatial variations, extensive optical displays may be 
only partially represented at any one time. Cirrus that 
become too dense will obstruct displays because of light 
that is multiply scattered. This is particularly true near 
sunrise/sunset, where the greater cloud optical depth 
from the increased slant path comes into play. In a relat
ed sense, remember that m a x i m u m solar elevation 
angles decrease with increasing latitude. This tends to 
increase the impact of multiple scattering, and also 
limits the catalog of displays: in the tropics the varieties 
are enhanced by high-sun elevation optics. 

Conclusions 
Judging by the fact that even the "common" 22° halo, 
which only requires the presence of more-or-less ran
d o m l y o r ien ted hexagona l ice crysta ls , is not an 
omnipresent feature, it is clear that cirrus cloud content 
often deviates from the pristine particles used in the 
basic halo simulation, i.e., solid, sharp-edged crystals. 

I have attempted to explain why this may be so, but 
let us now pay particular attention to why, in particular, 
cirrus sun pillars are so rare when polarization lidar 
observations show that horizontally oriented plate ice 

crystals are a common occurrence. Scanning polariza
tion lidar measurements from FARS have indicated that 
the effects of interrogating horizontally oriented ice 
plate crystals (i.e., strong laser backscattering and low 
depolarization) 7 usually diminish significantly by 2.5° 
from the zenith direction. Noticeable effects infrequent
ly extend from 5 -10° , but on occasion the greater part of 
the wobble angles is restricted to ~1.0°. In the last case, 
bright halos and arcs typically occur in agreement with 
halo model predictions. Since the lidar data offer con
straints on the extent of the crystal wobble angles, it can 
be concluded that most cirrus clouds contain ice crystals 
that do not flutter widely enough to generate sun pillars 
visible against the glare of the S u n , 8 but at the same 
time wobble too much to generate the best optics. 

I believe that the source of these variations in fall 
behavior is related to meteorological factors. Although 
needing more research, the compos i t ion of cirrus 
clouds will reflect basic factors: ice-forming nuclei type 
and availability, air temperature, and updraft velocity. 
In concert, these factors control the concentrat ion, 
growth rate, and hence the shape of cirrus crystals. 
T h e r e f o r e , c i r rus generated by dif ferent weather 
processes can be distinct in both crystal content and the 
crystals' ability to form halos. At FARS, many cirrus are 
associated with unfavorable upper tropospheric condi
tions, and may actually be gradually dissipating. In oth
er regions, most cirrus growth may be sustained by 
steady ascent produced, for example, by warm frontal 
over-running in advance of midlatitude storms. As for 
the possible effects of ice-forming nuclei, there is evi
dence that some aerosols are more favorable for 
halo/arc generation than others. In particular, the most 
complex displays we have studied (see Figs. 1-3) have 
been associated with cirrus derived from hurricanes 
and oceanic tropical flow. It is speculated that this is 
due to the freezing of tiny droplets derived from sea salt 
nucle i , and their (presently unknown) subsequent 
effects on ice crystal shape. 
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Figure 3. A 180° fisheye (zenith-centered) simulation of 
a brilliant cirrus cloud optical display, corresponding to 
that shown in Figure 2. Depicted are the common 22° 
halo surmounted by upper tangent and Parry arcs, a 
circumzenithal arc, very weak 46° halo, and a parhelic 
circle. These features were generated using a combina
tion of randomly oriented, and very uniformly oriented 
plate, column, and Parry-oriented column crystals to 
match photographs of the display. 
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