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Abstract: A new experimental system was developed to clarify the relationship 

between the optical properties of an ice cloud and the physical properties (e.g., 

shapes of ice crystals) of ice crystals in the cloud. An artificial ice cloud was formed 

in a cloud chamber which was set up in a cold laboratory, and the scattering inten

sity of laser light (wavelength of 633 nm) scattered by ice clouds was measured as 

a function of scattering angle. The ice crystals were simultaneously observed dur

ing the light scattering measurements. In this paper, we discuss the relationships 

between the light scattering properties of ice clouds and the shapes of ice crystals, 

which are one component of the physical properties of ice cloud. 

1. Introduction 

The angular distributions of light scattering intensities of ice clouds such as cir
rus clouds are of great importance for the quantitative treatment of radiation transfer 
through the atmosphere and for the estimation of a thickness and a height of cirrus 
cloud by satellite-based remote sensing (Liou, 1992). However, the angular distribu
tions are strongly affected by physical properties of the ice crystals, such as their 
shapes, size distributions, fall orientations, spatial concentrations, and so on. 
Consequently, it is necessary to clarify how the physical properties of ice cloud affect 
the angular scattering intensity of the ice clouds. 

Since the 1980s, computer simulations have been used to clarify the relationships 
between the optical properties of ice clouds and the physical properties of ice crys
tals in the clouds (WENDLING et al., 1979; ROCKWITZ, 1989; TAKANO and LIOU, 1989a, 
b ). In these simulations, the light scattering properties of ice clouds consisting of 
hexagonal solid columns or plates have been calculated. Recently, MACKE ( 1993), and 
TA KANO and Liou ( 1995) have succeeded in simulating light scattering from ice crys
tals with irregular shapes, such as hollow columns, bullet rosettes and dendritic plates. 
They showed that the scattering patterns for the irregular shaped ice crystals are dif
ferent from those for simple hexagonal solid columns or plates. However, it is still 
impossible to carry out computer simulations for particles with a more complex shape, 
such as combination bullets, crossed plates and so on (HEYMSFIELD and KNOLLENBERG, 
1972; HEYMSFIELD, 1975). 
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Consequently, it is important to clarify the relationships between the scattering 
patterns and the physical structures of crystals by well-controlled laboratory experi
ments. Although some experimental studies have been carried out (MORITA, 1973; 
NIKIFORVA et al., 1977; SASSEN and LIOU, 1979a, b), there are still many ambiguous 
points concerning these relationships. The main reason for this is the difficulty of 
simultaneously measuring the scattering intensity and the physical properties of ice 
crystals. 

In this work, we constructed a new experimental apparatus to make artificial ice
clouds, and we simultaneously observed the total light scattering and the shapes of 
ice crystals, which are one component of the physical properties of ice crystals. 
Analyzing these results, we discuss the light scattering properties of clouds in relation 
to the shapes of ice crystals through a comparison of the simulation results. 

2. Experimental Method 

2.1. Experimental apparatus 
Figure I a shows a vertical cross-section of the experimental system that was used 

for measuring scattering intensity in the horizontal scattering plane. The system con
sists of a cloud chamber (1 m XI m X I m in volume), a glass cylinder (0.15 m in 
diameter), an optical system for the measurement of scattering patterns, and a micro
scope under the glass cylinder. Experiments using this apparatus were conducted in a 
cold laboratory at a temperature of - 20°C. 

Experiments were carried out according to the following procedure. First, the tem
perature inside the cloud chamber was varied in order to change the shape of ice crys
tals and was kept constant to maintain the same shape of ice crystals until one scat-
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Fig. I. Experimental apparatus for measurement of the scattering pattern in the horizontal scattering 

plane (a) and the vertical scattering plane (h). 
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tering pattern measurement was completed. Water droplets were then supplied into the 
cloud chamber by a supersonic atomizer. After a supercooled water cloud was gener
ated inside the cloud chamber, the ice crystals were nucleated by the insertion of a 
chilled wire. The ice crystals started to grow in the cloud chamber, then fell into the 
glass cylinder, and finally fell on to the microscope stage at the bottom of the glass 
cylinder. Microscopic images of the ice crystals were recorded by a video camera and 
VTR system connected to the microscope. Through analysis of the video images, we 
were able to obtain information on the shapes, sizes and internal structures of the ice 
crystals. In this experiment, the sizes of ice crystals were measured by the maximum 
dimensions (i. e., plate diameter for plates and c-axis length for columns). Moreover, 
spatial concentrations were measured by using the impactor replicator, which collect
ed cloud samples by impaction onto a freshly Formvar solution-coated substrate in 
order to count the number of ice crystals per unit volume. 

Furthermore, the scattering intensities of the laser beam in the horizontal scatter
ing plane were measured. A collimated and unpolarized laser beam (He-Ne laser with 
a wavelength of 633 nm, power of l O mW) was expanded to a ray of light with a 
diameter d of I cm and applied at the center of the glass cylinder. The incident ray 
was scattered by the ice crystals. The total intensity of light scattered by the ice crys
tals at the center of the glass cylinder was measured by a silicon photodiode com
bined with lenses and slits. Since the whole detector system was placed on a rotating 
table, the angular distribution of the scattering intensity (i. e., the scattering pattern) 
could be measured. The scattering angle ( 8) was measured from the direction of the 
incident light, and the scattering intensities were measured between I 0° and 150° in 
order to prevent interaction with incident light in the vicinity of 8 =0° or 180°. It 
should be noted that the glass cylinder did not affect the scattering pattern, because 
the detector system measures only the scattered light ray that crosses the glass cylin
der perpendicularly. Another silicon photodiode mounted behind the laser beam exit 
point (i. e., at 8=0°) was used to monitor fluctuations in cloud composition that orig-
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Fig. 2. Detailed optical system for measurement of the scattering pattern. 
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inated from the shape, size distribution and spatial concentration. Because the shape 
and size distributions of ice crystals were confirmed in a stable cloud condition by in
situ observation under the microscope, the fluctuation was due to the change of the 
spatial concentration in one whole scan, which took 2 min. Therefore, the record of 
the laser beam transmission through the cloud could be used to identify the stable 
cloud condition. 

On the other hand, in order to measure the scattering pattern on the vertical scat
tering plane, the detecting system was rotated vertically, and both the glass cylinder 

· and the microscope were removed, as shown in Fig. 1 b. We used the same laser beam 
as an incident light source in the horizontal scattering plane. Moreover, the shapes and 
sizes of ice crystals were analyzed by the replicated image of ice crystals onto micro
scope slides coated with freshly Formvar solution. 

2.2. Method of experimental analysis for the scattering pattern 
The basic parameter of the experimental angular scattering pattern is the volume 

scattering coefficient B ( 8, </J) at the scattering angle 8 and elevation angle </J of the 
scattering plane (see Fig. 2). B ( 8, </)) gives information on the angular distribution of 
scattered intensity from unit volume as a function of direction. In general, B (  8, </J) can 
be derived from the following equation: 

1 ( e, </J) = v c e, </J) B ( e, </J) 1 o, ( 1) 

where I ( 8, </)) is the measured scattering intensity, V ( 8, </)) the scattering volume (m3) 

and lo the intensity of incident light. 
In this study, B ( 8, </)) was normalized by the scattering intensity at 8= 10° and 

¢= 0° in order to compare the scattering patterns for different physical properties of 
an ice cloud. It is desirable to express the results in the form of a relative scattering 
function f ( 8, </)), defined by 

B (8, ¢) 
f(B,¢) = 

B (l0°, 0°) (2) 

Here, since the scattering volume is given by 16 d 3/3 sin8, eq. (2) is simplified as 

I (8, ¢) sine f (e, ¢) = I ( 10°, 0°) sin (l0°) . 
(3) 

Hereafter, the scattering patterns are discussed on the basis of the measured f ( 8, </J). 
The extinction coefficient a (m- 1) was used to monitor the fluctuations in the 

cloud. This value was obtained from the following equation: 

rJ = --

1 In� R /0 ' 

(4) 

where R is the total cloud length, and le the light intensity of the laser light that tra
versed through the cloud. 
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3. Results and Discussion 

3.1. Effect of crystal shape on the scattering pattern in the horizantal plane 
Figure 3a and b indicate the size distribution of ice crystals and the scattering 

patterns, respectively. The solid and dotted lines show the results when the hexago
nal solid columns (at a temperature of - 7.S °C and 0'= 0.71 m- 1) and the hexagonal 
solid plates (at a temperature of - 16.TC and 0'= 0.85 m-- 1) are observed dominant
ly in the falling crystals, respectively. Since the modal maximum dimensions are almost 
the same (20 µm for both cases (see Fig. 3a)), the difference in scattering patterns 
may be due to only the difference in ice crystal shapes. The spatial concentrations of 
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Fig. 3. Experimental results for an ice cloud composed of hexagonal solid columns (solid line) and 

hexagonal solid plates (dotted line). (a) The size distributions of ice crystals, (b) the scattering 

patterns obtained by laboratory experiment and by computer simulations (WENDLING et al., 1979) 
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the ice crystals were 98.5 (cm 3) for the hexagonal solid columns and 122.3 (cm- 3) 

for the hexagonal solid plates. 
The dependence of the scattering pattern on crystal shape derived from this exper

iment is summarized as follows. First, the peaks at the halo angle of 22 ° , which are 
caused by minimum deviation of light through the 60 ° prism, were observed for both 
cases. However, the intensity in the case of hexagonal solid columns was much stronger 
than in the case of hexagonal solid plates. This is due to the difference in the area on 
the prism faces between the hexagonal solid columns and the hexagonal solid plates. 
Second, the scattering intensities increase at scattering angles above 150 ° for both 
types. These increases correspond to the backscattering peak. However, the intensity 
for the hexagonal solid columns was also stronger than that for the hexagonal solid 
plates. Third, the sidescattering intensity measured for the hexagonal solid columns 
was stronger than those for the hexagonal solid plates. 

The differences in the backscattering and the sidescattering are explained as fol
lows. By means of computer simulation for randomly oriented hexagonal columns, 
CAI and Liou ( 1982) and MACKE (1993) showed that the backscattering and sidescat
tering are caused by internal reflections rather than external reflections. On the other 
hand, WENDLING et al. ( 1979) showed that the basal planes confine the light rays to 
penetrate them, and contribute to the forward scattering for randomly oriented ice crys
tals. Consequently, the prism faces mainly contribute to the backscattering and sidescat
tering in the case of randomly oriented ice crystals. In this experiment, ice crystals 
prefer to oscillate, and each ice crystal had a different fall orientation (FRASER, 1979). 
Therefore, hexagonal solid columns, of which prism faces have a larger area than that 
of hexagonal solid plates with the same maximum dimension, contribute more to 
backscattering and sidescattering than do hexagonal solid plates. 

Figure 3b also shows results calculated by computer simulation (WENDLING et al., 
1979), which used a wavelength of 0.55 µm as incident light, and calculated for hexag
onal solid columns with maximum dimension of 480 µm and for hexagonal solid plates 
with maximum dimension of 500 µm. The results calculated by computer simulations 
were normalized to unity at a scattering angle of I 0°. A comparison between this 
experiment and the computer simulation shows that there was general agreement, 
although it is not possible to carry out a precise comparison because our data lacked 
values within I 0° of forward and backscattering direction ( 8 > 150°) due to the limi
tations of the optical system. 

On the other hand, we also observed scattering patterns for ice crystals with more 
complicated shapes. Figure 4b shows an example of a scattering pattern for columnar 
crystals with pyramidal faces (solid line, at a temperature of - 7 .0°C and spatial con
centration of 94.2 ( cm 3)), as shown in Fig. 4a. The extinction coefficient in this exper
iment was cr= 0.75 m- 1 and was almost constant until the scattering pattern mea
surement was completed. To compare this result with the scattering pattern for a hexag
onal solid column, the scattering pattern for the hexagonal solid column (dotted line), 
which has shown in Fig. 3b, is also shown. In this case, the modal maximum size is 
20 µm. A peak at 8= l 8° , which corresponds to a l 8° halo, is observed in addition 
to the 22° peak. This peak is produced by rays transmitted through one pyramidal face 
and then the opposite pyramidal face (GOLDIE et al., 1976). 
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Fig. 4. Experimental results for an ice cloud composed <d' columnar ice crystals with pyramidal faces 

(solid line). The results for an ice cloud composed <d" hexagonal solid columns are also shown 

by the dotted line, which is the same as the one shown in FiJ;. 3b. ( a) A microphotograph <�/' the 

columnar crystals with pyramidal faces, which is a reversed image to clearly show the shape of' 

ice crystals. (b) The scattering patterns. 

Figure Sb shows an example of a scattering pattern for sector plates (solid line, 
at a temperature 14.4°C and spatial concentration of 110.2 (cm- ,)), as shown in Fig. 
5a. The extinction coefficient is a= 0.82 m I and is almost constant during one whole 
scan. The same pattern (dotted line) as that has already shown in Fig. 3b is shown 
again in this figure to compare this result with that for hexagonal solid plates. Although 
a 22° peak is not observed when the sector plates are dominant, the intensity of the 
forward scattering ( 8 <50°) is slightly stronger than the intensities for the hexagonal 
solid plates. The reason why the scattering pattern has no peak is that the sector branch
es prevent a 60° prism from being made, which causes a 22° halo. Moreover, a branch 
of the sector plates intensifies the forward scattering by producing two refractions 
through the branch. 

Two results on the irregular shaped crystals show that the existence of high
indexed faces of crystals, such as pyramidal faces and branch of a sector plate, affects 
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Fig. 5. Experimental results for an ice clouds composed <f sector plates (solid line). The results for an 

ice cloud composed <�l hexagonal solid plates is also shown by the dotted line. which is the same 

as the one shown in Fig. 3h. (a) A microphotograph <i sector plates. (b) The scattering patterns. 

the scattering patterns, especial ly i n  the forward direction. 

3. 2. Scatterini pattern in a vertical scattering plane 
The scattering patterns were also measured in a verti cal plane. Figure 6 shows 

the resu lts of a scattering pattern in a vertical scattering plane (solid line), which were 
obtained for a cloud composed of hexagonal sol id plates with a modal size of 20 µm. 

The dotted l ine also indicates the scattering pattern in a horizontal plane, which is the 
same as that shown in Fig. 3b. Although the extinction coefficient was not measured 
in a vertical scattering plane, the cloud condition in  one whole measurement in  a ver
tical scattering plane was in a steady state because the measurement was carried out 
in 2 min, which was the same as that in a horizontal scattering plane. In th is study, 
we show the difference of the scattering patterns between vertical and horizontal scat
tering planes. 
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Fig. 6. Scattering pattern measured in the vertical scattering plane. The solid line shows the results for 

hexagonal solid plates with a modal size qf 20 µm. The dotted line shows the scattering pattern 

for an ice cloud composed qf the hexagonal solid plates ( the same as that shown in Fig. 3) for 

a comparison qf horizontal and vertical scattering planes. 

The scattering pattern in the vertical scattering plane is completely different from 
that in the horizontal scattering plane in qualitatively. A sub peak is characteristical
ly observed at e= 50°, and also the effect of backscattering is not clear in the verti
cal plane. The scattering pattern observed in the vertical plane may be caused by the 
fall orientation of the ice crystals. As mentioned previously, ice crystals with a size 
of 20 µm or more prefer to oscillate within the tip angle of about 20° in the station
ary state air (FRASER, 1979). In our experiment, the tip angle should be larger than 
the angle calculated by FRASER because of convection in the glass cylinder. If the aver
age tip angle exceeds 25 ° by convection, external reflection may contribute to form 
the sub peak. Moreover, the prism faces do not contribute effectively to backscatter
ing in the vertical plane because they do not face the vertical direction . 

4. Conclusions 

Measurements of scattering patterns were successfully carried out as a function 
of the physical properties of ice crystals .  

We measured the scattering patterns for hexagonal solid columns, hexagonal solid 
plates, columns with pyramidal faces, and sector plates. It was demonstrated that scat
tering patterns for different shapes of ice crystals are significantly different. Especially, 
irregular shaped ice crystals produced completely different patterns from those for 
hexagonal solid crystals .  We also measured the scattering pattern in the vertical scat
tering plane for hexagonal solid plates. It was successfully demonstrated that there is 
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large anisotropy of the scattering patterns depending on the scattering planes. Further 
study is needed to clarify the 3-dimensional scattering pattern of an ice cloud. 

In this study, we showed that the experimental method is a good way to clarify 
the relationships between scattering properties and ice crystal shapes. However, there 
are other physical properties of ice clouds, such as size distribution, spatial concen
tration, falling orientation, and so on. We will study the dependencies of scattering 
patterns on these physical properties using our method in the future. The relationships 
between polarimetric properties and physical properties of ice crystals will also be 
studied. 
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