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Figure 1.  Phase functions of fractal ice particles
(solid line) and ISCCP water droplets (dotted line) at
0.63 µm.
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Previous analyses of the First International Satellite Cloud
Climatology Project (ISCCP) Regional Experiment (FIRE)
measurements have been interpreted as indicative of asym-
metry parameters of the cirrus cloud particle phase
function on the order of 0.75 or smaller (Wielicki et al.
1990; Kinne et al. 1994).  Ray tracing computations for
single or aggregated hexagonal ice crystals cannot produce
such small asymmetry parameters (Takano and Liou 1989;
Macke 1994).  Furthermore, there is accumulating
evidence that the idealized phase function associated with
regular hexagonal particles and exhibiting pronounced
halos is not representative of the reflectance characteristics
of the majority of cirrus clouds (Minnis et al. 1993; Sassen
et al. 1994; Wielicki et al. 1990; Francis 1995).  On the
other hand, ray tracing computations of the phase function
for irregular fractal ice particles (Macke 1994) show no
halo features and can have asymmetry parameters
approaching 0.75.  Therefore, in this paper we use the
fractal ice particle model to study the differences in
bidirectional reflectance caused by the differences in the
single scattering phase functions of spherical water
droplets and nonspherical ice crystals.

The solid line in Figure 1 shows the phase function for ran-
domly oriented, irregular, fractal particles with shape
depicted in the insert.  The size-parameter-independent
scattering component of the phase function was computed
using the ray-tracing method (Macke 1994), while the size-
parameter-dependent diffraction component was averaged
over a size distribution with an effective radius  = 30

.  Remarkably, this phase function not only shows no
pronounced halo features, but also has an asymmetry
parameter as small as 0.752.  For comparison, the dotted
line shows the phase function for the water cloud particle
model (gamma distribution of spherical droplets with an
effective radius  = 10 ) used in the ISCCP (Rossow
et al. 1991).

We have used the two phase functions in accurate multiple
scattering calculations for plane-parallel water and ice
clouds with varying optical thickness.  Bidirectional cloud
reflectivity was computed using the standard adding/
doubling  method  (Hansen   and   Travis   1974)   without

introducing any further approximations like the truncation
of the forward-scattering peak of the phase function.  The
number of Gaussian quadrature points in zenith angle
discretization and the number of terms in the Fourier
decomposition of the reflection function were increased
until the relative accuracy of computing the reflection
function was better than .

Figure 2 shows the ratio  of the reflectivity computed
for the ice cloud with optical thicknesses  = 0.3, 0.1, 3,
and 300 relative to that of the liquid water cloud with
optical thickness  = 1.  Cosines of the sun, , and
satellite, , zenith angles vary from 0.2 to 1, and relative
satellite-sun azimuth angles are  = 0, 90, and .
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Figure 2.  Ratio ( ) of the reflectivity computed for the ice cloud with optical thicknesses  = 0.3, 0.1, 3,i i

and 300 relative to that of the liquid water cloud with optical thickness  = 1.  Solid lines show contoursw

at the level  = 1.
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Computations for  = 1 show that Kinne, S., R. Bergstrom, T. P. Ackerman, A. J.
nonspherical/spherical differences in reflectance exactly
follow those in the single-scattering phase functions
(Figure 1).  Specifically, the ice cloud reflectivity is
larger at side-scattering angles and smaller at near-
forward- and back-scattering angles.  Furthermore, the
large single-scattering differences cause values of 
larger than two for    and values of  smaller than
0.5 for   .  Remarkably, at  = 0 and  and 
smaller than about 0.5, the reflectivity of the water cloud
with  = 1 cannot be reproduced by the ice cloud with
optical thickness as large as 300.  Our computations
show that the region of  < 1 at  = 0 and small  and

 survives even if the ice cloud is semi-infinite.  This
means that at near-forward-scattering geometries water
clouds with optical thickness of order one can produce
reflectivities that cannot be matched by ice clouds with
an arbitrarily large optical thickness.

Figure 2 can be used to examine the errors in the
retrieved cloud optical thickness introduced by the use of
the wrong cloud particle model.  Specifically, the
contours at the level  = 1 indicate the retrieved optical
thickness as a function of , , and  if the ice cloud
model is used to analyze reflectance measurements for a
liquid water cloud with optical thickness  = 1.
Figure 2 shows that the retrieved optical thickness is
strongly scattering-geometry-dependent and can
substantially differ from the actual value 1 (Mishchenko
et al. 1995).  Following the differences in the single-
scattering phase functions (Figure 1), the ice cloud
model overestimates the retrieved optical thickness at
near-forward- and back-scattering geometries and
underestimates it at side-scattering geometries.  The
errors in the retrieved optical thickness are especially
large at near-forward-scattering geometries (i.e., at  =
0 and small  and ).  Furthermore, at  and 
smaller than 0.5, the retrieval scheme using the ice
particle model produces no solution at all.
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