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ABSTRACT

Adata library is developed containing the scattering, absorption, and polarization properties of ice particles

in the spectral range from 0.2 to 100 mm. The properties are computed based on a combination of the Am-

sterdam discrete dipole approximation (ADDA), the T-matrix method, and the improved geometric optics

method (IGOM). The electromagnetic edge effect is incorporated into the extinction and absorption effi-

ciencies computed from the IGOM.A full set of single-scattering properties is provided by considering three-

dimensional random orientations for 11 ice crystal habits: droxtals, prolate spheroids, oblate spheroids, solid

and hollow columns, compact aggregates composed of eight solid columns, hexagonal plates, small spatial

aggregates composed of 5 plates, large spatial aggregates composed of 10 plates, and solid and hollow bullet

rosettes. The maximum dimension of each habit ranges from 2 to 10 000 mm in 189 discrete sizes. For each

ice crystal habit, three surface roughness conditions (i.e., smooth, moderately roughened, and severely

roughened) are considered to account for the surface texture of large particles in the IGOM applicable

domain. The data library contains the extinction efficiency, single-scattering albedo, asymmetry parameter,

six independent nonzero elements of the phase matrix (P11, P12, P22, P33, P43, and P44), particle projected

area, and particle volume to provide the basic single-scattering properties for remote sensing applications

and radiative transfer simulations involving ice clouds. Furthermore, a comparison of satellite observations

and theoretical simulations for the polarization characteristics of ice clouds demonstrates that ice cloud

optical models assuming severely roughened ice crystals significantly outperform their counterparts as-

suming smooth ice crystals.

1. Introduction

Numerous studies have elaborated on the important

role that natural ice clouds and contrails play in the at-

mospheric radiation budget essential to weather and

climate systems [see Liou (1986); Lynch et al. (2002);

Baran (2009); Yang et al. (2010); and references therein].

The single-scattering properties of ice crystals are fun-

damental to the development of a variety of applications

involving these clouds. For example, the properties are

indispensable in both the computation and parameteriza-

tion of the bulk broadband radiative properties of ice

clouds (Fu et al. 1998; McFarquhar et al. 2002; Key et al.

2002; Gu et al. 2003; Edwards et al. 2007; Liou et al.

2008), in radiative transfer simulations (Mayer and

Kylling 2005), and in assessing the radiative forcing of

ice clouds (Wendisch et al. 2007; Edwards et al. 2007).

For operational retrievals, the single-scattering proper-

ties are averaged over various particle size distributions

with an assumed habit prescription (Baum et al. 2005,

2011; Yue et al. 2007; Baran 2009). The resulting bulk-

scattering properties are used in radiative transfer

models to simulate the reflectance and transmittance

associated with ice clouds over a range of conditions,

and are tabulated in lookup tables (LUTs) for use in
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subsequent data reduction to infer ice cloud optical

thickness and effective particle size from airborne or

satellite observations (Platnick et al. 2003; King et al.

2004; Huang et al. 2004; Wang et al. 2009; Minnis et al.

2011). The need for consistency in the optical properties

over a wide spectral range becomes evident when com-

paring retrievals from sensors taking measurements with

quite different methods such as solar wavelength tech-

niques, polarization techniques, or infrared wavelength

techniques (e.g., Baran and Francis 2004;Hamet al. 2009;

Zhang et al. 2009).

The single-scattering properties for individual ice

habits have been reported in numerous articles by

Wendling et al. (1979), Cai and Liou (1982), Takano and

Liou (1989, 1995), Muinonen (1989), Macke (1993),

Macke et al. (1996b), Yang and Liou (1996a,b), Sun

et al. (1999), Havemann and Baran (2001), Baran et al.

(2001), Borovoi et al. (2002), Hesse and Ulanowski

(2003), Um andMcFarquhar (2007), andNakajima et al.

(2009). Moreover, several previous studies have de-

veloped ice particle single-scattering properties in rela-

tively limited domains. For example, using a ray-tracing

model developed by Wendling et al. (1979) with some

enhancements, Hess and Wiegner (1994) and Hess

et al. (1998) created a single-scattering property data-

base for hexagonal ice columns and plates at 12 wave-

lengths from the ultraviolet (UV) to the infrared (IR)

spectral region. Yang et al. (2000) developed the single-

scattering properties in the solar spectrum from 0.2

to 5 mm for six ice particle habits: plates, columns,

hollow columns, planar bullet rosettes with four branches,

three-dimensional (3D) bullet rosettes with six branches,

and compact aggregates of solid columns. Yang et al.

(2005) published a database for droxtals, plates, col-

umns, hollow columns, 3D bullet rosettes, and compact

aggregates of columns at 49 discrete wavelengths be-

tween 3 and 100 mm. The single-scattering properties

were calculated by a combination of two scattering

computational models: the finite-difference time domain

method (FDTD) (Yee 1966; Yang and Liou 1996a; Sun

et al. 1999) and the improved geometric optics method

(IGOM) (Yang and Liou 1996b).

The data libraries presented by Yang et al. (2000,

2005) contained several inconsistencies in the solar and

thermal IR spectral regions because of differences in the

particle shapes and the computational methodologies

used in the computations. An empirical approach known

as the composite method (Fu et al. 1998), which partially

uses the concept of ‘‘equivalent’’ spheres for non-

spherical particles, was employed to merge the extinc-

tion and absorption efficiencies in the size parameter

region of overlapping FDTD and IGOM results in the

IR database (Yang et al. 2005). The inconsistencies were

also generated from different discretizations of the

particle size bins employed in the solar and IR regions

and from slightly different particle aspect ratios for

some habits. Additionally, in Yang et al. (2000), the in-

tensity (P11 component) contained an artificial term

referred to as the delta transmission (Takano and Liou

1989; Mishchenko and Macke 1998), which resulted

from either the conventional geometric optics method

(Cai and Liou 1982; Takano and Liou 1989) or a sim-

plification in the IGOM related to the treatment of the

forward peak in the phase function for large particles.

The delta transmission term produced complications

in radiative transfer simulations as well as in the in-

terpretation of the effective optical thickness of ice

clouds.

This study is intended to develop a spectrally consis-

tent data library containing the scattering, absorption,

and polarization properties of a set of 11 randomly ori-

ented ice crystal habits at wavelengths from 0.2 to 100 mm.

The maximum diameters for each habit range from 2 to

10 000 mm.The ice particle habits include quasi-spherical

particles (droxtals, prolate spheroids, and oblate spher-

oids), hexagonal plates, solid and hollow hexagonal

columns, small and large spatial aggregates of plates

defined following Xie et al. (2011), compact aggregates

of solid columns, and solid and hollow 3D bullet rosettes

(Yang et al. 2008a). The data library provides in-

formation relating to the volume and projected area of

each habit as well as the asymmetry parameter, single-

scattering albedo, extinction and absorption cross sections/

efficiencies, and the six nonzero elements of the phase

matrix.

The new data library presented in this paper provides

the basic and consistent single-scattering data for a se-

lection of ice crystal sizes and shapes observed in the

atmosphere. The library adds to previous work re-

garding the derivation of ice particle optical properties

in the following four ways: 1) the scattering models used

to solve for the various ice particle optical properties

have been improved (e.g., Yang et al. 2008a; Yang and

Liou 2009a,b; Bi et al. 2008, 2011a,b; Liou et al. 2010,

2011) since the publication of the previous databases

(Yang et al. 2000, 2005), and, at the same time, the un-

physical delta-transmission feature has been removed

by means of a new approach (Bi et al. 2008); 2) the

calculations employ the real and imaginary indices of

refraction for ice presented by Warren and Brandt

(2008) to conduct the necessary single-scattering and

polarization calculations; 3) the aspect ratios used in the

calculations are consistent for a spectral range from 0.2

to 100 mm; and 4) the composite method (Fu et al. 1998)

was not adopted to merge the scattering properties at

size parameters when the Amsterdam discrete dipole
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approximation (ADDA) and IGOM solutions overlap,

but a new approach was developed that includes the edge

effect for the extinction efficiency and the above-/below-

edge effect for the absorption efficiency (Nussenzveig

and Wiscombe 1980; Baran and Havemann 1999) in the

IGOM solutions. With the new approach, the results for

the extinction and absorption efficiencies are continuous

as functions of the size parameter x proportional to the

ratio of the particle circumference to the incident wave-

length, regardless of whether the properties are computed

from the ADDA or IGOM. In this study, the T-matrix

method (Mishchenko et al. 1996) was used for prolate and

oblate spheroids that may approximate the shapes of

small ice crystals in aircraft contrails (Mishchenko and

Sassen 1998; Iwabuchi et al. 2012). While quasi-spherical

particles are sometimes observed in images from cloud

probes, perhaps owing to insufficient optical resolution,

the underlying ice crystal morphology can be more com-

plex (Connolly et al. 2007). Calculations for other faceted

habits are performed using the ADDA computational

program (Yurkin et al. 2007b; http://code.google.com/

p/a-dda/downloads/list) for x# 20 and an improved and

refined version of the IGOM (Bi et al. 2009) for x. 20.

Because no single model among the existing electromag-

netic scattering computational methods (Mishchenko

et al. 2000; Kahnert 2003; Wriedt 2009) can be employed

over the entire range of size parameters and habits, sig-

nificant effort was required to merge the ADDA and

IGOM solutions as seamlessly as possible.

The paper is organized as follows: section 2 explains the

methodology for the development of the single-scattering

data library, section 3 illustrates the single-scattering

properties of a number of ice crystal habits, and section 4

summarizes the present work.

2. Methodology

In our calculations, we used the most recent compi-

lation of the refractive index of ice (Warren and Brandt

2008) from 0.2 to 100 mm. Figure 1a shows the imaginary

part of the ice refractive index mi versus the corre-

sponding real part mr, while Figs. 1b and 1c, re-

spectively, show the variations ofmi andmr as functions

of wavelength. In Fig. 1a, the open circle symbols signify

the 445 spectral points chosen for the detailed scattering

computations. As illustrated in Figs. 1b and 1c, the

spectral points for the refractive index were selected at

the maxima and minima of either mi or mr. Extensive

sensitivity studies, using spheres, were performed to

ensure that the optical properties at wavelengths not

coinciding with the selected spectral points could be

obtained via interpolation and with negligible errors by

using the properties at two nearby spectral points.

The left and right panels in Fig. 2 respectively show

the grid points selected for particle size and wavelength

in the computational domain of the previous datasets

(Yang et al. 2000, 2005) and the present library. As

shown in the left panel, fewer particle size bins were

selected in the solar spectral region (Yang et al. 2000)

than in the IR spectral region (Yang et al. 2005). This

inconsistency is circumvented by the present selection of

particle sizes shown in the right panel of Fig. 2. In this

FIG. 1. (a) Correlation of the real and imaginary part of the refractive index. (b) Real part of the refractive index.

(c) Imaginary part of the refractive index.
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study, 189 points are selected for particle sizes ranging

from2 to 10 000 mm,whereas only 24 sizes between 3 and

3500 mmwere used inYang et al. (2000) and only 45 sizes

between 2 and 10 000 mmwere used inYang et al. (2005).

In situ measurements have indicated ice crystals to

have predominantly hollow structures (Walden et al.

2003; Schmitt and Heymsfield 2007), which affected the

choice of ice crystal habits considered in this study and

shown in Fig. 3. The first row shows quasi-spherical ice

crystals (droxtal, prolate spheroid, and oblate spheroid),

the second row shows solid and hollow hexagonal col-

umns and compact aggregates of hexagonal columns,

the third row shows hexagonal plates and spatial ag-

gregates of hexagonal plates, and the fourth row shows

solid and hollow bullet rosettes. In addition to the va-

riety of habits shown in Fig. 3, the effect of surface

roughness is considered in the current IGOM calcula-

tions. As a proxy to mimic particle surface roughness,

the surface slope is distorted randomly for each incident

ray. Similar to the approach suggested by Cox andMunk

(1954) for defining the roughness conditions of the sea

surface, a normal distribution of the surface slope for

a particle’s surface is defined by

P(Zx,Zy)5
1

s2p
exp

 

2
Z2
x 1Z2

y

s2

!

, (1)

whereZx andZy indicate the local slope variations of the

particle’s surface along two orthogonal directions (i.e.,

the x and y directions). The parameter s is associated

with the degree of surface roughness with larger values

of s denoting rougher particle surfaces. In the present

simulations, three values for s are chosen: s5 0

(smooth surface), s5 0:03 (moderate surface rough-

ness), and s5 0:5 (severe surface roughness). Yang and

Liou (1998) provide a more complete description of the

surface slopes incorporated into the IGOM.

FIG. 2. Grid points in the computational domain of the particle size and the wavelength. (left)

The previous databases. (right) The present database.

FIG. 3. Ice crystal habits: quasi-spherical, column-type, plate-type,

and bullet rosette particles.
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Table 1 provides the aspect ratios of the ice crystal

habits shown in Fig. 3. In the case of an aggregate of

columns or plates, the semiwidth a and length L of each

hexagonal element of the aggregate are on a relative

scale, the center of the element in the particle system is

denoted by three coordinates (X0,Y0,Z0), and the ori-

entation of the element is specified in terms of three

Euler angles (a,b,g) with Z–Y–Z rotations. For col-

umns, plates, and droxtals, the aspect ratios used are

from the literature (Arnott et al. 1994; Auer and Veal

1970; Mitchell and Arnott 1994; Pruppacher and Klett

1980; Yang et al. 2003; Zhang et al. 2004) and are similar

to those used by Yang et al. (2000, 2005). The geometries

of solid and hollow bullet rosettes used are the same as

those defined inYang et al. (2000, 2008a).With the aspect

ratio relationship defined in Table 1 for a solid or hollow

bullet rosette with a given maximum dimension D, the

length of the columnar portion of a bullet branch can be

obtained by solving the following nonlinear equation:

4L2
1 15:0532L1:63

1 19:4987L1:26
5D2 . (2)

As in Yang et al. (2000, 2005), ice crystals are assumed

to be randomly oriented in space with an equal number

of mirror positions. In this case, the 4 3 4 phase matrix

has six independent elements (van de Hulst 1957;

Bohren andHuffman 1983; Liou 2002;Mishchenko et al.

2002). Specifically, the incident and scattered Stokes

parameters, (Ii,Qi,Ui,Vi) and (Is,Qs,Us,Vs), are re-

lated as follows:

TABLE 1. Geometric parameters of ice crystal habits.

Droxtal u1 5 32:358, u2 5 71:818

Prolate spheroids a/c5 0.725, 0.5, 0.25

Oblate spheroids a/c5 1.25, 2.5, 4

Column 2a/L5 f 0:7, L, 100mm
6:96/

ffiffiffiffi

L
p

, L$ 100mm

Hollow column 2a/L5 f 0:7, L, 100mm
6:96/

ffiffiffiffi

L
p

, L$ 100mm , d5 0:25L

Aggregate of 8 columns No. a L a b g X0 Y0 Z0

1 46 158 23 50 254 0 0 0

2 40 124 16 81 156 15.808 105.189 260.108

3 28 78 5 57 94 226.691 73.005 47.369

4 48 126 13 76 130 285.688 239.19 211.643

5 53 144 11 29 221 104.532 33.08 27.801

6 19 54 8 62 2164 35.923 249.692 237.533

7 34 102 29 41 60 40.11 257.227 110.238

8 43 138 19 23 2122 29.7524 2129.313 57.131

Plate 2a/L5f 1, a# 2mm
0:2914a1 0:4172, 2, a, 5mm
0:8038a0:526, a$ 5mm

Aggregate of 5 plates No. a L a b g X0 Y0 Z0

1 24 11.223 0 0 0 0 0 0

2 27 11.868 282.655 175.767 278.103 25.664 43.934 213.203

3 22 10.770 27.651 223.688 2132.443 213.519 21.792 225.347

4 20 10.294 2101.85 155.069 250.708 18.656 68.178 229.741

5 38 13.955 2118.412 230.374 242.438 23.161 71.109 254.738

Aggregate of 10 plates No. a L a b g X0 Y0 Z0

1 77 19.503 0 0 0 0 0 0

2 58 17.052 2177.37 64.830 227.941 99.193 4.561 27.3748

3 75 19.261 2146.82 242.688 269.303 115.667 8.322 2105.096

4 42 14.633 99.056 53.002 77.723 90.671 21.580 2175.875

5 47 15.434 13.853 224.545 33.875 218.069 47.826 47.2620

6 72 18.892 2167.855 43.472 223.762 97.754 222.864 2249.469

7 45 15.119 2108.623 217.569 215.595 7.019 235.116 2189.123

8 65 17.998 251.308 272.4 2173.509 214.105 2132.186 2184.875

9 74 19.139 287.353 75.060 249.382 32.361 2171.149 2155.846

10 70 18.6414 298.0649 2111.24 25.5653 50.0817 2228.132 281.978

Solid bullet rosettes 2a/L5 2:3104L20:37, t5 (
ffiffiffi

3
p

/2Þa/tan(288)
Hollow bullet rosettes 2a/L5 2:3104L20:37, t5 (

ffiffiffi

3
p

/2Þa/tan(288), H5 0:5(t1L)
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4
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Vs

3

7

7

7

5

5
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4pr2

2

6

6

6

4

P11 P12 0 0

P12 P22 0 0

0 0 P33 P34

0 0 2P34 P44

3

7

7

7

5

2

6

6

6

4

Ii
Q

i

Ui

Vi

3

7

7

7

5

, (3)

where ss is the scattering cross section and r is the dis-

tance between the scattering particle and the point of

observation. In the current data library, all the nonzero

phase matrix elements in Eq. (3) are included and the

phase matrix is a function of the scattering angle and

invariant with the azimuthal angle.

In Yang et al. (2005), the FDTD method was applied

to small size parameters (x# 20); however, we have used

the ADDA for application to this size parameter range.

The FDTD is based on the time-dependent Maxwell

equations, whereas the ADDA solves the electromagnetic

scattering problem involving a dielectric particle in the

frequency domain. Although the FDTD and ADDA

differ substantially from a computational perspective,

their numerical solutions are consistent. As an example,

Fig. 4 shows the nonzero phase matrix elements of

randomly oriented hexagonal columns at two wave-

lengths: 0.66 and 12 mm. The orientation of the particle

is specified through Euler angles (a, b, g) in the common

Z–Y–Z convention. In Fig. 4, the phase matrix is aver-

aged using 128 a angles, 17 b angles, and 3 g angles. For

each FDTD and ADDA simulation (51 total in terms of

the b and g dependence), the phase matrix is averaged

through 128 scattering planes. Excellent agreement be-

tween the FDTD solution and its ADDA counterpart

is clearly shown in the figure. Yurkin et al. (2007a)

FIG. 4. Comparison of the phase matrix elements from the FDTD and the ADDA at the

wavelengths of 0.66 and 12 mm.
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investigated the computational efficiency of the FDTD

and ADDA techniques for nonabsorbing particles and

found the ADDA to be more efficient than the FDTD

when the refractive index is smaller than 1.4; however,

the opposite was found for larger values of the refractive

index. Because the FDTD and ADDA yield the same

numerical results for the spectrum considered in this

study, the choice between the two methods is primarily

a matter of computational time. The ADDA method is

used for small size parameters regardless of the value of

the refractive index at a selected wavelength.

In the ADDA simulations, the number of dipoles per

wavelength (labeled ‘‘dpl’’ in the software) is a critical

computational parameter that controls numerical accu-

racy. Two criteria were used to set up this parameter: (i)

dpl.10 jmj, wherem is the refractive index, and (ii) the

dpl should be sufficiently large to approximately repre-

sent particle geometry. For complex particle geometries,

criterion (i) is insufficient for representing particle ge-

ometry through dipoles and may cause shape errors.

The number of orientations is another parameter that

impacts the accuracy of orientation-averaged single-

scattering properties. The ADDA employs the Rom-

berg integration technique (Davis andRabinowitz 1975)

to perform the orientation average with a prescribed

accuracy. Figure 5 shows the number of orientations

specified in the ADDA simulations for solid hexagonal

columns at four representative wavelengths with a pre-

scribed accuracy of 1025. The number of ADDA simu-

lations depends on the number of discretized angles of b

and g, and the sixfold rotational symmetry was taken

into account in setting up g. The number of orientations

generally increases with the size parameter. A large

number of orientations increases the computational

load of the ADDA method and is a limiting factor, al-

though the ADDA method can handle a moderate size

parameter for a single orientation.

We use the IGOM to perform the computations for

the size parameter range beyond the modeling capabil-

ities of the ADDA. As compared with the IGOM code

used in Yang et al. (2005), some improvements are in-

corporated in the present algorithm. We employ 1)

a more efficient recursive ray-tracing algorithm (Bi et al.

2011b) instead of the Monte Carlo ray tracing described

in Yang and Liou (1998), 2) an improved near-to-far-

field mapping algorithm (Bi et al. 2009), and 3) an im-

proved approach to account for the external reflection of

randomly oriented particles to reduce noise near the

backscattering angle (Bi et al. 2011a). For example, for

convex faceted particles (column, plate, and droxtal),

the algorithm described in Bi et al. (2011b) is used to

compute the single-scattering properties for moderate

size parameters.

Yang et al. (2005) used a composite method (Fu et al.

1998) based on a weighted combination of the Lorenz–

Mie and IGOM solutions to improve the accuracy of the

extinction and absorption efficiencies at moderate to

large size parameters. In this study, a physically rational

approach is employed to include the edge effect on the

extinction efficiency and the above-/below-edge effect

on the absorption efficiency (van de Hulst 1957;

Nussenzveig and Wiscombe 1980; Liou et al. 2010). To

briefly describe the edge effect, we consider the case of

light scattering by a sphere in the framework of the lo-

calization principle following van de Hulst (1957). With

the use of the standard notations for the Lorenz–Mie

solution (Bohren and Huffman 1983; Liou 2002;

Mishchenko et al. 2002), the nonzero elements of the

amplitude scattering matrix associated with a sphere can

be written in the form

S1 5 �
‘

n51

2n1 1

n(n1 1)
(anpn 1 bntn) and (4)

S25 �
‘

n51

2n1 1

n(n1 1)
(antn 1 bnpn) . (5)

The nth term in Eqs. (4) and (5) corresponds to a ray

passing the sphere with a distance from the center of the

particle of

d5 (n1 1/2)l/2p , (6)

where l is the incident wavelength. The terms with or-

ders of n1 1/2$ x, where x is the size parameter (i.e.,

ray types in Fig. 6a,b) cannot be handled within the

framework of the geometric optics method, but the

FIG. 5. Number of ADDA simulations (or particle orientations

specified by b and g) at four representative wavelengths in the

hexagonal columns case.
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contribution of lower-order rays (ray type in Fig. 6c) to

the scattered radiation is taken into account. The con-

tribution of ray types in Figs. 6a and b to the extinction

efficiency is referred to as the edge effect and given as

(Nussenzveig and Wiscombe 1980)

DQext,edge effect 5
1:992 386

x2/3
. (7)

From Eq. (7), it is evident that the edge effect decreases

with an increase in the size parameter. In the geometric

optics regime, the contribution of the edge effect is

virtually negligible. However, in the portion of the res-

onance regime where the particle size is on the order of

the incident wavelength, it is critical to incorporate the

contribution of the edge effect. In the case of the

absorption efficiency, the edge effect is divided into

above-/below-edge effect (Nussenzveig and Wiscombe

1980).

For nonspherical particles, analytical formulations of

the edge effect and the above-/below-edge effect cannot

be derived (Liou et al. 2011). To incorporate these ef-

fects into the present study, we postulate that the con-

tributions of these effects to extinction and absorption

efficiencies can be semiempirically formulated in the

form

DQext;edge effect 5
hext

(pD/l)2/3
and (8)

DQabs;edge effect 5
habs

(pD/l)2/3
, (9)

where D is the maximum dimension of a nonspherical

ice crystal and the parameters hext and habs are empirical

coefficients. We compare the ADDA and IGOM solu-

tions for the extinction and absorption efficiencies in the

resonance regime to determine the empirical co-

efficients.

Unlike the conventional ray-tracing technique that

assumes the extinction efficiency to have a constant

value (i.e.,Qext 5 2) regardless of the size parameter, the

IGOM is able to mimic the variation of the extinction

FIG. 6. Ray types: (a) edge rays, (b) grazing rays, and (c) rays in-

cident on the particle.

FIG. 7. Edge/tunneling effect contribution to the extinction efficiency, the absorption efficiency, and the single-

scattering albedo.
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efficiency as a function of size parameter. However, the

IGOM solution for Qext underestimates the particle’s

extinction because of the exclusion of the edge effect

contribution, as illustrated by comparison between the

ADDA and IGOM extinction efficiencies shown in

Fig. 7. Note that the ADDA or FDTD are rigorous

numerical methods fully accounting for the edge effect.

The coefficient hext in Eq. (8) can be empirically de-

termined such that the transition of the ADDA solu-

tion for Qext to the IGOM counterpart is continuous.

A similar approach is applied to habs in Eq. (9). After

the empirical addition of the edge effect to the IGOM

results, the resulting extinction efficiency, indicated as

the ‘‘IGOM 1 edge effect’’ in Fig. 7, is consistent with

the ADDA results for moderate size parameters. The

same approach is adopted to incorporate the above-/

below-edge effect in the computation of the absorption

efficiency. The efficiencies are used in the calculation of

the single-scattering albedo, as shown in the bottom

panels of Fig. 7.

3. Results

Based on the previous discussion, a data library was

developed containing the single-scattering properties

for a set of 11 ice habits. These properties were com-

puted for 445 wavelengths and 189 particle sizes. The

database includes the six nonzero phase matrix ele-

ments, extinction efficiency, asymmetry parameter, and

single-scattering albedo. Additionally, the projected

area and volume are provided for each given particle

size. The phase matrix elements are computed at 498

scattering angles with an angular resolution of 0.018

from 08 to 28, 0.058 from 28 to 58, 0.18 from 58 to 108, 0.58

from 108 to 158, 18 from 158 to 1768, and 0.258 from 1768

to 1808.

As an example, Fig. 8 shows the spectral variation of

the integrated single-scattering properties (i.e., the ex-

tinction efficiency, single-scattering albedo, and asym-

metry parameter) for nine ice crystal habits with

amaximum diameter of 15 mm (Dmax5 15 mm). For the

data shown in Fig. 8, the ice crystal surface is assumed to

be smooth—that is, the parameter s in Eq. (1) is as-

sumed to be zero. Figure 9 is similar to Fig. 8, except for

a larger size (Dmax 5 200 mm). Figures 8 and 9 indicate

that the extinction efficiency and single-scattering al-

bedo are sensitive to ice crystal size.

To illustrate the integrated single-scattering proper-

ties as functions of both wavelength and particle size,

Fig. 10 shows contours of these properties for a spatial

FIG. 8. Spectral variation of the extinction efficiency, the single-scattering albedo, and the asymmetry factor at the particle maximum

dimension of 15 mm.
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aggregate of 10 plates (left column) and hollow bullet

rosettes (right column) for wavelengths from 0.2 to

100 mm and particle sizes from 2 to 10 000 mm. In the

asymmetry factor contours, the region marked in blue

indicates the small size parameter regime, while the

region marked in red indicates the geometric optics re-

gime in which the asymmetry factor approaches its as-

ymptotic value. The region marked in yellow indicates

the resonance region in which the transition occurs from

small to large size parameters; note that this region is

quite narrow. The variation in the extinction efficiency is

strongly correlated with the real part of the refractive

index of ice shown in Fig. 1, whereas variation in the

single-scattering albedo is sensitive to the imaginary part

of the refractive index.

Figure 11 shows six elements of the phase matrix for

the two habits in the previous figure—that is, the ag-

gregate of 10 plates and the hollow bullet rosette. The

maximum dimension is 20 mm and the incident wave-

length is 0.65 mm (x; 97). Figure 12 is similar to Fig. 11,

except that the size is 2000 mm. Ice halos are evident in

Fig. 12 for large particle sizes but are not present for the

small sizes depicted in Fig. 11. However, if the conven-

tional geometric optics method (e.g., Takano and Liou

1989) that does not consider the ray-spreading effect

(Bi et al. 2009) is applied, halos exist for all particle

sizes. The dependence of the phase matrix elements on

ice crystal habit is also evident in Figs. 11 and 12.

In the data library, single-scattering properties are

provided for three surface roughness conditions

(smooth, s5 0; moderate roughness, s5 0:03; severe

roughness, s5 0:5). Baum et al. (2010) discuss the im-

pact of roughness and ice habit on the phase matrix.

Further results are shown here, and Fig. 13 shows the

phase function and the asymmetry factor for both

smooth and roughened ice crystals. The scattering phase

function corresponding to severe roughening is essen-

tially featureless since the scattering becomes more

random, and this effect of the surface roughness on the

phase function has been confirmed experimentally

(Barkey et al. 1999; Ulanowski et al. 2006). The asym-

metry factor for roughened crystals is lower than their

smooth crystal counterparts. A featureless phase func-

tion can be obtained numerically in several ways; for

example, an inclusion of air bubbles or other in-

homogeneities in ice crystals provides some possibilities

(e.g., Macke et al. 1996a; C.-Labonnote et al. 2001).

For practical applications to remote sensing, the fea-

tureless phase function associated with roughened ice

crystals yields quite different ice cloud property re-

trievals in comparison with smooth ice crystal retrieval

results (Yang et al. 2008b; Zhang et al. 2009). Although

FIG. 9. As in Fig. 8, but for the particle maximum dimension of 200 mm.
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the detailed nature of ice crystal surface roughness is

not known from a direct observational perspective, the

existence of substantial ice crystal surface roughness

or inhomogeneity has been suggested based on in-

direct evidence. While the exact mechanism causing the

randomization of the scattering pattern is unknown, the

resulting featureless phase function and associated single-

scattering properties can be tested using polarized re-

flectance measurements following C.-Labonnote et al.

(2001), Baran and C.-Labonnote (2007), and Cole et al.

FIG. 10. Contours of the extinction efficiency, the single-scattering albedo, and the asymmetry factor for an aggregate

of (left) 10 plates and (right) a hollow bullet rosette.

FIG. 11. Comparison of the phase matrix elements for an aggregate of 10 plates and a hollow bullet rosette at the size of 20 mm.
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(2013). Here, we use the ice cloud polarization re-

flectances measured by Polarization and Anisotropy of

Reflectances for Atmospheric Sciences Coupled with

Observations from a Lidar (PARASOL) to illustrate

a consistency test of the smooth versus roughened ice

bulk-scattering properties. The top panel of Fig. 14

shows the habit mixture used in theMODISCollection 5

ice model (Baum et al. 2005). The middle and bottom

panels of Fig. 14 show the bulk phase function P11 and

the phase matrix element ratio2P12/P11 for smooth and

severely rough (s5 0:5) conditions for an effective

particle size of 50 mm based on the ice crystal habit

distribution shown in the top panel. Similar to the case

for individual ice crystals, the bulk optical properties for

an ensemble of ice crystals are strongly dependent on

particle surface texture.

To test the effect of surface roughness on an ice

model, simulations of polarized reflectance may be

compared with data from PARASOL. The polarized

reflectance is defined as (C.-Labonnote et al. 2001)

Lnmp5

p

�

6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Q21U2
p

�

E
s

cosu
s
1 cosu

y

cosu
s

, (10)

where Q and U are the second and third Stokes pa-

rameters measured by PARASOL,Es is solar irradiance

at the top of the atmosphere, us is the solar zenith angle,

and uy is the viewing zenith angle. In Eq. (10), the sign is

determined by the angle between the polarization vector

and the normal to the scattering plane and the method is

explained in detail by C.-Labonnote et al. (2001). To

simulate the PARASOL polarized reflectance, we use

the adding–doubling radiative transfer code for polarized

radiative transfer developed by de Haan et al. (1987).

The top panel of Fig. 15 shows the density contours of

polarized reflectance measurements at 865 nm from the

PARASOL satellite on 15 October 2007. Over 60 000

ice cloudy pixels over the ocean are included, corre-

sponding to approximately 866 000 total viewing ge-

ometries (note that for a given pixel, the PARASOL

observations can provide up to 16 viewing angles). Only

the cloudy pixels over the ocean that are determined to

be ice phase and with 100% cloud cover are selected

(Buriez et al. 1997). Baran and C.-Labonnote (2006)

suggested that the peak near scattering angle 1428 may

be attributed to the influence of water clouds beneath

optically thin ice clouds. In the case of a thin ice cloud

above a water cloud, the PARASOL cloud mask al-

gorithm may identify the pixel as ice phase although

the effect of the underlying water cloud on the ob-

served polarized reflectance is not negligible (Baran

and C.-Labonnote 2006). The middle panel of Fig. 15

shows the differences between the theoretical simula-

tions and observations (i.e., simulations minus obser-

vations) assuming smooth ice crystal models. The

bottom panel of Fig. 15 is similar to the middle panel,

except the bottom panel shows results assuming severely

FIG. 12. As in Fig. 11, but for the size of 2000 mm.
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roughened ice crystals. An optimal model should mini-

mize the differences between simulations and observa-

tions, thereby leading to the most consistent results.

From the comparison between the middle and bottom

panels, it is clear that the roughened ice crystal model

outperforms its smooth counterpart. These results sup-

port the conclusion by Zhang et al. (2009) that feature-

less phase functions should be used for operational

satellite data processing.

4. Summary

This study discusses the development of a library

containing the scattering, absorption, and polarization

properties of ice particles in the spectral range from 0.2

to 100 mm. The properties are based on a combination

of the Amsterdam discrete dipole approximation

(ADDA), the T-matrix method, and the improved

geometric optics method (IGOM). The electromagnetic

edge effect is incorporated into the extinction and ab-

sorption efficiencies computed from the IGOM. A full

set of single-scattering properties is provided by con-

sidering three-dimensional random orientations for 11

ice crystal habits: droxtals, prolate spheroids, oblate

spheroids, solid and hollow columns, compact aggregates

composed of 8 solid columns, hexagonal plates, small

spatial aggregates composed of 5 plates, large spatial

aggregates composed of 10 plates, and solid and hollow

bullet rosettes. The maximum dimension for each habit

ranges from2 to 10 000 mmat 189 discrete sizes. For each

ice habit, three roughness conditions (i.e., smooth, mod-

erately roughened, and severely roughened surfaces) are

considered to account for the surface texture for particles

having relatively large size parameters. The data library

contains the extinction efficiency, single-scattering al-

bedo, asymmetry parameter, six independent nonzero

elements of the phase matrix (P11, P12, P22, P33, P43, and

P44), particle projected area, and particle volume.

The accuracy of the single-scattering properties for ice

particles is improved by taking into consideration each

of the following research advancements:

d accuracy of the extinction and absorption efficiencies

at moderate to large size parameters are improved

by the use of an empirical approach to include the

edge and the above-/below-edge effects on ice crystal

optical properties;

FIG. 13. Comparison of the phase function and the asymmetry factor for smooth (solid lines) and roughened (dashed lines) ice crystals.
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d the single-scattering calculations use an updated com-

pilation of the real and imaginary parts of the re-

fractive index for ice given by Warren and Brandt

(2008);
d the aspect ratio of each habit is consistent for all

wavelengths;
d the phase matrix elements for randomly oriented ice

crystals are provided in the database, enabling con-

sideration of the transfer of polarized light beams

involving ice clouds;
d a new treatment of forward scattering in the IGOM

is implemented that renders obsolete the delta-

transmission energy term; and
d the single-scattering properties are provided for new

habits including the hollow bullet rosette and the small

and large spatial aggregates of plates.

The size of the library is approximately 200 GB, and

includes the single-scattering properties of ice crystals

covering the wavelengths from UV to far IR. This data

library is complementary to those presented by Kim

(2006), Liu (2008), and Hong et al. (2009) for the mi-

crowave regime.

This library provides the basic single-scattering

properties that are critical for ice cloud remote sensing

applications and radiative transfer simulations. An il-

lustration of the improved consistency was provided

through a comparison of PARASOL polarized re-

flectance measurements with theoretical simulations.

The resulting comparison between measurements and

simulations clearly demonstrated that ice cloud optical

models assuming severely roughened ice crystals sig-

nificantly outperform their counterparts assuming

smooth ice crystals.

Another point made in this study is that the assump-

tion of severe roughening for the ice crystals results in

decreasing the asymmetry parameter at solar wave-

lengths. The decrease of the asymmetry parameter, and

use of the featureless phase function, at solar wave-

lengths implies a decrease in the inferred optical thick-

ness for an ice cloud. This, in turn, will improve the

consistency of ice cloud optical thickness inferred from

solar and IR wavelengths.

A long-term goal of the authors has been to provide ice

crystal single-scattering properties that lead to more con-

sistent retrievals from sensors taking measurements at

solar to far-infrared wavelengths, including polarization

FIG. 14. (top) Ice crystal habit distribution assumed for MODIS

Collection 5 ice cloud property retrieval. (middle) Comparison of

 
the phase functions of smooth and roughened ice crystals with an

effective particle size of 50 mm based on the habit distribution in

(top), and (bottom) the phase matrix element ratio 2P12/P11 cor-

responding to the phase functions in (middle).
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measurements. This library could be a useful resource

for the atmospheric radiative transfer and remote sens-

ing research community.
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