CHAPTER 16

Odd Radius Column Arcs

O

dd radius column arcs arise in pyramidal crystals having column orientations.
Such halos are nearly unknown in the halo literature. They are indeed rare,
but they are not so rare as the literature suggests, since they can be mistaken
for pieces of circular halos, in which case their significance is missed. Halos that
appear at first glance to be circular should always be scrutinized to see whether
they might be column arcs.
As in previous chapters we tentatively assume in this chapter that the pyramidal
crystals are the usual ones, that is, that their pyramid faces are the {1 0 ¡ 1} faces.
Figure 16.1 shows such a crystal in column orientation, and Figure 16.2 shows the
halos that such crystals would theoretically be expected to make if the orientations
were nearly perfect, that is, if the tilts of the crystals were nearly zero. The
halos are therefore column arcs, though highly idealized. We should say at the
outset that we have never seen a real display as lovely and elaborate as that in
the figure. But idealized displays like this one are easier to understand than real
displays, in which large crystal tilts
and diffraction effects can smear out
the halos and make them harder to
recognize. We therefore postpone the
real displays for the time being.
How, then, are we to interpret the
display in Figure 16.2? Nearly all of
the halos will turn out to be refraction
arcs. As usual, they can be crudely
FIGURE 16.1
Pyramidal cr ystal with
classified according to the radius ∆min
column orientation—the c -axis is horizontal.
–
The pyramid faces are the {1011} faces.
of the associated circular halo. That
165

166

ATMOSPHERIC HALOS

Σ = 20o

FIGURE 16.2
Odd radius column arcs. The crystals used in making this simulation were
shaped like the one in Figure 16.1. They were given nearly perfect column orientations,
that is, their c -axes were almost perfectly horizontal. Individual arcs will be identified later.
The angular width of the simulation is 80°. Σ=20°.

is, the halos should fall into eight families—the 9° column arcs, the 18° column
arcs, the 20° column arcs, and so forth.
This classification, however, does not go far in explaining the display. The halos
still seem frighteningly complex, with no apparent sense to their shapes. In spite
of this apparent complexity, however, there is an underlying order—a simplicity,
even—that is encoded in their poles. And the poles are easy to find. The poles
for these halos—column arcs—are the same as the poles for plate arcs, since the
spin vector is the same for both (Table 13.1). The poles are therefore exactly as
shown in Figure 15.7.
Column arcs are contact arcs, whereas plate arcs are non-contact arcs. Like
non-contact arcs, contact arcs are determined by their poles and ∆min-values. The
∆min-value of a contact arc of course tells you the approximate angular distance
of the arc from the sun, just as it does for non-contact arcs. But what does the
pole of a contact arc tell you? The answer is quite different from that for noncontact arcs.
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To infer the appearance of a contact arc from its pole
Recall that each non-contact arc makes contact with its corresponding circular
halo for only one sun elevation Σ, namely, Σ = 90 – s , where s is the angular
distance between the halo pole Pu and the minimum deviation point Du. Each
contact arc, however, makes contact with its circular halo for a whole range of
sun elevations Σ, namely, –s ≤ Σ ≤ s. For each sun elevation between –s and s
there are exactly two contact points with the circular halo. Their configuration
on the circular halo changes with sun elevation as illustrated in Figure 16.3.
The configuration is simplest when Σ = 0; in that case each contact direction
is perpendicular to the pole direction, and the two contact points are therefore
at diametrically opposite locations on the circular halo. As Σ increases, the two
contact points move along the circular halo in the direction opposite to the pole
direction, thus moving closer together, until at Σ = s the two points merge into
a single point.
Contact arcs whose poles are not too close to Du will be concentrated near their
contact points so long as the sun is fairly low. In such cases the contact points tell
a lot about the halo. The Σ = 0° and Σ = 20° diagrams in Figure 16.3 are good
illustrations. However, as the sun elevation increases, the halos tend to become
circular, and the contact points become less relevant, as in the Σ = 40° diagram.
Contact points are also less relevant for contact arcs with poles close to Du, since
such arcs tend to be nearly circular for all sun elevations.
It turns out that each contact arc has two poles, located at antipodal points
of the sphere. (Requiring that P be horizontal is the same as requiring that –P
be horizontal.) When using the pole direction to estimate the contact directions,
one should always choose the pole that is closer to Du. Thus, for example, in
Figure 15.7, the poles 13 17 and 23 25 are poles of the same (35°) column arc. The
pole direction would be the direction from Du to 23 25, not 13 17.
The behavior of the arc in Figure 16.3 is typical for contact arcs and, hence,
for column arcs. Figure 16.4 is another example, but with more halos. It shows
all of the 18°, 20°, and 35° column arcs. Look at the right-hand side of the figure
and notice how, in the Σ = 0° diagram, the contact direction for each arc is
perpendicular to the pole direction of the arc. Then in the Σ = 20° and Σ = 40°
diagrams note how, with increasing sun elevation, each contact point is moving
in the direction away from the pole direction. The progress of the 20° and 35°
contact points is slower than that of the 18° contact points, since their poles are
farther from Du (larger s). Also notice that while all of the halos are tending to
be circular with increasing sun elevation, the 18° arcs are doing so more quickly,
again due to the proximity of their poles to Du.
The simulations in Figure 16.4 were made with crystals having only pyramid
faces—no prism or basal faces. The 9°, 22°, 23°, 24°, and 46° arcs must all be

168

ATMOSPHERIC HALOS

Pu

s

Du

Σ = 80o

∆τ
∆τ

Σ = s = 59o

∆τ
∆τ

Σ = 40o

FIGURE 16.3
(Left and above) Evolution of a
contact arc with increasing sun elevation. The pole
of the arc is P u. Its direction (the arrow in the pole
diagram, above) from D u and its angular distance
s from D u are critical. For each sun elevation Σ
between 0° and s there are exactly two contact
points with the circular halo. Each contact direction
(arrows in the halo diagrams, left) makes an angle
∆τ with the pole direction. As Σ increases from 0°
to s , the angle ∆τ increases from 90° to 180°, so that
the contact points move in the direction opposite
to the pole direction, finally merging to form a
single contact point when Σ = s . For Σ > s , the arc
is detached from the circular halo. The halo shown
here is the 18° column arc with wedge 13 25, for
which s = 59°. The halo and its pole also appear
in Figure 16.4.
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FIGURE 16.4
(Facing page, left) The 18°, 20°, and
35° column arcs for sun elevations Σ = 0°, 20°, 40°.
There are two 18° column arcs, one 20° column arc,
and two 35° column arcs. The 18° column arcs are
left-right reflections of each other, as are the 35°
column arcs. The 20° column arc is itself left-right
symmetric. The poles of the five arcs are shown at
the bottom left, where they are labeled with their
wedges and ∆min-values. (Right) Three of the five
arcs shown in the left-hand simulations, together
with their contact points (solid dots). The contact
points change with sun elevation as explained in
Figure 16.3. The poles of the three arcs are shown
at the bottom right.
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absent, since their ray paths involve prism or basal faces (Table 8.1). Also absent
are all arcs that are not refraction arcs; they have been removed artificially in
order to clean up the simulations. That leaves just the 18°, 20°, and 35° arcs. By
referring to the Σ = 20° simulation, you should be able to pick out the 18°, 20°,
and 35° arcs in Figure 16.2.
Figure 16.5 is another example to help in sorting out the halos in Figure 16.2.
The simulations in this new figure were made with crystals having pyramid
faces and fairly long prism faces, but no basal faces. Among other things, the
long prism faces strengthen the 9° and 24° arcs, and they weaken the 18° arcs.
However, in this simulation even the relatively weak 18° arcs that these crystals
would have made have been removed artificially, along with the 22° arcs and all
non-refraction arcs, all this being done in the interests of making the remaining
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FIGURE 16.5
(Left) Similar to the left-hand diagrams of Figure 16.4 but showing the 9°,
20°, 24°, and 35° column arcs for sun elevation Σ = 20°. There are two 9° arcs, one 20° arc,
four 24° arcs, and two 35° arcs, with the 20° and 35° arcs being the same as in Figure 16.4.
(Right) Five of the nine arcs shown in the left-hand simulation, together with their contact
points.
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halos more intelligible. The 9° and 24° arcs in this figure can be used to identify
the 9° and 24° arcs in Figure 16.2.
You should now be able to identify nearly all of the halos in Figure 16.2. You
can check your identifications by referring to Figure 16.6, which is the same as
Figure 16.2 but with the refraction arcs labeled. In addition to the 9°, 18°, 20°,
24°, and 35° arcs already discussed, there are 22° and 23° arcs. But the 22° arc
(the ordinary tangent arc) is inconspicuous here, due to the short prism faces of
the crystals. And the 23° labels in the figure are not very helpful in picking out
the 23° arc, since, although they correctly indicate the contact points, the arc is
indistinguishable from the much stronger 18° arcs near the contact points. The
23° arc does appear at the very bottom of the figure as a highly suncave curve
extending upward towards its contact points. This arc is the 23° arc 1 23; the
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FIGURE 16.6
Same as Figure 16.2 but with the refraction arcs labeled just sunward of their
contact points. The contact points themselves are not indicated, but see also Figures 16.4
and 16.5. The faint parhelic circle and the faint loop passing through the sun are not
refraction arcs. Σ = 20°.
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other 23° column arc, 13 2, fails to make contact with its circular halo at this
sun elevation and is not labeled. It is so weak here as to be lost among the other
halos.
The simulations in Figures 16.2–16.6 are idealized in the extreme. In making
them, we did everything possible to make the halos sharply defined and easy to
distinguish: the tilts of the crystals were nearly zero, the sun was a point sun,
the light was monochromatic, and no diffraction was included. Although we
think these simulations are beautiful and pedagogically useful, they are far from
realistic.

Some real displays
Figure 16.7 shows a display with odd radius column arcs. It is obvious that some
of the halos are odd radius, but how do we know that they are column arcs? The
clearest sign is that the apparent 9° halo is elongated in the vertical direction and
enhanced at the sides; this halo is not the 9° circular halo but rather the 9° column
arcs. The 24° column arcs are present as well, but they are harder to recognize as
column arcs, since they look like pieces of the 24° circular halo.
What about some of the other halos in the photo? The truly circular halo is
the 22° halo, and the bright arc at the top of the 22° halo is the 22° column arc,
that is, the ordinary tangent arc. The 24° column arcs presumably extend into
this same region just above the 22° halo, making it difficult to distinguish the
various arcs there.
The simulation is a good match for the photo, but it is not perfect. Weak 18°
arcs are present in the photo near the two orange dots, but they do not appear
in the simulation. On the other hand, weak 20° column arcs are present in the
simulation at the left and right just inside the 22° halo, but they do not show up
in the photograph.
The colored dots in the photograph are located at the theoretically calculated
contact points of the 9°, 18°, 22°, and 24° column arcs. The various arcs look just
right near these points, except perhaps at the two uppermost contact points of
the 24° arc (purple). In that region the situation is complicated by the brightness
of the 22° column arc. No contact points have been indicated in the lower part
of the photo. The display is weak there because the halo-making cloud does not
extend that far.
Figure 16.8 shows one stage of a Boulder, Colorado, display that was photographed
and studied by Paul Neiman [50]. As in Figure 16.7, and indeed as in most displays
of odd radius column arcs, it is only the 9° arc that immediately gives away the
display as containing odd radius column arcs; here the 9° arc is clearly distorted

CHAPTER 16 • ODD RADIUS COLUMN ARCS

24o column arc

173

22o column arc

9o column arc

FIGURE 16.7
Column arcs and 22° halo. The colored dots are located at the theoretically
calculated contact points of the 9°, 18°, 22°, and 24° column arcs. The simulation was made
using crystals like the one shown. The crystals were given column orientations as depicted
on the sphere and as explained in Figure 5.3. The dashed circle represents the 22° halo.
The vignetting of the sun-blocking stick in the photo is due to rather heavy digital unsharp
masking. Fairbanks, June 15, 2002. Σ = 41°.
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FIGURE 16.8
Halo display with 9°, 22°, and 24° column arcs. Fainter halos are present
as well. Boulder, Colorado, July 21, 1986. The sun elevation is thought to be about 56°.
Photo © Paul J. Neiman.

FIGURE 16.9
Halo display with 9° column arcs, closest to the sun. The display is dominated
by the beautiful upper tangent arc (22° column arc). Bend, Oregon, June 30, 1988.
Photo © O. Richard Norton, Science Graphics.
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in the vertical direction rather than being truly circular. Further out from the
sun, at the 10:30 and (to a lesser extent) 1:30 positions, we are probably seeing
bright 24° column arcs, but the identification is complicated by the proximity of
the 22° column arc.
Figure 16.9 is from a fine display photographed by O. Richard Norton in Oregon.
Again the characteristic shape of the 9° column arcs is clear. Initially we were
puzzled by the absence of the 24° column arcs in this display; we expected them to
accompany the rather strong 9° column arcs. However, we found it easy to make
a simulation in which the 24° arcs were so much weaker than the 9° arcs as to be
nearly invisible. No exotic crystal shapes or orientations were needed.
Figure 16.10 shows the best display of odd radius column arcs that we know of.
However, the photograph is a composite of five photos taken several minutes
apart, and there was never a moment when the display itself was as good as in
the composite. But presumably if the halo-making cloud had been more extensive,
the display would have looked like that in the composite. The 9°, 18°, 20°, 22°,
24°, and 35° column arcs were all present.
The simulation in the same figure shows the expected column arcs for the
relevant sun elevation. The simulation is not perfect but, overall, it is not a bad
match for the photo. There is an arc near the top of the photo that is missing in
the simulation, but it is probably the upper 23° plate arc and, not being a column
arc, would not be expected to appear in the simulation. The halos at the bottom
of the simulation are outside the region of the halo-making cloud and hence do
not appear in the photo.
This display is discussed in more detail by Riikonen et al [59]. They also analyze
another display of odd radius column arcs, a display that had been considered
much earlier—in 1975—by Hattinga Verschure [24]. Hattinga Verschure had
recognized the strangeness of the halos and had reasoned correctly that they
were odd radius column arcs. We should also mention Tricker [79], who in 1979
attempted to calculate the theoretical shapes of various odd radius column arcs.
Neither the Hattinga Verschure nor the Tricker articles got the response that
they probably deserved; they evidently did not motivate people to watch for odd
radius column arcs.
As you look over our simulations and photographs of odd radius column arcs, it
will be obvious that in this chapter we let theory get ahead of observation. With
the exception of Figure 16.10, the existing photographs of odd radius column arcs
are not remotely comparable to the idealized simulations in Figures 16.2–16.6.
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FIGURE 16.10 Odd radius column arcs, Oulu, Finland, September 17, 2001. The photo is a
composite of five photos taken several minutes apart. The heavy black dots in the simulation
are theoretical contact points of the 9°, 18°, 20°, 22°, 24° and 35° column arcs. No contact
points are shown in the lower part of the simulation, since the display itself did not extend
into that region. The crystals used in making the simulation had shapes and tilts as indicated.
Σ = 27°. Photo © Marko Riikonen.
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Although we doubt that we will ever see odd radius column arcs as fine as the
ones in those simulations, we know that we—or perhaps you—can do better than
our current photos. We know that odd radius column arcs exist, and we know
that the halo community is still largely oblivious to them. It takes an informed
observer to be able to recognize that an odd radius column arc is something out
of the ordinary and thus worth photographing. So we think that with increased
awareness better photos will be forthcoming. Then perhaps the simulations will
not seem so idealized.

