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[1] The inference of ice cloud properties from spaceborne sensors is sensitive to the
retrieval algorithms and satellite sensors used. To approach a better understanding of ice
cloud properties, it is necessary to combine satellite measurements from multiple
platforms and sensors operating in visible, infrared, and millimeter and submillimeter-
wave regions of the electromagnetic spectrum. The single-scattering properties of ice
particles with consistent ice particle models are the basis for estimating the optical and
microphysical properties of ice clouds from multiple satellite sensors. In this study, the
single-scattering properties (extinction efficiency, absorption efficiency, single-scattering
albedo, asymmetry factor, and scattering phase matrix) of nonspherical ice particles,
assumed to be hexagonal solid and hollow columns, hexagonal plates, 3D bullet rosettes,
aggregates, and droxtals, are computed from the discrete dipole approximation method for
21 millimeter and submillimeter-wave frequencies ranging from 100 to 1000 GHz. A
database of the single-scattering properties of nonspherical ice particles are developed for
38 particle sizes ranging from 2 to 2000 mm in terms of particle maximum dimension. The
bulk scattering properties of ice clouds consisting of various ice particles, which are
the fundamental to the radiative transfer in ice clouds, are developed on the basis of a set
of 1119 particle size distributions obtained from various field campaigns.
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1. Introduction

[2] The inference of ice cloud properties on a global scale
is achieved operationally through analysis of passive satel-
lite imager data, such as from the Moderate Resolution
Imaging Spectroradiometer [MODIS, Platnick et al., 2003;
King et al., 2003, 2006; Menzel et al., 2008]. Recent studies
indicate that an important complement to the imager data is
available from hyperspectral infrared (IR) data provided by
infrared sounders such as the Atmospheric Infrared Sounder
[AIRS, Huang et al., 2004; Li et al., 2005; Kahn et al.,

2007]. Moreover, measurements at microwave frequencies
(millimeter and submillimeter-waves) have been suggested
to complement the retrievals of the microphysical and
optical properties of ice cloud from visible and infrared
measurements [e.g., Wang et al., 2001; Miao et al., 2003;
Evans et al., 2005; Wu et al., 2006; Buehler et al., 2007;
Weinman and Kim, 2007; Hong et al., 2008a, 2008b].
[3] It is unlikely possible to gain any new insight into the

relationship between the retrievals from these different
sensors if the single-scattering properties of the ice particle
models used in the retrieval process were derived inconsis-
tently. New ice cloud bulk scattering models have been
derived for imagers, such as MODIS [Baum et al., 2005a,
2005b]. These models are now used for MODIS Collection
5 products [King et al., 2004, 2006]. Models were devel-
oped using similar methodology for hyperspectral sounder,
such as AIRS [Baum et al., 2007] based on the single-
scattering property database reported in Yang et al. [2005].
These models are based on a mixture of nonspherical ice
particles including hexagonal solid and hollow columns,
hexagonal plates, 3D bullet rosettes, aggregates, and drox-
tals [Yang et al., 2000, 2005]. What is still needed is a full
set of single-scattering properties at appropriate millimeter
and submillimeter wavelengths for this same set of ice
particles. The purpose of this study is to provide informa-
tion regarding the development of such a database of single-
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scattering properties for the same ice particles as those
reported in earlier studies.
[4] Evans and Stephens [1995] computed microwave

single-scattering properties of solid and hollow columns,
hexagonal plates, and planar bullet rosettes at the frequen-
cies of 85–340 GHz. This study was extended to the
frequencies up to 880 GHz by Evans et al. [1998]. Czekala
and Simmer [1998] and Czekala et al. [1999] investigated
the sensitivity of microwave radiative transfer to nonspher-
ical precipitating hydrometeors at the range of 19–85 GHz.
Tang and Aydin [1995] and Aydin and Walsh [1999]
investigated the microwave scattering from spatial and
planar bullet rosettes at 35, 94, and 220 GHz frequencies.
Liu [2004] and Kim [2006] parameterized microwave single-
scattering properties of precipitation-sized ice and snow
particles at the frequencies of 89–340 GHz as a function
of particle size. Hong [2007a] parameterized the bulk
scattering properties as a function of ice cloud effective
particle size at frequencies ranging between 89–340 GHz,
assuming habit mixtures of hexagonal solid and hollow
columns, hexagonal plates, 3D bullet rosettes, aggregates,
and droxtals. Hong [2007b] investigated the development
and use of similar models at 94 GHz for CloudSat. Recently,
Liu [2008] developed a database containing the scattering
properties for 11 ice particle habits at frequencies from 15 to
340 GHz. Among these databases and parameterizations for
microwave scattering, Tang and Aydin [1995] and Aydin
and Walsh [1999] focused on radar backscattering proper-
ties. Kim [2006], Liu [2004, 2008], Czekala and Simmer
[1998], and Czekala et al. [1999] mainly focused on
precipitation hydrometeors, while Evans and Stephens
[1995], Evans et al. [1998] and Hong [2007a, 2007b]
mainly focused on ice clouds.
[5] It is now necessary to extend the existing set of ice

single-scattering properties to higher frequencies. Measure-
ments at frequencies up to 640 GHz have been obtained
from both satellite and aircraft sensors [e.g., Wang et al.,
2001; Evans et al., 2005; Weng et al., 2003; Wu et al., 2006;
Eriksson et al., 2007]. Future satellite sensors have been
suggested, which may include higher frequencies up to
900 GHz [e.g., Evans et al., 2005; Kunzi, 2001; Buehler
et al., 2007].
[6] The intent of our effort is to build a complete

scattering database of ice clouds for these millimeter and
submillimeter waves, which are carried by current satellite
and airborne sensors and by planned near future satellite
sensors. This study extends the work of Hong [2007a] to
21 millimeter and submillimeter wave frequencies up to
1000 GHz covered by most current and planned satellite
sensors or airborne sensors. The scattering database is for
nonspherical ice particles that are consistent with those that
have been used for the MODIS ice cloud retrievals. In
addition to the single-scattering properties, such as the
extinction and absorption efficiency, asymmetry parameter,
and single-scattering albedo, we present results for the
complete phase matrix and discuss the differences found
between various nonspherical particles.
[7] The discrete-dipole approximation (DDA) method

[Draine and Flatau, 1994] used for the present single-
scattering properties, six nonspherical ice particle models,
and particle size distributions of ice clouds from field
measurements, are described in section 2. In section 3 the

single-scattering properties of six nonspherical ice particles
are computed using the DDA method first, and the bulk
scattering properties of ice clouds composed of ice non-
spherical particles are then derived by averaging the single-
scattering properties of individual particles over measured
particle size distributions of ice clouds. The conclusions of
this study are given in section 4.

2. Models and Data

[8] Since the DDA method [Draine and Flatau, 1994;
Yurkin and Hoekstra, 2007] has the greatest advantage of
flexibly regarding ice particles with arbitrary geometries, it
has been extensively used to compute the scattering prop-
erties of ice particles with complex habits [e.g., Evans and
Stephens, 1995; Lemke and Quante, 1999; Okamoto, 2002;
Liu, 2004, 2008; Kim, 2006; Sato and Okamoto, 2006;
Hong, 2007a, 2007b]. In the DDA method, a scattering
object is represented by a number of dipoles on a lattice
with a given spacing between the individual dipoles. The
space between the dipoles needs to be small in comparison
with any structural lengths of the scattering object and the
incident wavelength. The scattering properties of a scatterer
(i.e., extinction efficiency, single-scattering albedo, and 4 �
4 scattering phase matrix) can be derived from the interac-
tion between an array of dipoles and an incident monochro-
matic plane wave [Purcell and Pennypacker, 1973; Draine
and Flatau, 2004]. In the DDSCAT, the definition of the
Stokes vector (I, Q, U, V) (the sign of the power of e in the
time dependent term is negative) follows that by Bohren
and Huffman [1983]. The default result for Qext computed
by the DDSCAT is the normalized extinction cross section
by the projected area of a volume-equivalent sphere for the
scatterer. In the present study, the Qext is the ratio of the
extinction cross section to the projected area of the scatterer
under random orientation conditions.
[9] Six nonspherical ice habits (hexagonal solid and

hollow columns, hexagonal plates, 3D six-branch solid
bullet rosettes, aggregates, and droxtals) are considered in
this study. These same habits have been used for global
retrievals of the optical and microphysical properties of ice
clouds [e.g., Platnick et al., 2003; King et al., 2004, 2006;
Yang et al., 2005; Baum et al., 2005a]. The geometry of
each habit is discussed in detail by Yang et al. [2005] and
Hong [2007a]. The detailed definitions of the six habits can
be found in the Table 1 of Hong [2007a]. The ice refractive
indices are taken from Warren [1984] at a temperature of
�30�C (Figure 1). A set of 38 particle size bins, ranging
from 2 to 2000 mm in maximum dimension D, are used for
computing each particle’s single-scattering properties.
[10] A conservative criterion with |m|kd < 0.5 (m is the

complex refractive index of an ice particle and k = 2p/l is
the wavenumber) is used for ensuring adequate DDA
computations in this study [Draine and Flatau, 1994,
2004]. To ensure |m|kd < 0.5, the dipole numbers of ice
particles vary with the particle size and frequency. The ice
particles with the six nonspherical habits are assumed to be
randomly oriented. The three orientation angles (b, q, and
f) for averaging scattering quantity for the randomly
oriented ice particles are in the ranges of 0�–360�, 0�–
180�, and 0� –360�, respectively. Totally, 5600 orientations
are considered for hexagonal columns, hollows, plates, and
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bullet rosettes, and 2160 orientations are used for droxtals.
The total number of orientations are larger than the 1089
that were used by Penttilä et al. [2007] for their compar-
isons between discrete dipole implementations and exact
techniques, which found that the DDSCAT produces accu-
rate results. Aggregates use 750 orientations in order to save
computation times. The total orientations for aggregates are
adequate for the DDSCAT computations since the assump-
tion of the habit of aggregates is arbitrary.
[11] The accuracy of the DDSCAT computations for

scattering properties of ice particles at microwave frequen-
cies has been investigated [Evans and Stephens, 1995; Liu,
2004, 2008; Hong, 2007a]. Evans and Stephens [1995]
found that |m|kd < 1 can used be for reasonable accuracy
(3%–12% RMS differences between the DDSCAT compu-
tations and exact techniques) and smaller |m|kd is required
for backscattering [Hovenier et al., 1986; Mishchenko and
Hovenier, 1995]. A more conservative criterion with |m|kd <
0.5 has been found to ensure the errors for microwave
scattering properties of spheres on the basis of the DDSCAT
are within 1% [Liu, 2004; Hong, 2007a]. Penttilä et al.
[2007] investigated the accuracy of DDSCAT computations
by comparing the results from Lorenz-Mie code for spheres
and T-matrix for spheroids and cylinders. Two materials
with refractive indices 1.6 + 0.001i (silicate) and 1.313 + 0i
(ice) were used for their investigations. It was found that the
relative accuracy for intensity is 2–6% and the absolute
accuracy for linear polarization ratio is 1–3%.
[12] The real part of the refractive index of ice at

microwave frequencies is higher than those used in Penttilä
et al. [2007]. Yurkin et al. [2007a] compared the DDA and
the FDTD method for simulating scattering properties of
spheres in a range of size parameters up to 80 and real parts
of refractive indices up to 2. The errors of the phase
functions and linear polarization ratios from the DDA with
respect to the Lorenz-Mie results are much smaller than
those from the FDTD method when scatterers have large
real parts of refractive indices that are close to those of ice
particles at microwave frequencies. We compare the extinc-
tion efficiency, single-scattering albedo, asymmetry factor,

phase function (P11), and linear polarization ratio (�P12/P11)
from the DDSCAT to those from the T-matrix for a spheroid
and a cylinder with an aspect ratio of 5 and a maximum
dimension of 1000 mm at 640 GHz. The extinction effi-
ciency, single-scattering albedo, and asymmetry factor from
the two techniques are essentially the same, i.e., with
relative differences less than 0.5%. Figure 2 shows the
differences of the phase functions and linear polarization
ratios. The relative differences of the phase functions
between the results from the DDSCAT and the T-matrix
are within 6%. The absolute differences of linear polariza-
tion ratios (�P12/P11 � 100) are within 7%. Both of the two
differences show that the DDSCAT provides reasonable
results for microwave scattering properties.
[13] The particle size distributions (PSDs) used in this

study are based on in situ measurements obtained from five
field campaigns (two tropical and three midlatitude loca-
tions). The two tropical campaigns were conducted in
Kwajalein, Marshall Islands in 1999 under the auspices of
the Tropical Rainfall Measuring Mission [Stith et al., 2002,
2004], and the Cirrus Regional Study of Tropical Anvils
and Cirrus Layers Florida Area Cirrus Experiment in 2002.
The three midlatitude campaigns include the First ISCCP
Regional Experiment (FIRE; ISCCP refers to the Interna-
tional Satellite Cloud Climatology Project) in Madison,

Figure 2. Comparisons of (a) phase functions and
(b) linear polarization ratios from the DDSCAT to those
from the T-matrix for a spheroid and a cylinder ice particles
with an aspect ratio of 5 at 640 GHz.

Figure 1. Refractive indices for millimeter and submilli-
meter waves ranging in 100–1000 GHz. The data are from
Warren [1984] at a temperature of �30�C.
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Table 1. Satellite and Airborne Millimeter and Submillimeter Wave Sensors and Their Band Center Frequencies Included in the Present

Databasea

Acronym
Sensor Name
and Platform

Center Frequency
(GHz) Reference

AMSU-B Advanced Microwave
Sounding Unit-B, NOAA

89, 150, 183 Saunders et al. [1995]

HSB Humidity Sounder for Brazil, Aqua 89, 150, 183 Aumann et al. [2003]
SSM/T2 Special Sensor Microwave

Temperature-2, Defense
Meteorological Satellite Program

89, 150, 183 Falcone et al. [1992]

SSMIS Special Sensor Microwave
Imager/Sounder, Defense
Meteorological Satellite Program

89, 150, 183 Bommarito [1993]

UARS
MLS

Microwave Limb Sounder,
Upper Atmosphere Research Satellite

183, 205 Wu et al. [2005]

EOS MLS Earth Observing System
Microwave Limb Sounder, Aura

118, 190,
240, 640

Wu et al. [2006]

Odin-SMR Sub-Millimeter Radiometer, Odin 118, 486–581 (500) Eriksson et al. [2007]
MHS Microwave Humidity Sounder,

Meteorological Operational
satellite programme-A

89, 157,
183, 190

Arriaga [2000]

SWCIR Submillimeter-Wave Cloud
Ice Radiometer, NASA DC-8

183, 325, 448, 643 Evans et al. [2002]

MIR Millimeter-wave Imaging
Radiometer, NASA ER-2

89, 150, 183,
220, 325, 340

Wang et al. [2001]

NAST-M NPOESS Aircraft Sounder
Testbed-Microwave, NASA ER-2

118, 183, 425 Blackwell et al. [2001]

HAMSR High Altitude Monolithic
Microwave Integrated
Circuit Scanning Radiometer,
NASA ER-2

166, 183 Skofronick-Jackson et al. [2008]

CoSSIR Compact Scanning
Submillimeter-wave Imaging
Radiometer, NASA ER-2

183, 220,
380, 487, 640

Evans et al. [2005]

PSR-S Polarimetric Scanning
Radiometer/Sounding,
NASA DC-8, ER-2,
P3-B, Proteus, WB-57F

89, 118, 183,
325, 340, 380,

425, 500

Piepmeier and Gasiewski [1996]

GPM-GMIb Global Precipitation
Measurement Microwave Imager,
Global Precipitation Measurement

89, 166, 183 Bidwell et al. [2005]

ATMSb Advanced Technology
Microwave Sounder, NPOESS

87–91 (89),
164–167 (166),

183

Muth et al. [2004]

CMISb Conical Microwave
Imager/Sounder, NPOESS

89, 166, 183 Chauhan et al. [2005]

MWRIb Microwave Radiation
Imager, FengYun-3

89, 150 Zhang et al. [2006]

MWHSb MicroWave Humidity
Sounder, FengYun-3

150, 183 Zhang et al. [2006]

MADRASb Microwave Analysis and
Detection of Rain and
Atmospheric Structures,
Megha-Tropiques

89, 157 Desbois et al. [2003]

SAPHIRb Sounder for Atmospheric
Profiling of Humidity in
the Intertropics by
Radiometry, Megha-Tropiques

183 Desbois et al. [2003]

CIWSIRb Cloud Ice Water
Submillimeter Imaging Radiometer

150, 183, 220,
243, 325, 462,
664, 683, 874c

Buehler et al. [2007]

aThe frequencies in the brackets are chosen for the corresponding frequency ranges.
bPlanned near future sensors.
cSome channels are no longer included in the latest instrument concept, but it is still of interest for simulations.

D06201 HONG ET AL.: SCATTERING DATABASE FOR ICE PARTICLES

4 of 15

D06201



Figure 3. Extinction efficiency Qext, single-scattering albedo w, and asymmetry factor g as a function of
maximum dimension D at 640 GHz for the six nonspherical ice habits.
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Figure 4. Scattering phase matrix elements as a function of scattering angles Q for the six nonspherical
ice habits at 640 GHz for D = 500 mm.
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Wisconsin in 1986 (called FIRE-I), another FIRE campaign
in Coffeyville, Kansas in 1991 (called FIRE-II), and the
Atmospheric Radiative Measurement Program Intensive
Operational Period (ARM-IOP) near Lamont, Oklahoma
in 2000. Detailed information about the microphysical

measurements is provided in Miloshevich and Heymsfield
[1997],Heymsfield et al. [2002, 2003, 2004], andHeymsfield
and Miloshevich [2003]. From a much larger set, a total of
1119 PSDs for ice clouds are chosen that are based on
screening procedures discussed in Baum et al. [2005a].

3. Database of Scattering Properties of Ice Clouds

[14] The single-scattering properties (the extinction effi-
ciency Qext, single-scattering albedo w, asymmetry factor g,
and the scattering phase matrix) of the six nonspherical ice
particles are computed by the DDA method at 21 frequen-
cies from 89 to 874 GHz for 38 discrete sizes ranging from
2 to 2000 mm. This set of chosen frequencies covers most
current and planned near future satellite and airborne
sensors are listed in Table 1. Figures 3 and 4 show examples
of the single-scattering properties included in the database.
[15] Figure 3 shows Qext, w, and g as functions of D for

the six nonspherical ice habits at microwave frequency
640 GHz. In general, the single-scattering properties differ
between the various habits except for hexagonal solid
and hollow columns, which have similar features. In the
particle size range considered in this study, pronounced
oscillations of Qext, w, and g tend to occur for droxtals at
high frequencies.
[16] The complete scattering matrix is required for a

vector atmospheric radiative transfer model to simulate the
full four Stokes parameters [e.g., Mishchenko et al., 2002,
2006; Baran, 2004; Hovenier et al., 2004; Kokhanovsky,
2006]. Even though there are several radiative transfer
models that can treat oriented ice particles (e.g., ARTS
[Emde et al., 2004]), most models assume random orienta-
tion [e.g., Platnick et al., 2003; King et al., 2004, 2006;
Yang et al., 2005; Baum et al., 2005a, 2005b]. Although this
assumption is not generally valid, it is for practical reasons a
good starting point for a scattering database. In a case for
ice particles are randomly oriented in ice clouds such that
every particle has a plane of symmetry, the scattering phase
matrix P(cosQ) then has only six independent matrix
nonzero elements [van de Hulst, 1957; Liou, 2002],

P cosQð Þ ¼

P11 P12 0 0

P12 P22 0 0

0 0 P33 P34

0 0 �P34 P44

2
664

3
775: ð1Þ

The six independent matrix nonzero elements (P11, P12, P22,
P33, P34, and P44) are computed at 181 scattering angle Q in
the range of 0� to 180� for each D and frequency.
[17] Figure 4 shows the six elements of the scattering

phase matrix as functions of scattering angle Q at a
frequency of 640 GHz for the six habits for a D of 500 mm,
which has similar features to the Qext, w, and g shown in
Figure 3. The six elements depend strongly on the habit,
with the exception of hexagonal solid and hollow columns
being quite similar when D is small. However, with in-
creasing D, the six elements show distinct differences for all
the six habits. The oscillations of scattering phase matrix
elements become stronger as D increases (figures are not
shown).

Figure 5. Mean extinction efficiency Qext, mean single-
scattering albedo w, and mean asymmetry factor g as a
function of effective particle size De at 640 GHz as
calculated from in situ particle size distributions for the six
nonspherical ice habits.
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[18] To obtain bulk scattering properties that may be more
representative of ice clouds, the single-scattering properties
for the individual particles are integrated over the measured
1119 PSDs for an assumed habit mixture. The effective

particle size De [e.g., Foot, 1988; King et al., 2004; Yang et
al., 2005; Baum et al., 2005b] is computed by:

De ¼
3

2

Z Dmax

Dmin

XN
i¼1

fi Dð ÞVi Dð Þ
" #

N Dð ÞdD

Z Dmax

Dmin

XN
i¼1

fi Dð ÞSi Dð Þ
" #

N Dð ÞdD
; ð2Þ

where N(D) is the number density of ice particle with a D,PN
i¼1

fi (D) = 1, fi (D) is the ice particle habit percentage for

habit i at a D for up to N habits, Vi (D) and Si (D) are the
volume and project area of the habit i for a given D,
respectively, and Dmin and Dmax are the minimum and
maximum sizes of D in the given N(D), respectively.
[19] The bulk scattering properties (the mean extinction

efficiency Qext, mean single-scattering albedo w, mean
asymmetry factor g, and mean scattering phase matrix
elements P11, P12, P22, P33, P34, and P44 ) of ice clouds
are computed using the same method as Yang et al. [2005],
Baum et al. [2005b], and Hong [2007a].
[20] Bulk ice cloud scattering properties are first devel-

oped assuming that the cloud is composed of a single habit
(i.e., N = 1 in equation (2)) since insufficient information on
ice habits and their typical percentages for any given size
distribution [King et al., 2004; Yang et al., 2005]. For these
clouds composed of a single habit, the Qext, w, and g for ice
clouds are shown in Figure 5 at a frequency of 640 GHz.
The range of De ranges from 10 to 250 mm. The minima and
maxima of De are different for the six habits. The Qext and g
increase monotonically with increasing De for all habits in
the size range. The w initially increases with De, and then
tends to reach their asymptotic values as De passes a
threshold that varies with habits. The variations of g vary
with De for all habits. Generally the variations are stronger
when De is in the range of small to medium size ranges with
respect to their large sizes for each habit.
[21] Based on a set of the 1119 PSDs, the bulk scattering

properties are developed for a defined set of De in the range
of 50–200 mm for solid columns and droxtals, 40–200 mm
for hollow columns and aggregates, 30–120 mm for plates,
and 20–100 mm for bullet rosettes in increments of 10 mm
[Baum et al., 2005b, 2007]. The different ranges of De for
each habit are defined by the calculated results from the
PSDs because of their different geometries. The mean
scattering properties at each defined De are obtained by
averaging the individual models that fall within ±2 mm of
the defined De. The standard deviations of the bulk scatter-
ing properties for each De are also computed. The calculated
standard deviations can be used to estimate retrieval errors
[Baum et al., 2005b].
[22] Figure 6 shows the Qext, w, and g for ice clouds

composed of each of the six habits at De = 100 mm for all 21
frequencies considered in this study. The standard devia-
tions are also shown by error bars. The variations of Qext, w,
and g with frequencies are similar to the variations with
D shown in Figure 5. Both Qext and g increase monoton-
ically with frequency for all habits. The w increases with
frequency until it reaches its asymptotic value, which is
about 250 GHz for plates and bullet rosettes and about

Figure 6. Mean extinction efficiency Qext, mean single-
scattering albedo w, and mean asymmetry factor g as a
function of frequency for the six nonspherical ice habits for
De = 100 mm. The error bars indicate the standard
deviations.
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450 GHz for solid and hollow columns, aggregates, and
droxtals. Solid and hollow columns, aggregates, and drox-
tals have similar values of Qext and w for a given frequency
while plates and bullet rosettes have similar values. Solid
and hollow columns and droxtals have similar values of g.
The w and g for aggregates and droxtals have large standard
deviations.
[23] The mean scattering phase matrix elements P11, P12,

P22, P33, P34, and P44 for ice clouds composed solely of an

individual habit at De = 100 mm are shown in Figure 7 at
640 GHz. Droxtals have large deviations for the mean
scattering phase matrix elements except for P22, for which
aggregates display the largest deviations.
[24] The previous results assumed that the ice clouds were

composed of a single habit. It is more sensible to adopt a habit
mixture [e.g., Yang et al., 2005, 2007; Baum et al., 2005b;
King et al., 2004, 2006]. Baum et al. [2005a] developed one
possible habit mixture based on D: D < 60 mm, 100%

Figure 7. Mean scattering phase matrix elements a function of scattering angles Q at 640 GHz for the
six nonspherical ice habits for De = 100 mm. The error bars indicate the standard deviations.
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droxtals; 60 mm < D < 1000 mm, 15% bullet rosettes, 50%
solid columns, and 35% plates; 1000 mm < D < 2500 mm,
45% hollow columns, 45% solid columns, and 10% aggre-
gates; D > 2500 mm, 97% bullet rosettes and 3% aggregates.

This habit distribution was used to develop models that are
adopted in MODIS Collection 5 [King et al., 2006] retriev-
als of optical thickness and effective particle size. In this
study, we also use this ice particle habit distribution to
derive the bulk scattering properties of ice clouds, which are

Figure 8. Mean extinction efficiency Qext, mean single-
scattering albedo w, and mean asymmetry factor g as a
function of effective particle size De calculated from in situ
particle size distributions for the ice clouds with a mixture
of six nonspherical ice habits at frequencies of 150, 340,
and 640 GHz.

Figure 9. Mean extinction efficiency Qext, mean single-
scattering albedo w, and mean asymmetry factor g as a
function of frequency for the ice clouds composed of a habit
mixture for De = 50, 100, and 200 mm. The error bars
indicate the standard deviations.
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consistent with the habit mixtures used for ice cloud
retrievals in MODIS Collection 5, at millimeter and sub-
millimeter wave frequencies.
[25] Figure 8 shows the Qext, w, and g for the 1119 ice

clouds composed of the above habit mixture at frequencies
of 150, 340, and 640 GHz. The Qext and g increase
monotonically with De, for all frequencies. The w also
increase with De until the asymptotic value is reached.

The w at high frequencies increases faster than those at
low frequencies. The w reach their asymptotic values at
De = 80, 120, and 160 mm for the frequencies 150, 340, and
640 GHz, respectively. For a given De, the g show large
variations with respect to the Qext and w. The results for
Figures 6 and 7, developed assuming a single habit, are
extended by adopting a habit mixture with results shown in
Figure 9. Figure 9 shows the Qext, w, and g at the 21

Figure 10. Mean scattering phase matrix elements at the frequencies 150, 340, and 640 GHz as a
function of scattering angles for the ice clouds composed of a habit mixture for De = 200 mm. The error
bars indicate the standard deviations.
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frequencies for De = 50, 100, and 200 mm, respectively. The
Qext and g increase with frequency and De. Moreover, the
Qext have stronger sensitivity to frequencies for larger De.
When De = 200 mm, the w values are around 0.95 while
those for smaller De increase with frequencies and tend to
reach their asymptotic value. In general, the pronounced
deviations are found only for w and g when De = 50 and
100 mm. The mean scattering phase matrix elements (P11,
P12, P22, P33, P34, and P44 ) for ice clouds composed of
the habit mixture vary with De. For small De (figures are
not shown) the mean scattering phase matrix elements at
these frequencies show similar trends, particularly for P12,
P33, and P44 which have close values. Distinct deviations
are only found for P22 at these frequencies. The differ-
ences of the mean scattering phase matrix elements at
these frequencies increase with De. Figure 10 shows the
mean scattering phase matrix elements for De = 200 mm at
the three frequencies 150, 340, and 640 GHz.
[26] The De is often used for visible and infrared wave-

length radiative transfer calculations while the median mass
equivalent diameter (Dm), which characterizes the mass-
weighted size of particle size distribution, is often used for
radiative transfer calculations at millimeter and submillimeter-
wave frequencies [e.g.,Evans et al., 1998, 2005;Buehler et al.,
2007]. The Dm is defined as the size that divides the mass
content of a particle size distribution in half, i.e., the total
mass of the particles with smaller sizes than Dm is equal to
that with larger sizes than Dm. Figure 11 shows the relation-
ships between the Dm and the De for each habit. As expected,
the Dm and the De have distinct correlations, but the Dm has
larger variation ranges for each habit than those for the De.
[27] The Qext, w, and g for ice clouds composed of a

single habit are shown in Figure 12 at a frequency of
640 GHz in the range of Dm from 50 to 500 mm. The
variations of Qext, w, and g with the Dm are similar to those
shown for the De (Figure 6). The sensitivity of the bulk
scattering properties to habits are evident, particularly for

the Qext. However, the w, and g with the Dm show less
sensitivity to habits than those with the De. Moreover, the
Dm has similar size ranges for each habit, which is also
shown in Figure 11. These features confirm that that the Dm

is indeed a potentially better choice to characterize size
information of ice clouds for microwave remote sensing as

Figure 11. Relationships between the De and the Dm for
each habit.

Figure 12. Mean extinction efficiency Qext, mean single-
scattering albedo w, and mean asymmetry factor g as a
function of mass equivalent diameter Dm at 640 GHz as
calculated from in situ particle size distributions for the six
nonspherical ice habits.
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assumed by Evans et al. [1998, 2005] and Buehler et al.
[2007].
[28] The mean bulk scattering properties of ice clouds

composed of a single habit or a habit mixture are also
developed for a defined set of Dm in the range of 50–

500 mm in increments of 25 mm by averaging the values of
bulk scattering properties within ±2.5 mm of the defined Dm.
The standard bulk scattering properties at each Dm are also
computed. Figure 13 shows the Qext, w, and g for ice
clouds composed of each of the six habits and of the habit
mixture at Dm = 200 mm for all 21 frequencies. The error
bars indicate the standard deviations. Similar to those shown
in Figure 7, the mean scattering properties show pro-
nounced dependences on habit. For a given frequency, the
variation of the mean scattering properties with habit at a
given Dm are significantly different from those at a given
De. The mean scattering phase matrix elements P11, P12,
P22, P33, P34, and P44 for ice clouds (figures are not shown
here) also show strong sensitivity of the mean phase matrix
to ice particle habit.

4. Conclusions

[29] In this study, a database of the single-scattering
properties (extinction efficiency, single-scattering albedo,
asymmetry factor, and the full scattering phase matrix) of
randomly oriented nonspherical ice particles are computed
at 21 millimeter and submillimenter-wave frequencies rang-
ing from 100 to 1000 GHz by the discrete dipole approx-
imation (DDA) method. The ice particle habits include
hexagonal solid and hollow columns, hexagonal plates,
and 3D bullet rosettes, aggregates, and droxtals. The
21 millimeter and submillimeter-wave frequencies include
those in most current and planned near future satellite and
airborne sensors. The calculations are performed at 38 ice
particle sizes based on the maximum dimension, and
ranges from 2 to 2000 mm. The influence of ice habit
on the single-scattering properties is investigated. The
dependence of the single-scattering properties on the
particle maximum dimension and millimeter and submilli-
meter-wave frequencies are discussed. The accuracy in the
DDA computations is mostly due to the dipole sizes and
the orientations for random orientation [e.g., Draine
and Flatau, 1994, 2004; Evans and Stephens, 1995; Liu,
2004, 2008; Hong, 2007a; Penttilä et al., 2007; Yurkin et
al., 2007a, 2007b]. The present results of single-scattering
properties from the DDSCAT have reasonable accuracy
because of using the conservative criterion with |m|kd <
0.5 and orientations much larger than those suggested by
Penttilä et al. [2007] through comparing discrete dipole
implementations to exact techniques. Using more orien-
tations and smaller dipoles to improve the accuracy of
the DDSCAT computation will be performed by the next
efforts.
[30] The single-scattering properties for individual par-

ticles are averaged over 1119 particle size distributions
obtained from several field campaigns covering tropical
and midlatitude regions to infer bulk scattering properties
(the mean extinction efficiency, mean single-scattering
albedo, mean asymmetry factor, and mean scattering phase
matrix elements). Initially, the single-scattering properties
are developed assuming a single habit, and then the influ-
ence of habits on the bulk scattering properties is investi-
gated. Subsequent results are presented in which a habit
mixture is assumed, following previous studies. For both
cases, the bulk scattering properties (means and standard
deviations) at the 21 frequencies are developed for a defined

Figure 13. Mean extinction efficiency Qext, mean single-
scattering albedo w, and mean asymmetry factor g as a
function of frequency for the six nonspherical ice habits and a
habit mixture for the median mass equivalent diameter Dm =
200 mm. The error bars indicate the standard deviations.
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set of effective particle sizes in the ranges of 20–200 mm in
increments of 10 mm and for a defined set of median
mass equivalent diameters in the ranges of 50–500 mm in
increments of 25 mm. The standard deviations can be
used for forward radiative transfer models to calculate the
influence of the scattering property variations on simu-
lated radiances at millimeter and submillimeter-wave
frequencies. The database can be required through http://
atmo.tamu.edu/profile/GHong. Specific requirements for the
database are also welcome.
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