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[1] We investigate the spectral signature of ice clouds in the far-infrared (far-IR) spectral
region from 100 to 667 cm�1 (15–100 mm). Individual particle scattering properties
(extinction efficiency, absorption efficiency, and the asymmetry factor of the scattering
phase function) are calculated for small particles using circular cylinders and for large
crystals using hexagonal columns. The scattering properties are computed for particle
sizes over a size range from 1 to 10,000 mm in maximum dimension from a combination of
the T-matrix method, the Lorenz-Mie theory, and an improved geometric optics method.
Bulk scattering properties are derived subsequently for 30 particle size distributions,
with effective particle sizes ranging from 15 to 150 mm, obtained from various field
campaigns for midlatitude and tropical cirrus clouds. Furthermore, a parameterization of
the bulk scattering properties is developed. The radiative properties of ice clouds and
the clear-sky optical thickness computed from the line-by-line method are input to a
radiative transfer model to simulate the upwelling spectral radiance in the far-IR spectral
region at the research aircraft height (20 km). On the basis of the simulations, we
investigate the sensitivity of far-IR spectra to ice cloud optical thickness and effective
particle size. The brightness temperature difference (BTD) between 250 and 559.5 cm�1 is
shown to be sensitive to optical thickness for optically thin clouds (visible optical
thickness t < 2). At the other extreme, for optically thick ice clouds (t > 8), the BTD
between 250 and 410.2 cm�1 is shown to be sensitive to the effective particle size up to a
limit of 100 mm. INDEX TERMS: 3359 Meteorology and Atmospheric Dynamics: Radiative processes;
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1. Introduction

[2] The radiative balance of the atmosphere is strongly
influenced by the presence of cirrus clouds. Emission of
infrared radiation by both water vapor and ice crystals is
particularly important at long wavelengths (l > 15 mm).
However, the role that cirrus clouds play in the atmosphere,
especially their radiative forcing on the global scale, is far
from being well understood [Liou, 1986; Stephens et al.,
1990; Lynch et al., 2002].
[3] In recent years, significant attention has been focused

on the use of high-spectral resolution interferometer mea-

surements for the inference of cloud properties. These
techniques primarily focus on wavelengths between 8 and
12 mm [Ackerman et al., 1990; Smith et al., 1993, 1998;
DeSlover et al., 1999; Bantges et al., 1999; Rathke et al.,
2002; Chung et al., 2000; Kahn et al., 2002]. These studies
indicate that data from the 8–12 mm thermal window are
quite sensitive to the presence of small ice crystals when the
optical thickness of the cloud is relatively small. The
inference of ice cloud microphysical and optical properties
is problematic for the cases with large optical thickness or
large particle sizes in this spectral region.
[4] Recent efforts explore the applicability and feasibility

of far-infrared (far-IR) to microwave measurements in
retrieving atmospheric parameters [Vanek et al., 2001;
Mlynczak et al., 2002]. Evans et al. [1998, 1999] developed
a model and provided simulations for the retrieval of cirrus
cloud properties using very high-resolution submillimeter
(10–150 cm�1) spectral information. Mannozzi et al. [1999]
and Di Giuseppe and Rizzi [1999] carried out a parameter-
ization of cirrus clouds in the far-IR spectrum (10–
200 cm�1) based on Mie theory calculations, and found
that scattering effects tend to increase the optical depth,
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thereby reducing the upwelling longwave radiation. Our
intent is to demonstrate two potential advantages that may
be gained from the use of high-spectral resolution data in
the far-IR spectral region. Because of the strong absorption
by lower tropospheric water vapor in this spectral region,
the radiation from the surface and lower atmosphere is
essentially blocked [Kratz, 2001]. As such, the upwelling
radiance from the atmosphere is fairly uniform.
[5] We investigate the sensitivity of far-IR spectra to

the ice cloud optical thickness and effective particle
size. The brightness temperature difference (BTD) between
250 and 559.5 cm�1 (hereafter referred to as BTD (250–
559.5 cm�1)) will be used to study the sensitivity of the far-IR
brightness temperature to the optical thickness for optically
thin cirrus clouds (i.e., for visible optical thickness t < 2).
At the other extreme, i.e., for optically thick ice clouds where
t > 8, the BTD (250–410.2 cm�1) is used to investigate the
sensitivity of far-IR brightness temperature to the effective
particle size up to 100 mm.
[6] This paper proceeds as follows. In section 2 the single-

scattering properties (extinction efficiency, absorption effi-
ciency, and the asymmetry factor of the phase function) of ice
crystals are computed by using a combination of the T-matrix
method, the Lorenz-Mie theory, and the geometric optics
method (GOM) for spectral region 100–667 cm�1 (or 15–
100 mm). For simplicity in light scattering computations, ice
crystals are assumed to be hexagonal for large particle sizes
and circular cylinders for small particle sizes. Additionally,
30 size distributions obtained from various field campaigns
for midlatitude and tropical cirrus clouds are used to calculate
the bulk radiative properties. In section 3 the bulk mean
single-scattering properties of ice clouds are parameterized in
terms of polynomial functions with respect to the effective
particle size. In section 4 the sensitivity of the far-IR
brightness temperature to the microphysical properties of
ice clouds is investigated. The radiative properties of ice
clouds and the clear-sky optical thickness computed from the
line-by-line (LBL) method are input to a discrete ordinates
method radiative transfer (DISORT) code [Stamnes et al.,
1988] to simulate the upwelling spectral radiance at a typical
height (20 km) at which a research aircraft might collect data
in the far-IR spectrum. The brightness temperature and their
variations with respect to the microphysical properties of ice
clouds at several ‘‘dirty windows’’ in the far-IR region are

analyzed in detail. Finally, the conclusions of this study are
given in section 5.

2. Single-Scattering Properties
of Ice Crystals

[7] Ice clouds are almost exclusively composed of non-
spherical ice crystals. Various ice crystal habits, or shapes,
have been observed in cirrus clouds, including hexagonal
columns and plates, bullet rosettes, and complex polycrys-
tals and aggregates [e.g., Heymsfield et al., 2002]. Although
the scattering properties of ice crystals vary with crystal
habit [Evans and Stephens, 1995], in the present study the
shape of ice crystals is assumed to be a combination of
hexagonal columns for large particle sizes and circular
cylinders for small particle sizes. The effect of the sharp
edges of the side faces of pristine ice crystals may not be
important at far-IR wavelengths when particle sizes are
small because of the moderate size parameters and also
the strong absorption of ice in this spectral region [Lee et
al., 2003]. Thus the use of circular cylinders as surrogates of
hexagonal columns for small pristine ice crystals does not
produce substantial errors.
[8] The single-scattering properties of a particle depend

on particle size, refractive index, and shape. Figure 1 shows
the variation of refractive index of ice [Warren, 1984] in the
far-IR region. On the basis of the relatively high values of
the imaginary part of the refractive index, it is evident that
ice crystals are strongly absorptive in the spectral region of
100–700 cm�1. Additionally, the real part of the refractive
index has a pronounced minimum at wave numbers in the
vicinity of 250 cm�1. This minimum can lead to a relatively
low extinction efficiency because of a mechanism similar to
the Christiansen effect [Arnott et al., 1995; Yang et al.,
1997]. The minimum in the imaginary part of the refractive
index is located around 410 cm�1; the strongest scattering
effect will be in this wave number region.
[9] The present calculations of single-scattering proper-

ties are performed for 168 wave numbers selected between
100 and 667 cm�1. Because of the relatively weak variation
of refractive index versus wave number, the scattering
properties at other wave numbers that are not located at
the aforementioned 168 wave numbers can be obtained by
interpolation. To fully define the three-dimensional geom-

Figure 1. The variation of refractive index in far-IR region (data from Warren [1984]).
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etry of an ice crystal with a given size, the aspect ratio for
ice crystals is defined by Yang et al. [2001] as 2a/L, where L
is the length of an ice crystal and a is the semiwidth of the
cross section defined as:

a ¼

L=2; L � 40mm

L=2 exp �0:017835 L� 40ð Þ½ �; 40 < L < 50mm:

2:958L1=2; L > 50mm

8>>>><
>>>>:

ð1Þ

[10] Although a number of methods have been developed
[see the recent review by Mishchenko et al., 2000] for
calculating the single-scattering properties of nonspherical
particles, none is applicable to an arbitrary shape for a wide
range of particle size parameters. The size parameter is
defined as x = pDe/l, where De is particle effective diameter
and l is wavelength. The finite difference time domain
(FDTD) [Taflove, 1995; Yang and Liou, 1995, 1996a; Sun

et al., 1999] and discrete dipole approximation (DDA)
[Purcell and Pennypacker, 1973; Draine and Flatau,
1994] are two methods that are applicable to an arbitrary
particle geometry. However, it is computationally impractical
to calculate the single-scattering properties of a nonspherical
particle with a size parameter larger than 20 by using the
FDTD or DDA method. The T-matrix method [Mishchenko
and Travis, 1998] can be applied to size parameters up to 200
for axisymmetrical particles. Approximate methods, such as
the GOM [Yang and Liou, 1996b] are suitable when the
particle size is much larger than the wavelength. Tradition-
ally, an ‘‘equivalent’’ spherical approximation is used to
compute the scattering properties of nonspherical particles,
particularly at infrared wavelengths. Fu et al. [1998, 1999]
and Yang et al. [2001] found that the Lorenz-Mie theory
applied to equivalent spheres overestimates the scattering and
absorption efficiencies in the resonance size parameter region
for hexagonal columns, whereas the GOM method under-
estimates the efficiencies. The two methods converge for

Figure 2. The extinction efficiency, absorption efficiency, and asymmetry factor of ice crystals at four
wave numbers, n = 667, 500, 200, and 100 cm�1 computed from T-matrix, GOM, and Mie methods. The
composite results (solid) described in the text are also plotted.
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large particles. While we use a nonspherical model for
ice crystals in light scattering computations, we note that
the approach suggested by Grenfell and Warren [1999]
presents an effective alternative, particularly for radiative
flux calculations.
[11] We derive the single-scattering properties of ice

crystals covering a range of sizes from 1 to 10,000 mm
using the composite method suggested by Fu et al. [1998,
1999]. For small particles less than 120–300 mm in size, the
T-matrix method is employed. For larger particles, a
weighted summation of GOM and Lorenz-Mie solutions
is employed to form a composite result for hexagonal ice
crystals. For the weighted summation (composite result) of
GOM and the Lorenz-Mie solutions, the weighting coef-
ficients are determined in such a manner that there is no
discontinuity in the transition between the T-matrix solution
and the composite result. We adopt the convention by Foot
[1988], Francis et al. [1994], Mitchell and Arnott [1994],
Fu et al. [1998], and Grenfell and Warren [1999], to define
the radius of an equivalent sphere as Re = 0.75V/A, in which
V and A are the volume and projected area of nonspherical
particles, respectively.
[12] Figure 2 shows the extinction efficiency, absorption

efficiency, and asymmetry factor for randomly oriented ice
crystals for particle sizes ranging from 1 to 10,000 mm at
wave numbers of 667, 500, 200, and 100 cm�1. The
composite results are provided as solid lines in the diagram.
The equivalent spherical results tend to overestimate the
extinction and absorption efficiencies in comparison with
the nonspherical results computed by the T-matrix method,
whereas GOM tends to underestimate them because of
tunneling effects [e.g., Baran et al., 2001] that are not
considered here. The composite solution for the single-
scattering properties of ice crystals, except for the asymme-
try factor at a wave number of 100 cm�1, varies smoothly
over the range of particle sizes. The Lorenz-Mie, GOM, and
the composite results converge for the case of large ice
particle sizes. With the composite method, the derived
single-scattering properties of ice crystals cover a wide
particle size spectrum from 1 to 10,000 mm.
[13] The complex refractive indices at 667, 500, 200, and

100 cm�1 have the values (1.57094, 0.17489), (1.50141,
0.06688), (1.62973, 0.54398), and (1.83240, 0.13889),
respectively. Because of the differences in the imaginary part

of the refractive index, the maximum in absorption efficiency
at 200 cm�1 is higher than for the other three wave numbers.
The absorption at 500 cm�1 is quite weak. As a result, the
extinction efficiency at 500 cm�1 shows three resonant
maxima because scattering effects dominate at this wave
number.
[14] Figure 3 shows the variation of single-scattering

properties as a function of wave number for four particle
sizes.When themaximumdimension of an ice crystal is small
(say, 5 mm), the extinction efficiency, absorption efficiency,
and asymmetry factor are small. This occurs because the size
parameter is small and the single-scattering properties are
similar to those in the Rayleigh scattering regime. From
Figures 1 and 3, it is evident that the variation of absorption
efficiency with wave number for small particles depends
strongly on the imaginary part of the refractive index.
[15] Figure 4 shows the contours of the extinction effi-

ciency, absorption efficiency, and asymmetry factor of ice
particles as functions of wave number and particle size. A
sharp variation is evident in the transition of the values of
the single-scattering properties for small particles to those
for large particles. For the extinction contours, three reso-
nant maxima are noted in the spectral region between 300
and 700 cm�1, whereas only one is observed in the wave
number region between 100 and 200 cm�1. For the spectral
region centered at 250 cm�1, the extinction resonant max-
imum is absent and the extinction efficiency reaches its
asymptotic value when the particle size is larger than
approximately 100 mm. For the absorption efficiency, the
transition between small and large values tends to corre-
spond inversely to the imaginary part of the refractive index,
as is evident from a comparison of Figure 1 and the second
panel of Figure 4. As shown in the third panel of Figure 4,
the asymmetry factor increases with particle size for a given
wave number. The asymptotic value of the asymmetry
factor is reached when the particle size is larger than
100 mm at a wave number of 100 cm�1. At 700 cm�1,
the asymmetry factor reaches its asymptotic value at 30 mm.

3. Bulk Optical Properties of Cirrus
Clouds and Parameterization

[16] The size distribution of ice crystals is important in
the computation of the bulk, or mean, single-scattering

Figure 3. The variation of single-scattering properties of ice crystals as a function of wave number at
four discrete ice crystal sizes (L = 5, 100, 1000, and 10,000 mm).
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