
Light Scattering by Single Natural Ice Crystals

VALERY SHCHERBAKOV

Institute of Physics, Minsk, Belarus, and OPGC, Laboratoire de Météorologie Physique, UMR/CNRS 6016,
Université Blaise Pascal, Clermont-Ferrand, France

JEAN-FRANÇOIS GAYET

Laboratoire de Météorologie Physique, UMR/CNRS 6016, Université Blaise Pascal, Clermont-Ferrand, France

BRAD BAKER AND PAUL LAWSON

SPEC Inc., Boulder, Colorado

(Manuscript received 15 March 2005, in final form 30 June 2005)

ABSTRACT

During the South Pole Ice Crystal Experiment, angular scattering intensities (ASIs) of single ice crystals
formed in natural conditions were measured for the first time with the polar nephelometer instrument. The
microphysical properties of the ice crystals were simultaneously obtained with a cloud particle imager. The
observations of the scattering properties of numerous ice crystals reveal high variability of the ASIs in terms
of magnitude and distribution over scattering angles. To interpret observed ASI features, lookup tables
were computed with a modified ray tracing code, which takes into account the optical geometry of the polar
nephelometer. The numerical simulations consider a wide range of input parameters for the description of
the ice crystal properties (particle orientation, aspect ratio, surface roughness, and internal inclusions). A
new model of surface roughness, which assumes the Weibull statistics, was proposed. The simulations
reproduce the overwhelming majority of the observed ASIs features and trace very well the quasi-specular
reflection from crystal facets. The discrepancies observed between the model and the experimental data
correspond to the rays, which pass through the ice crystal and are scattered toward the backward angles.
This feature may be attributed to the internal structure of the ice crystals that should be considered in
modeling refinements.

1. Introduction

Ice clouds, especially cirrus, play an important role in
the energy balance of the earth–atmosphere system
through their interactions with solar and terrestrial ra-
diation (Liou 1986, 1992; Stephens et al. 1990). Their
radiative properties are governed by the ice crystals’
optical characteristics. The accurate modeling of cirrus
single-scattering parameters is of importance in general
circulation models (Kristjánsson et al. 2000). The
knowledge of these parameters is the prior condition
for the interpretation of remote sensing measurements
of cirrus clouds (Labonnote et al. 2000). Theoretical

and numerical techniques, laboratory measurements,
and practical applications of light scattering by non-
spherical particles were reviewed in the book edited by
Mishchenko et al. (2000). Despite the substantial prog-
ress in this domain, the optical characteristics of ice
crystals measured in natural conditions are still needed,
first of all for validation of numerical techniques and
the determination of free parameters of models.

Jourdan et al. (2003) reported the statistical charac-
teristics of mixed-phase and cirrus cloud-phase func-
tions obtained from airborne measurements by the po-
lar nephelometer (Gayet et al. 1998). The results con-
cern datasets recorded for ensembles of cloud particles,
and can be used for validation of techniques that model
the phase function of randomly orientated ice crystals.
At the same time, because ice particle shape and other
characteristics vary greatly, it is difficult to directly
compare scattering observations with theoretical simu-
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lations. Therefore, the assessment of scattering proper-
ties related to single ice crystals is of particular interest.
Light scattering by single levitated ice crystals was mea-
sured by Pluchino (1986), and by Bacon and Swanson
(2000). Scattering of light from atmospheric ice ana-
logues was reported by Ulanowski et al. (2003). Lawson
et al. (1998) and Barkey et al. (2002) presented phase
function measurements related to ice crystals generated
in a cloud chamber. However, to our knowledge, scat-
tering properties of single natural ice crystals have not
yet been measured.

The aims of this paper are (i) to present typical ex-
amples of single ice crystal angular scattering intensities
(ASIs) measured for the first time in natural conditions,
and (ii) to show the outcomes that were typical for the
modeling of the measured ASIs. The instruments and
the experimental conditions are described first. The ray
tracing technique used to compute the lookup table is
presented in section 3. Section 4 is devoted to the fitting
of the measured ASIs on the base of the lookup table.

2. Instrumentation, data processing, and
experimental conditions

The South Pole Ice Crystal Experiment (SPICE) was
carried out at the Amundsen–Scott South Pole Station
(SPS; 2835-m elevation) from 23 January to 5 February
2002. The polar nephelometer (PN) and a Stratton Park
Engineering Company Inc. (SPEC) cloud particle im-
ager (CPI; Lawson 1997) were installed on the roof of
a small building at the SPS in order to simultaneously
measure scattering and microphysical properties of ice
crystals (see Fig. 1). The PN and the CPI were con-
nected together using a custom-designed plumbing sys-
tem with inlet funnels to maximize the probability that
particles would pass through the sample volumes of
both the CPI and PN. A constant flow exhaust fan was
connected to the exit region of the PN.

Before the plumbing system was fabricated out of
aluminum, the plumbing system and the sample tubes
of the CPI and PN were constructed using Plexiglas so
that flow within the system could be visualized. A fog
generator was used to make a cloud that could be
viewed using a laser illumination system. The flow vi-
sualization tests showed that the sample air was laminar
and passed through both the CPI and PN sensitive vol-
umes. The aluminum plumbing was fabricated and the
flow rate through the system was measured using min-
iature pitot tubes. The velocity profiles were measured
in the sample volumes of the CPI and PN. It was shown
that the velocity profiles in each instrument are rela-
tively flat and the measurements were repeatable. The
uncertainty in the size-dependent acceptance of the in-
let was not quantified.

The same volume of air populated with ice crystals
was passing through both instruments with a linear air-
speed of about 34 and 11 m s�1 at the CPI and PN
sampling volumes, respectively. Because the two instru-
ments have different sampling areas (0.5 and 0.039 cm2

for the PN and CPI instruments, respectively) that are
spaced at 70 cm, the respective measurements cannot
address the same ice crystals (the probability of the
coincident particle-by-particle events is low). Neverthe-
less, the extinction coefficients calculated from the data
of both the polar nephelometer and the cloud particle
imager and smoothed with a 9-s moving window were
compared. The results (not shown here) highlight a
very good linear correlation (0.90) between the two
independent measurements. This means that the two
instruments sampled statistically the same populations
of ice particles.

a. Polar nephelometer

The optical scheme of the polar nephelometer
(Gayet et al. 1997) is shown in Fig. 2. The ice crystals
are pushed through the volume scattering chamber and
intersect a collimated laser beam (operating at the
wavelength of 0.8 �m) near the focal point of a parabo-
loidal mirror. The cross section of the laser beam has a
circular shape and the intensity profile is approximately
rectangular. The scattered intensities are measured at
scattering angles from about 5° to 169° by two rows of
photodiodes located in the upper and lower parts of a
circular array (see Fig. 2). Therefore, the PN provides
the angular scattering intensities as a two-dimensional
scattering pattern defined by the scattering angle � and
by the azimuthal angle �. The last one takes only two
values that differ by 180°. Accordingly, the notations
upward and downward angles will be used to indicate
the dependence on the azimuthal angle of ASIs.

FIG. 1. CPI (right) and PN (left) installed in tandem at the
Amundsen–Scott South Pole station during the SPICE experi-
ment.
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