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Scheiner's Halo: Evidence for Ice Ic in the Atmosphere 

Abstract. Refraction of sunlight at the angle of minimum deviation between oc- 
tahedral faces of crystals of ice Ic in the upper atmosphere could produce a halo 
around the sun or the moon at 27.46'. Crystals of hexagonal ice having low-index 
faces cannot produce a halo of this radius. It is therefore suggested that Scheiner's 
halo, which has been reported at least four times since 1629 at 28" from the sun, is 
due to ice Zc. If  this is correct, it is apparently the jrst  evidence that ice Ic occurs 
naturally and that liquid water can freeze to ice Ic. 

Scheiner's halo is a rare halo that oc- 
curs at - 28" from the sun or the moon. 
It was first reported by Scheiner more 
than 350 years ago (I) and has been 
confirmed several times since (2-4), but 
no convincing explanation has been pro- 
posed. Seven other halos have been re- 
ported (5). They are caused by light pass- 
ing at the angles of minimum deviation 
through crystals of ordinary hexagonal 
ice, ice Ih, that have faces whose Miller 
indices are either 0 or 1.  The purpose of 
this report is to suggest that Scheiner's 
halo is caused by light passing at the 
angle of minimum deviation through oc- 
tahedral crystals of cubic ice, ice Ic. 

In both ice Ih and ice Ic, each water 
molecule is hydrogen-bonded to four 
neighbors in a nearly perfect tetrahedral 
arrangement, and the tetrahedra are 
stacked differently to give the hexagonal 
and cubic structures, which have the 
same density. Several reviews (6-9) of 
their properties have been published. Ice 
Ih is the only form of ice that is known to 
occur naturally on the earth. Ice Ic is al- 
wayc metastable relative to ice Ih and 
can therefore only be made from a less 
stable phase of water than Ih. It seems 
that below - 180 K, all phases transform 
to it rather than to Ih. For example, 
when the vapor condenses on a substrate 
below - 180 K,  ice Ic is formed if the 
temperature is not too low, and other- 
wise amorphous ice is formed. Amor- 
phous ice and all the high-pressure 
phases that can be recovered in a meta- 
stable form at low temperature and pres- 

sure (10, 11) transform first to ice Ic on 
heating. Ice Ic is therefore kinetically 
preferred over ice Ih in transformations 
from a less stable phase below - 180 K, 
although Ih is the thermodynamically 
preferred form. Near the melting point, 
ice Ih is always formed. At intermediate 
temperatures there must therefore be in- 
termediate probabilities of forming ice 
Ic. 

Ice Ic has never been made from the 
liquid. However, the liquid can be 
cooled to - 230 K if heterogeneous nu- 
clei are not present, and it is possible 
that at least sometimes the drops freeze 
to form ice Ic. Many droplets of water 
exist in the upper atmosphere at temper- 
atures down to - 230 K (12), and natu- 
rally formed ice Ic may occur there. The 
question arises how to detect it if it does. 

One way is by means of halos. At least 

Fig. 1. Octahedron with one comer truncated 
to show the o,o,, . . . faces that cause Schei- 
ner's halo and the ale,, . . . faces that cause 
a halo at  19.7". 
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24" above the sun when the sun is at 0" 
and 10" elevation, respectively. If this is 
so, then the halo should be seen only 
when the sun is somewhat less than 10" 
above the horizon and should occur 
above the sun. However, the halo was 
observed by Whiston (2) at London at 
about 10:15 a.m. on 1 March 1727 as a 
short arc that appeared briefly at about 
50" from the vertical, and by Greshow (3) 
at Paris at 8:40 p.m. on 20 October 1747 
as a left lateral arc of the moon and at 
9:32 p.m. as a right lateral arc. C. G. An- 
drus and H. L. Riley observed the halo 
at Sand Key, Florida, at 3:00 p.m. on 1 1  
May 1915 at about 315" from the vertical 
(4). These three observations are incon- 
sistent with Tricker's explanation. Bes- 
son (18) reported observing at Paris at 
5:38 p.m. on 26 March 1906 a spot 28' 
above the sun when the sun was 6" above 
the horizon. It is usually identified (19) 
with Scheiner's halo, but it appears to 
agree approximately with Tricker's pre- 
diction and so may not be Scheiner's 
halo. 

Andrus and Riley also reported ob- 
serving simultaneously parts of the 
22", 18.S0, 17.5", and 8.5" halos, and An- 
drus sketched their appearance (4). All 
but the 28' halo were approximately 
symmetric about a common diameter, 
but the 28" halo was well off the diameter 
and did not cut it. This is consistent with 
independent origins for the 28" and the 
other halos. 

Observable single crystals of ice Ic 
have never been made, and so its crystal- 
line form is unknown. If it formed cubic 
crystals and its refractive index were the 
mean refractive index of ice Ih, it would 
cause a halo at 46", which coincides with 
the halo caused by refraction through the 
side and end faces of a hexagonal column 
of ice Ih. If it formed octahedral crystals, 
however, as illustrated in Fig. 1 ,  only the 
(1 11) and (i i i) faces, which are labeled 
o1 and o,, respectively, and the 1 1  re- 
lated pairs of faces would form prisms 
having an angle of minimum deviation. 
The prism angle is 70.528" by symmetry, 
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and the angle of minimum deviation is 
27.46" if the refractive index of ice is 
taken as 1.307. Octahedral crystals 
would therefore cause only one halo, due 
to refraction through the octahedral 
faces o,o,, o,o,, o,o,, . . . , as labeled 
in Fig. 1, and it would be at the angle 
reported for Scheiner's halo. Scheiner's 
halo could therefore be caused by octa- 
11.-dral crystals of cubic ice. 

Truncated octahedral crystals, as illus- 
1 rated in Fig. 1, could form another halo 
due to refraction through one cubic and 
one octahedral face, such as a,o,. The 
prism angle is 54.736", and it would pro- 
duce a halo at 19.12'. This is very close 
to Rurney's halo at 19.0" (17), which is 
usually attributed to refraction through 
the faces (01.1) and (Oi. 1) (pg,), which 
should give a halo at 19.7' if the axial ra- 
tio cia is 1.624 (20). The halo at 27.46' is 
therefore the only halo that is firmly 
characteristic of ice Ic crystals having 
low-index faces. 

If a droplet of water in the upper atmo- 
sphere nucleates to form ice Ic, it will 
heat to the melting point in times of the 
magnitude of some microseconds (12) 
and will cool in times of the magnitude of 
some milliseconds. There is evidence 
from two sources that, in spite of this, 
single crystals of ice Ic will survive long 
enough for a halo to be observed. The 
first is an experiment in which a bulk 
sample of ice Ic was heated (10) to suc- 
cessive temperatures, each 10 K higher 
than the preceding. It was kept at each 
temperature for 4 minutes, cooled to 90 
K ,  and x-ray powder photographs taken. 
After 208 K no Ih was present, after 218 
K it was noticeable, and after 228 K the 
ice Ic had completely transformed to Ih. 
In this bulk sample, each particle that 
transformed could help nucleate its 
neighbors. If small octahedral crystals 
are produced in the atmosphere, they 
probably have a much longer life than 
this sample, partly because they are iso- 
lated from one another and partly be- 
cause they may be only about 10 pm 
across, and so nucleate slowly. 

The second is an experiment in which 
Oguro and Higashi found stacking faults 
by x-ray topography in ammonia-doped 
(21, 22) and pure (23) ice. Each fault is a 
thin layer of ice Ic sandwiched between 
ice Ih; it may be several millimeters 
across, and so similar in volume to a 10- 
pm octahedron. The faults survive f5r 
hours or days near O°C, which suggests 
that a small crystal of ice Ic may survive 
heating to 0°C for 1 msec or so. 

It therefore appears that Scheiner's 
halo is probably caused by ice Ic. If this 
is true, it shows that (i) liquid water can 
freeze to ice Ic at - 230 K and (ii) ice Ic 

sometimes occurs in the upper atmo- 
sphere. These points suggest that when 
emulsions of water are frozen at - 183 K 
at a pressure of 2 kbar (24) they probably 
form some ice Ic and that ice Ic may 
have some meteorological significance. 
It may be possible to investigate its me- 
teorological effects by inducing it arti- 
ficially because, inasmuch as hexagonal 
silver iodide nucleates ice Ih, cubic sil- 
ver iodide may nucleate ice Ic. If this is 
so, controllable amounts may be gener- 
ated in the upper atmosphere. 

E. WHALLEY 
Division of Chemistry, 
National Research Council, 
Ottawa, Ontario, Canada KIA OR9 
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Natural Disturbance and the Steady State 
in High-Altitude Balsam Fir Forests 

Abstract. Wind-induced, cyclic waves of death, regeneration, and maturation con- 
stantly move through the high-altitude balsam fir forests in the northeastern United 
States. Siomass and productivity relations, species diversity, and nutrient cycling 
patterns are closely tied to this cycle ofdisturbance. Disturbance is thus an integral 
part of the long-term maintenance of this ecosystem. Since forests of this type nor- 
mally include all phases of the disturbance-regeneration cycle, they may constitute a 
steady-~tate ecosystem in equilibrium with the surrounding environment. 

It has been an underlying assumption 
of much of plant ecology that, in the ab- 
sence of disturbance, ecosystems even- 
tually reach a "climax" condition in 
which the structure and species compo- 
sition of the vegetation do not change ap- 
preciably over time (1). This assumption 
is belied by the fact that moderate- to 
large-scale disturbances are omnipresent 
in many natural ecosystems (2, 3). Fires, 
floods, windstorms, and insect outbreaks 
exert powerful influences that cannot be 
ignored in ecosystem studies (4). Distur- 
bance and the responses to it must be 
viewed as normal aspects of the long- 
term maintenance of ecosystems. 

Disturbance is common in the "wave- 
regenerated" balsam fir (Abies balsam- 
ea )  forest of the northeastern United 
States (5, 6). The canopy of the balsam 
fir forest is broken by numerous cres- 
cent-shaped strips of dead trees (Fig. 1). 
These trees may appear to have been 
flattened by strong gusts. However, 
closer examination shows that each area 

390 0036-807518110123-0390$00.50 Copyright O 1981 AAAS 

is actually a band of standing dead trees, 
with mature forest on one side and 
young, vigorously regenerating forest on 
the other (Fig. 2 ) .  

This pattern occurs at high elevations 
in the Adirondack Mountains of New 
York, the White Mountains of New 
Hampshire, and the Mount Katahdin re- 
gion of Maine (5, 6). Similar patterns are 
found in Abies veitchii and A.  mariesii 
forests in the mountains of Japan-in 
particular on Mount Shimagare ("moun- 
tain with dead tree strips") (7, 8).  

Each band is actually a "wave" mov- 
ing slowly through the forest, with trees 
dying at the wave's leading edge and 
being replaced by seedlings (5,6,9). These 
waves move in the general direction 
of the prevailing wind (Fig. 2) at speeds- 
of 0.75 to 3.3 m per year (5, 6, 8-11). 
Speeds are apparently related to the de- 
gree of exposure to the prevailing wind, 
with the highest wave speeds occurring 
on or near ridgetops. Trees directly ex- 
posed to the prevailing wind are sub- 
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