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ABSTRACT

Ice crystals in cirrus frequently exhibit the shape of a bullet rosette composed of multiple bullets that radiate
from a junction center. The scattering phase function of these ice crystals, pertinent to the radiation budget of
cirrus, may differ from the one obtained for ice crystals with a simple geometrical shape. In this paper, the
authors studied the sensitivity of the scattering phase function of a bullet rosette to its geometrical characteristics:
the shape, aspect ratio, and spatial orientation. In doing so, they defined first an idealized bullet rosette according
to the current knowledge of the crystalline structure and nucleation process of bullet rosettes. The scattering
phase function was computed with a ray-tracing method.

The scattering phase function of a bullet rosette varies with its shape, and the lateral and backward scattering
tends to increase with the number of bullets/bullet rosettes. This is due to the interaction of light scattered by a
bullet with its adjacent bullets. This feature qualitatively agrees with the earlier experimental results reported
for irregularly shaped particles. However, for a bullet rosette with 3D random orientation, the effect of this
interaction is much smaller than expected. The normalized scattering phase function locally differs only by about
20% from one shape to another.

Earlier studies were made for ice crystals randomly oriented in a 3D space, and in this case, the scattering
properties have been represented by 1D phase functions (versus the scattering angle). For a bullet rosette with
preferred orientation, the scattering pattern (which is not azimuthally symmetrical and so depends on scattering
angles in the 3D space) varies significantly with the shape of the bullet rosette and the direction of inci-
dent light.

Although the shape of a bullet rosette with 3D random orientation does not greatly affect the general feature
of normalized scattering phase functions, its geometrical shape still remains an important factor for scattering
and microphysical properties of cirrus. This is due to the fact that the geometrical cross section of a bullet rosette,
perpendicular to the incident light, changes with its shape. Thus, optical properties such as the extinction coef-
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ficient of cirrus with a given ice water content may change significantly with the ice crystal shape.

1. Introduction

Cirrus is seen at all latitudes; it covers regularly
about 20% of the terrestrial surface (Bretherton and
Suomi 1983) and occurs frequently in all seasons (Wy-
lie and Menzel 1989). It is considered one of the im-
portant factors controlling the radiation budget of the
earth’s atmosphere (Liou 1986). Microphysical and
optical properties of cirrus were not yet completely un-
derstood because of its high location. In recent years,
field observation programs such as FIRE (Bretherton
and Suomi 1983) and ICE (Raschke et al. 1990) were
carried out to collect a comprehensive set of in situ data
on cirrus and to investigate relationships between its
microphysical and optical properties.

The scattering behavior of ice crystals in cirrus is
highly important to the radiation budget of cirrus. Many
physicists (Wendling et al. 1979; Coleman and Liou
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1981; Cai and Liou 1982; Takano and Jayaweera 1985;
Takano and Liou 1989) have computed the scattering
phase function of ice crystals with a simple geometrical
shape like hexagonal plate or column. However, the ice
crystals in cirrus exhibit a more complex form. Clusters
of hexagonal columns or bullet rosettes were frequently
observed in cirrus (Weickmann 1948); this finding was
confirmed by recent observations with an airborne or
balloon-borne replicator of ice crystals (Heymsfield
and Knollenberg 1972; Miloshevich et al. 1992) or
with a holographic camera (P. Brown 1991, personal
communication; Krupp 1992). Clusters of more than
eight bullets were observed in natural clouds (P. Brown
1991, personal communication) or were produced in
laboratory experiments (Sato and Kikuchi 1983). The
scattering phase function of these ice crystals is ex-
pected to differ from that of ice crystals with simple
geometrical forms, since adjacent bullets can scatter
light emerging from one of the elementary bullets that
compose a bullet rosette. Zerull et al. (1980) reported
that the scattering pattern of irregularly shaped particles
differs significantly from the one expected for a simple
convex particle, as irregular particles scatter more light
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into the lateral direction than simple geometrical forms.
On the other hand, a recent work by Macke (1993),
using a simple aggregate of bullets, showed that the
single-scattering phase function of these particles (sim-
ilar to bullet rosettes) is basically the same as that of
their individual components.

The purpose of the present study is to compute the
scattering phase function of bullet rosettes by using a
ray-tracing method and to investigate its sensitivity to
the shape and spatial arrangement of bullets. It may
help to evaluate the importance of the crystal shape for
a study of optical characteristics of cirrus. Such a study
would also be useful to answer a question about what
microphysical parameters are important to optical prop-
erties of cirrus. Consequently, it would allow us to gain
insight on how in situ microphysical data should be
processed.

2. A geometrical model of the bullet rosette

Bullet rosettes were collected and observed aboard
aircraft, but their geometrical characteristics were
mainly reported from ground-based observations (Lee
1972; Kobayashi et al. 1976; Uyeda and Kikuchi 1979;
Kobayashi 1980). The angle between the ¢ axes of two
adjacent bullets was found to be of 70° or its comple-
ment of 110° for 74% of the observed crystals. Other
values of the angle (40° 55°, and 90°) were reported,
respectively, for 4%, 10%, and 10% of the cases; the
angle could not be determined for the remaining 2%.
According to Uyeda and Kikuchi (1979, 1982), two
bullets connected with the angle of 70° or 40° between
their ¢ axes had an a axi§ih common, while those with
the angle of 55° or 90° had no common a axis. These
frequencies of occurrence suggest that the 70° intersec-
tion corresponds to a principal mechanism of ice crystal
junction and the other angles to secondary ones.

Magono (1968), Magono and Aburakawa (1968),
and Parungo and Weickmann (1973) set forth the idea
that a polycrystalline crystal, such as spatial dendrites
and bullet rosettes, .grew out from a polycrystallized
supercooled droplet. Uyeda and Kikuchi (1976) ex-
perimentally determined the number of crystals in poly-
crystallized droplets and the angle between the ¢ axes
of adjacent crystals as a function of the cooling rate and
droplet size. They found that the angle between adja-
cent crystal components had a peak frequency around
70°. According to Takahashi (1982), a bullet rosette
would result from the nucleation of a cubic critical ice
embryo and the subsequent growth of hexagonal col-
umns on its (111) planes. A cubic ice embryo would
explain remarkably well the 70° intersection of pene-
trating hexagonal columns. Whalley (1981) and Wein-
heimer and Knight (1987) also discussed the existence
of cubic ice crystals in natural cirrus concerning Schei-
ner’s halo (=~28°). The 40°, 55°, and 90° junctions may
result from the occurrence of a repeated cubic—hex-
agonal junction on coincidence site lattice (CSL) dur-
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ing the subsequent growth of ice (Furukawa 1982;
Uyeda and Kikuchi 1982).

To compute their scattering phase function, we need
to choose a geometrical model for bullet rosettes: an
aggregate of randomly oriented bullets or an aggregate
of regularly arranged bullets. Precise knowledge on the
nucleation and growth mechanisms of ice, which un-
derlie the form of natural bullet rosettes, does not really
matter as far as the angle between neighboring buliets
is saved. So, we defined a simple geometrical model of
bullet rosettes based on the cubic embryo assumption.
This geometrical model was previously used to develop
and validate a new method of classification of ice crys-
tal pictures obtained with a Particle Measuring System
(PMS) 2D probe in cirrus (Isaka et al. 1993). For sim-
plicity, we defined an elementary single bullet as shown
in Fig. 1.

This elementary bullet has 10 faces instead of 8 faces
for a hexagonal column. It differs from the one adopted
by Tricker in his paper about halos of unusual radii
(Tricker 1979). He assumed an ice crystal with a 6-
faced pyramidal end in which each pyramidal face
makes an angle of inclination of 28° with its ¢ axis; this
pyramidal end cannot be fit to form a multibranched
bullet rosette. The sharp tip of natural bullets, alone or
in combinations, was explained by preferential evapo-
ration at a junction boundary between two crystalline
domains (Kobayashi 1980). Sato and Kikuchi (1983)
experimentally showed the transformation of combi-
nations of hexagonal columns formed in a cold cham-
ber into bullet rosettes by the evaporation process. So,
the trilateral pyramidal end we assumed is only an ide-
alized form of the sharp end of natural ice crystals.
Nevertheless, we decided to use this elementary bullet,
because a bullet rosette of different configurations can

FiG. 1. Schematic representation of an elementary
single bullet (L: length, w: width).
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be easily formed by assembling elementary bullets ei-
ther by a ridge or by a pentagonal face or even by a
single point. Figure 2 shows 19 possible configurations
of the bullet and bullet rosette formed by assembling 1
to 8 bullets.

3. Computation of the scattering phase function

Various methods have been developed for the com-
putation of the single-scattering phase function of non-
spherical particles—among them, anomalous diffrac-
tion theory (van de Hulst 1957; Chylek and Klett
1991), discrete dipole approximation (Flatau et al.
1988; Maslowska et al. 1994), or the Monte Carlo/
geometric ray tracing. We have chosen this last method
for our study, because it is straightforward to imple-
ment. The principle of a ray-tracing method is that sep-
arate rays of light hit a crystal and travel along straight
lines, independently from one another (Liou and Han-
sen 1971). A bullet rosette was supposed to have the
same optical properties in its different parts. Natural
ice crystals often show surface irregularities that dis-
tribute light around the direction of specular reflection,
while a smooth surface reflects only in the specular
direction (Mukai et al. 1980), and another study
(Macke and Tzschichholz 1992) showed that two-di-
mensional fractal particles provide very smooth scat-
tering phase functions. In this study, however, we as-
sumed a smooth crystal surface as was usually done in
most of the earlier studies.

A ray hitting the smooth surface is partially reflected
and refracted. The refracted light may emerge out of
the crystal by another refraction, directly or possibly
after several internal reflections. The absorption in ice
was neglected in this study. The effect of interference
was also neglected, because it only takes place when
the optical pathlengths of two rays scattered in the same
direction are very close to each other, which rarely hap-
pens.

Since the principle of the ray-tracing method was
often given in detail in the above-cited papers, we give
only a brief description of the method. The shape of a
crystal is defined by its corners in a Cartesian coordi-
nate system, and the light is incident along the z axis,
perpendicular to the x—y plane. The incoming wave is
represented by the two electric field components (E’
and Ej) that are, respectively, perpendicular and par-
allel to an arbitrary reference plane defined with respect
to the incident beam.

Each time a ray reaches an interface between two
mediums with refractive indexes n, and n,, we compute
the intersection point and the normal vector to the in-
terface. The plane defined by the incident ray and the
vector normal to the surface of the crystal is the inci-
dent plane. In this incident plane, the directions of the
reflected and refracted rays are specified by the law of
specular reflection and Snell’s law (Glassner 1989).
The amplitudes of the reflected (E7 and E[) and re-
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fracted (E'. and Ej) components are given by Fresnel
equations:

_E} <n. cosi — ny cosr)

r = ~ -

E n, cosi + n, cosr
; E' 2n, cosi
L= = .

E', R COSi + M, COST

Ej n, COsi — ny COSr
p=— = -
! n, cosi + ny cosr

Ej 2n, cosi
ny cosi + ny cosr J

where i and r are, respectively, the angle of incidence
and refraction (Born and Wolf 1991). They have to
satisfy the relation n, sini = n, sinr. The reflectance
(R) is defined as the ratio of the reflected to the incident
fluxes and the transmittance (7') as the ratio of the
transmitted to the incident fluxes. They are given by

r

2
R= (E) = (r.cosp)? + (r; sing)?

T = (MacosT E"\?
nycosi ) \ Ef
n, cosr
n; cosi

){(t_l_ cosp)? + (4 sinp)*},

where ¢ is the angle between the polarization and in-
cidence planes.

We followed an internally reflected ray until it car-
ried less than 1% of the initial energy. A ray will
emerge out of an ice prism only if its angle is less than
100°. Since the angle of 120° between two adjacent
lateral faces of a hexagonal column is larger than 100°,
arefracted ray hitting internally an adjacent crystal sur-
face can be totally reflected and trapped; a possible exit
is by one of the basal or pyramidal faces. Thus, the ray
can undergo mulitiple internal reflections and pass from
a bullet to another as shown in Fig. 3.

Diffraction is a deviation of the light ray from its
rectilinear trajectory that can be explained neither by
reflection nor by refraction. This departure from the
geometrical optics is difficult to implement for three-
dimensional objects such as a bullet rosette. Takano
and Asano (1983) approximated the diffraction of hex-
agonal cylinders by that of spheroids of the same aspect
ratio and formulated it explicitly. This is not possible
for bullet rosettes, and because of the complicated
shape, a ray diffracted by an elementary bullet can hit
an adjacent bullet located on the far side of the first
bullet. We neglected here such interaction of the dif-
fracted light with adjacent bullets and computed the
diffraction pattern due to a two-dimensional shadow of
the bullet rosette.

According to Babinet’s principle, the distribution of
light intensity diffracted by an object is identical to that

Unauthenticated | Downloaded 02/05/21 03:30 PM UTC
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10 faced bullet

. 2
8 faced column 11 21 W E8) = Ke/wtf 27TJO<T7T (x? + y?)!2 Sinﬁ')dz,
32 2-3
3-1

with

= =D .
= e (F) o

33
4l where J, is the zero order Bessel function. The dif-
41 fraction intensity is given by the squared module of the
amplitude:
1(0) = |E(9)]*.
5-2

43 According to Fraser (1979), a spatially random ori-

>l entation cannot be expected for an ice crystal whose
size is larger than about 10 pm, except in highly tur-

bulent conditions. Most ice crystals in cirrus are larger

than this critical size (Heymsfield and Knollenberg

6-1 53 1972), and they may fall with their preferred orienta-

6-2 tion. Thus, we computed the scattering phase function
for two different orientations: 3D random orientation,

and 2D random orientation in which an ice crystal is

oriented with the constraint (Greenler 1991) that its

cross section perpendicular to the vertical is maximal

(to maximize air resistance as they fall). The later ori-

entation was chosen to simulate the effect of the pre-
ferred orientation of bullet rosettes, since precise in-

7-1 . 6-3 formation about the preferred orientation of bullet ro-
settes was not available.
FiG. 2. The 19 configurations of the bullet rosettes generated Scattered light intensity was computed for 720

from a cubic embryo. equally spaced intervals of the scattering angle ranging

by an aperture corresponding to its two-dimensional
projection perpendicular to the incident beam. Dif-
fracted energy is equal to that of the incident light on
the cross section of the particle. The diffraction pattern
in the far field is determined as the Fraunhofer limit.
The amplitude of diffracted light by an aperture (X) at
an arbitrary point P(6, ¢) is given by (Born and Wolf
1991)

Incident ray

2w
8(0, (]5) = Ke’* f [ -JT(XC°S¢+ysm¢)smodE, Reflected ray
N =

K a coefficient of proportionality

j the complex unit (j* = —1)

w the wavenumber (27/)\)

0 the scattering angle

¢ the azimuth angle

z the area of the projected surface of the crystal
(x,y) the coordinates of a surface element dX.

After an integration over the azimuth angle between FiG. 3. An example of rays traced through a 4-branched
0 and 27, we obtain bullet rosette (4-1 configuration).
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from 6, = 0° to 8y = 180° for the axisymmetrical scat-
tering phase function. The energy of every ray with a
scattering angle between 8; and 6,,, was summed up
and assigned to a scattering direction ([8; + 0,.,1/2).
A total of 1 X 10 photons was used to determine an
axisymmetrical scattered energy distribution. For a bul-
let rosette with preferred orientation, 180 equally
spaced intervals for both the scattering angle and azi-
muthal angle were considered. Energy of every scat-
tered ray with a scattering angle between 6; and 8,4,
and an azimuthal angle between ¢; and ¢, was
summed up and assigned to a scattering direction ([6;
+ 60::11/2, [; + ¢;511/2). A total of 5 X 10° photons
was used to determine a scattering phase function. Up
to now, the wavelength of the incident radiation was
taken equal to A = 0.55 pm, and a constant real refrac-
tive index of the ice equal to 1.31 (the imaginary part
of the refractive index, 3.1 X 10~%; at this wavelength,
was put to zero and the absorption was neglected ). The
refractive index of the ambient medium was assumed
to be 1.0.

All the phase functions were normalized so that their
integral over a spherical solid angle (47) is equal to
1.0 {1/2 for the diffraction part and 1/2 for reflection/
refraction, according to Coleman and Liou (1981)].

4. Results and discussion

a. Randomly oriented single hexagonal column and
single bullet

Scattering phase functions of both a single elemen-
tary bullet and a hexagonal column of the same length
(150 pm) and same aspect ratio (0.4) are represented
in Fig. 4. Scattering patterns for both the shapes (hex-
agonal column and bullet) are characterized by a sharp
peak in the direction of the incident beam (scattering
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angle = 0°) due to diffraction and refraction through
the opposite parallel face of the ice crystal. The scat-
tering phase function was normalized and the forward-
scattering peak (of an order of 1 X 10*) was not com-
pletely represented in Fig. 4. A pronounced relative
peak is located at about 22° (~21.8°) and another one
at about 46° (~45.7°). These maxima are known to be
produced by light undergoing two refractions through
a prism angle of, respectively, 60° and 90° (and are,
respectively, the minima of deviation of the corre-
sponding prisms, for a real refractive index of n
= 1.31). The latter is an order of magnitude smaller
than the former, because the surface area of a basal face
is smaller than the surface of a prismatic side face for
a hexagonal column. A broad relative maximum from
140° to 160° is produced by rays undergoing internal
reflections. There is also a fairly large backscattering.
Adding a sharp pyramidal end to a hexagonal column
modifies the scattering pattern. The relative maxima at
the angles near 22°, 46°, and 150° are recognizable with
the similar amplitudes. Significant difference, due to
the sharp pyramidal end of the elementary bullet, is a
new peak at about 12° (=~11.5°) and another one close
to 58°. The first one (12°) corresponds to two refrac-
tions through the prism angle of about 35° formed by
one of the pentagonal faces and one of the side faces
of the hexagonal column; the second one (58°) cannot
be explained by the minimum of deviation of a prism
and is due to photons that have undergone several in-
ternal reflections and that are escaping by one of the
three pentagonal faces of the bullet’s pyramidal end.
As already mentioned, the angular relation at this sharp
end is an idealized one. Thus, these peaks are entirely
due to this particular angle at the pyramidal end of the
elementary bullet. Nevertheless, it is noteworthy that
rarely observed halos with unusual radii such as Van
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Buijsen (8.3°), Rankin (17.4°), and Burney (19°) ha-
los. should involve one or two of the pyramidal end
faces (Tricker 1979). These halos were best fitted for
an inclination of a pyramidal face to the crystal axis of
about 28° (Tricker 1979; Greenler 1991).

Some minor differences can also be discerned. The
intensity of the 46° halo becomes smaller for a bullet
than for a hexagonal column, because the effective sur-
face of the prism angle of 90° is smaller for the bullet
than for the hexagonal column. The bullet scatters more
light between 115° and 140° due to internal reflection
on pentagonal faces, while it scatters less for both for-
ward-scattering angles ( <5°) and backward-scattering
angles (>140°). :

b. Randomly oriented bullet rosettes with multiple
bullets

To evaluate the effect of the number of bullets/bullet
rosettes on the scattering phase function, we computed
the scattering phase function for bullet rosettes with 2
to 8 bullets. In Fig. 5a, we represent the phase function,
respectively, for the 4-3 and 4-4 bullet rosettes with 4
branches and the 8-1 bullet rosette with 8 branches: the
scattering phase function for a single bullet is repro-
duced in this figure. The length and aspect ratio of the
elementary bullet are, respectively, 150 um and 0.4 as
in Fig. 4. In spite of large differences in the crystal
shape, the general feature of the normalized scattering
phase function for a multibranched bullet rosette is al-
most identical to the one obtained for a single elemen-
tary bullet [this result was already pointed out by
Macke (1993)]. Nevertheless, we can point out some
differences. The 12° peak decreases as the number of
exposed pentagonal faces decreases with the increased
number of bullets/bullet rosettes. When two adjacent
bullets are assembled by a pentagonal face, a ray hitting
this face goes into another bullet and the interaction
between neighboring columns occurs, as already shown
in Fig. 3. Consequently, the light is scattered slightly
more into the lateral direction ranging from 70° to 160°.
No difference is noticed in the intensity of this peak
between the single bullet and tetrahedral 4-4 bullet ro-
sette. In the later configuration, the 4 elementary bullets
share just a junction point so that each elementary bul-
let is not shadowed.

Differences between these scattering phase functions
can be better shown by taking a ratio of scattered light
intensity between a bullet rosette and a single elemen-
tary bullet. Three curves in Fig. 5b correspond to the
4-3 and 4-4 bullet rosettes and the 8-1 bullet rosette.
The largest variation occurs around the 12° peak be-
cause of a smoothing effect by adjacent bullets joined
by a pentagonal face. The increase in side scattering
locally reaches 20% for a multibranched bullet rosette
with an average increase of about 5%-10% for the
multibranched bullet rosettes. Although each elemen-
tary bullet in the 4-4 bullet rosette exhibits its complete
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form, the corresponding curve shows that significant
interaction between adjacent bullets occurs; for in-
stance, the scattering intensity locally decreases by
10% to 20% in the range from 0° to 70°, while it in-
creases by 10% to 20% in the range from 70° to 160°.

For different configurations of bullet rosettes, we
calculated the asymmetry factor and fractions of light
scattered into three angular ranges: forward (0°-60°),
lateral (60°-120°), and backward ( 120°-180°) (as the
assumption of adding diffraction in Fraunhoffer limit
was chosen, some errors may have been introduced in
the estimation of the forward-scattering peak, and so
also in the computation of the relevant parameters).
The corresponding values are given in Table 1. The
asymmetry factor scarcely changes and remains around
0.836 for all bullet rosette configurations, while the side
scattering between 60° and 120° (which is not affected
by the diffraction part) increases about 5% at the ex-
pense of backscattering as the number of bullets/bullet
rosettes increases from 1 to 8. Thus, the interaction
between adjacent bullets increases with the number of
bullets and contributes to the increase of side scattering
as already seen in Fig. 5b.

c. Effect of the aspect ratio of elementary bullet

The interaction of scattered light with neighbor bul-
lets may be expected to become more effective with
increasing aspect ratio of the elementary bullet. In Fig.
6, we present the ratio of the scattering phase function
of a bullet rosette with an aspect ratio of 0.2, 0.3, 0.4,
and 0.5 with respect to the one with an aspect ratio of
0.1. The curves were given for the 4-1 bullet rosette.
The 12° peak increases with the aspect ratio because
the area of the pentagonal faces of the pyramidal end
increases with the aspect ratio. Also, the larger the as-
pect ratio is, the larger the lateral and backward scat-
tering and the smaller the asymmetry factor. Integrated
scattering parameters are given for the aspect ratio from
0.1 to 0.8 in Table 2. A part of this increase in the side
scattering is due to an increase in the lateral and back-
ward scattering of the elementary bullet itself, as the
values given in the parentheses show. The ratio of side
scattering between the 4-1 configuration and the single
bullet was calculated for four different aspect ratios;
the corresponding ratios are, respectively, 0.96 (0.2),
1.04 (0.4), 1.02 (0.6), and 1.01 (0.8). These ratios
indicate that the degree of interaction between neigh-
boring bullets varies with the aspect ratio, increasing
first with the aspect ratio of the elementary bullet, then
tending to decrease. The way in which the degree of
interaction varies, however, may be quite different
from one shape to another. Its effect, though, generally
remains less than 5%. The asymmetry factor of the
scattering phase function of both the elementary bullet
and bullet rosette decreases similarly from 0.87 to 0.78
as the aspect ratio changes from 0.2 to 0.8. The value
of 0.78 is still far from a value of 0.7 proposed by Kinne
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et al. (1992) in their paper on the optical properties of
cirrus clouds. So, for bullet rosettes with 3D random
orientation, the effect of the number of bullets or their
spatial arrangement is much less important than the ef-
fect of the aspect ratio of the single bullet.

d. Effect of preferred orientation of bullet rosettes

In the above section, ice particles were supposed
to be randomly oriented in three-dimensional space.
According to Fraser (1979), ice particles smaller
than 20 pm in diameter can be randomly oriented by
Brownian motion. In the regime of creeping flow, a

particle with a simple geometrical form such as nee-
dle or thin plate can also fall without any preferred
orientation (Clift et al. 1978; Happel and Brenner
1986). Ice crystals in cirrus are, however, too large
to be in creeping motion or to be affected by Brown-
ian motion. Hence, without moderate to strong tur-
bulent motion in clouds, ice crystals would not be
randomly oriented and fall rather with their preferred
orientation. Some experimental studies showed that
natural columnlike hexagonal ice crystals fall, for in-
stance, with their ¢ axis in the horizontal plane and
platelike crystals with their basal plane in the hori-
zontal plane (Ono 1969; Kajikawa 1971).
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TABLE 1. Variation of integrated scattering parameters with the number of bullets/bullet rosettes (wavelength == 0.55 um, length of

elementary bullet = 150 um, and aspect ratio = 0.4).

Bullet rosette Asymmetry Energy flux Energy flux ) Energy flux
configuration factor (0° to 60°) (60° to 120°%) (120° to 180°%)
1-1 0.833 0.889 0.797 x 107! 0311 x 107!
2-1 0.839 0.892 0.809 X 107" 0.272 x 107!
3-1 0.838 0.890 0.816 x 107! 0.280 x 107!
4-1 0.839 0.890 0.827 X 107! 0.270 x 10™'
4-2 0.834 0.887 0.835 x 107! 0.293 x 107!
4-3 0.831 0.884 0.875 x 107! 0.286 x 107!
4-4 0.831 0.886 0.809 x 107" 0.326 x 107"
5-1 0.838 0.888 0.839 x 107! 0.277 x 107!
6-1 0.837 0.888 0.844 x 107" 0.277 x 107!
7-1 0.835 0.887 0.843 x 107! 0.284 x 107!
8-1 0.835 0.887 0.839 x 107" 0.286 x 107}

The scattering phase function of randomly oriented
hexagonal columns with their ¢ axis in the horizontal
position was calculated (Masuda and Takashima 1989;
Rockwitz 1989a,b). The scattering phase function of
ice crystals in their preferred orientation differs consid-
erably from the one determined for spatially randomly
oriented hexagonal columns by the very fact that the
phase function varies not only with the scattering angle,
but also with the azimuth of the scattered light and the
angle of the incident light. We computed the scattering
phase function for hexagonal columns and also bullet
rosettes in their preferred orientation. Because of lack
of any precise knowledge about the preferred orienta-
tion of falling bullet rosettes, we assumed that the crys-
tal aligned itself with its maximum cross section normal
to the direction of relative motion (Clift et al. 1978;

Greenler 1991). The maximum of the cross section was
choosen numerically from projections over various ori-
entations; the particles were also allowed to rotate
around their vertical axis and were illuminated from a
specified solar zenith angle.

The normalized scattering phase function was com-
puted for different bullet rosettes and for various angles
of the incident light. Figure 7a represents the scattering
pattern for the single elementary bullet whose ¢ axis is
in the horizontal plane and that can also rotate around
its ¢ axis. Figures 7b and 7c show the scattering pattern
for the 4-1 and 6-1 bullet rosettes. The length and width
of the elementary bullet are 150 and 60 pm, the same
as those in previous figures. In these figures, ¢ repre-
sents the angle between the incident plane and the plane
defined by the scattered light and incident light, and the

0. 30. 60.

Scattering (Rupea) / Scattering (Repea=0.1)

180.

90.  120.
Scattering angle (degrees)

150.

FiG. 6. Variation of the ratio [scattering by a 4-1 bullet rosette of given aspect
ratio]/[scattering by the same bullet rosette of aspect ratio = 0.1] as a function of its

aspect ratio (ranging from 0.2 to 0.5).
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TABLE 2. Variation of integrated scattering parameters with the aspect ratio (wavelength = 0.55 um; 4-1 bullet-rosette configuration; the
numbers given in parentheses are for the single bullet with the same aspect ratio).

Aspect Asymmetry Energy flux Energy flux Energy flux
ratio factor (0° to 60°) (60° to 120°) (120° to 180°)
0.1 0.876 0918 0.619 x 107! 0.202 x 107!
0.2 0.862 0.907 0.704 x 107! 0.226 x 10~

(0.858) (0.903) 0.734 x 1071 (0.236 X 107"
0.3 0.849 0.897 0.767 x 107 0.260 x 107!
0.4 0.839 0.890 0.827 x 107! 0.270 x 10!
(0.833) (0.889) (0.797 x 107" (0.311 X 107"
0.5 0.824 0.875 0.949 x 107! 0.296 x 107!
0.6 0.809 0.862 1.047 x 107! 0.329 x 107!
(0.804) (0.861) (1.031 x 107) (0.358 x 107Y
0.7 0.795 0.851 1.125 x 10! 0.364 x 107"
0.8 0.788 0.845 1.163 x 107" 0.384 x 107
(0.781) (0.842) (1.155 x 107" (0.425 X 107%)

radial distance is the angle (in linear scale) between
the incident and scattered lights (8).

For these scattering patterns, the incident plane is a
plane of symmetry. They still show well-defined rela-
tive maxima of forwardly scattered light at the scatter-
ing angles of 12° and 22°. These maxima for the single
bullet and bullet rosette with preferred orientation do
not form closed circles of a constant intensity as would
bullet rosettes with 3D random orientation. The peak
of forward scattering is much broader for the 6-1 bullet
rosette than the single bullet or the 4-1 bullet rosette.

Configuration 1-1,

Bockward

o=n/2

=0

Forward

®=3m,/2

Compared to the forward scattering dominated by the
22° halo, the angular distribution of backwardly scat-
tered light shows larger variation between the single
bullet and multibranched bullet rosettes. This suggests
that the shape of ice crystals becomes an important pa-
rameter for an analysis of bidirectional radiance data
from cirrus clouds.

To evaluate globally the influence of the incident
angle on the scattering by bullet rosettes with pre-
ferred orientation, we integrated the scattering phase
function over two hemispheres and estimated up-

sun ot 40 degrees

10. <

1 < < 10

0.1 £ <1

0.01 < < 0.1

0.001 < < 0.01
< 0.00

FIG. 7a. Forward- and backward-scattering patterns of a single bullet with preferred
orientation (random rotation around the ¢ axis and the vertical; the zenith angle of

the incident light: 40°).
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Configuration 4—1, sun ot 40 degrees

Backward

¢=m/2

=0 100 <
Forward
1 < < 10.
g1 < <1
0.01 < < 0.1
¢=3n/2
0.001 < < 0.01
< 0.001
FIG. 7b. The same as in Fig. 7a but for a 4-1 bullet rosette
with preferred orientation.
Configurotion 6—1, sun ot 40 degrees
Backward
/
m:w/2
=0 10, <
Forward
1 < < 10
Bl <1
001 < < 0.1
o=3n/2
0.001 < < 0.01
< 0.001

FiG. 7c. The same as in Fig. 7a but for a 6-1 bullet rosette
with preferred orientation.
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FiG. 8. (a) Upwelling fraction of scattered energy for four different
bullet rosette configurations as a function of the incident angle. (b)
The same as in (a) but for downwelling fraction.

welling and downwelling fractions (instead of up-
ward and downward fluxes) of scattered light for dif-
ferent incident angles. Figures 8a and 8b represent
the upwelling and downwelling fractions as a func-
tion of the incident zenith angle. Results were given
for the single bullet and for the 4-1 and 6-1 bullet
roseites; for comparison, results for the elementary
single bullet rosettes with 3D and 2D random ori-
entations are also reproduced.

As the zenith angle of the incident light varies from
0° to 70°, the upwelling fraction of scattered light by
an elementary bullet increases monotonically from 0.06
to 0.13 for 3D random orientation and from 0.05 to
0.11 for 2D random orientation. The increase is slow
up to a incident angle of about 40° and rapid afterward.
The variation is quite different for the 4-1 and 6-1 bullet
rosettes with preferred orientation. For these cases, the
upwelling and downwelling fractions show a large de-
pendency on the shape of bullet rosette for the range
of the incident angle from 0° to 50°. A relative peak of
the upwelling fraction occurs around the incident angle
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of 30° and it is larger than the 2D bullet case by
about 20%.

e. Probability distribution of geometrical cross
section of bullet rosettes

The above results show that the effect of crystal form
on scattering phase function depends largely on the ori-
entation of ice crystals, while the complex form of bul-
let rosettes has only a slight effect upon the normalized
scattering pattern given that these particles are spatially
randomly oriented. This raises a question of whether
the form of ice crystals has any influence on radiative
properties of cirrus when they are spatially randomly
oriented. Indeed, if the ice crystal shape has no effect
on the scattering behavior of ice crystals, and if this
result in confirmed by further studies (with absorption,
for various wavelengths, computation of efficiencies),
there would be no need to investigate the exact shape
of ice crystals in cirrus by in situ measurement. A much
simpler hexagonal crystal model with variable aspect
ratio might be worked out to represent microphysics in
cirrus modeling and to simplify the processing of in
situ microphysical data.

Figures 9a and 9b show the probability distribution
of the geometrical cross section calculated for spatially
randomly oriented bullet rosettes; the distributions are
given for the 4-1, 4-4, 6-1, and 6-2 configurations. For
the purpose of comparison, we also represent the prob-
ability distributions of the sum of 4 and 6 randomly
oriented single bullets. The probability distribution
changes very much with the configuration of the builet
rosette, since the shadowing effect of adjacent bullets
varies from one geometrical arrangement of bullets to
another and increases with the number of bullets. Thus,
for the 4-4 tetrahedral configuration, the fourth bullet
makes only a small contribution to the cross section,
and for the bullet rosette with 6 branches, one or two
branches almost always are in the shadow of other bul-
lets and do not contribute to the cross section.

Since the scattering cross section of large ice crystals
is proportional to their geometrical cross section, the
total scattered energy should change significantly with
the configuration and the number of bullets/bullet ro-

.settes. The average cross section of a bullet rosette is

always smaller than the average of the sum of the cross
section of randomly oriented single bullets (Figs. 9a
and 9b). This implies that for a given ice water content
in cirrus, a population of bullet rosettes scatters less
energy than a population of single bullets, provided that
the aspect ratio is identical. Therefore, even if the spe-
cific configuration of randomly oriented bullet rosettes
affects little its normalized scattering phase function,
the scattered light intensity depends very much on the
shape of ice crystals. This shape effect would also be
valid for the bullet rosette with preferred orientation.
In this case, the geometrical form of ice crystals induces
a significant change in the normalized scattering phase
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FiG. 9. (a) Probability distributions of the geometrical cross section
of bullet rosettes for the 4-1 and 4-4 bullet rosettes with random
orientation and the sum of cross sections of 4 single bullets with
random orientation. (b) The same as in (a) but for the 6-1 and 6-2
bullet rosettes with random orientation and the sum of cross sections
of 6 randomly oriented single bullets.

function as well as in their scattering cross section. The
effect of the ice crystal shape on the radiative transfer
will be discussed elsewhere (Chervet and Isaka 1994).

5. Conclusions

The scattering behavior of irregularly shaped bullet
rosette ice crystals, observed frequently in cirrus, is one
of the important factors in the relationship between ra-
diative and microphysical properties and radiative
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budget of cirrus clouds. Based on the current knowl-
edge of crystalline structure of bullet rosettes, we mod-
eled the geometrical form of bulle: rosettes as a com-
bination of single elementary bullets. The scattering
phase function of the elementary bullet is characterized
by two supplementary relative maxima, respectively, at
12° and 58°, in addition to the usual peaks at 22° and
46° of a hexagonal column. The new peaks depend en-
tirely on the pyramidal end of the single bullet we mod-
eled. However, they still are reminiscent of some halos
of unusual radii discussed by Tricker (1979).

Our study (for conservative case) shows that neither
the number of bullets/bullet rosettes nor the configu-
ration of bullet rosette affects very much the general
feature of the scattering phase function given that the
bullet rosettes are spatially randomly oriented. The in-
teraction of scattering between adjacent bullets occurs,
but to a degree much less than we expected. However,
the increase of side scattering with the number of bul-
lets, as well as the aspect ratio of the elementary bullet,
is still significant. This tendency agrees qualitatively
with experimental results obtained by Zerull et al.
(1980). For bullet rosettes falling with their preferred
orientation, the scattering phase function differs signif-
icantly with their configuration and the zenith angle of
incident light.

Since the projected surface of n bullets constrained
in a bullet rosette is not identical to the sum of projected
surface of n randomly oriented single bullets, the op-
tical and scattering properties of cirrus might be sig-
nificantly affected by the geometrical form of ice crys-
tals, even if the scattering phase function showed little
influence of the crystal form. This indicates that micro-
physical parameters such as cross section, size, aspect
ratio, apparent projected area, and form of ice crystals
are all pertinent to radiative properties of cirrus. Most
of these parameters can be retrieved and estimated with
a specific retrieval method from PMS 2D images (Isaka
etal. 1993), at least for ice crystals that can be resolved
with PMS 2DC or 2DP probes. Nevertheless, further
study of the form of ice crystals in cirrus and their
orientation in the free atmosphere as well as in situ
estimation of the scattering phase function of natural
ice crystals with irregular surface is needed for better

_ understanding of the relationship between microphys-

ical and radiative properties of cirrus.
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