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Abstract

Various ice particle habits are investigated in conjunction with inferring the optical
properties of ice cloud for the Global Change Observation Mission-Climate (GCOM-
C) satellite program. A database of the single-scattering properties of five ice particle
habits, namely, plates, columns, droxtals, bullet-rosettes, and Voronoi, is developed.
The database is based on the specification of the Second Generation Global Imager
(SGLI) sensor onboard the GCOM-C satellite, which is scheduled to be launched in
2017 by Japan Aerospace Exploration Agency (JAXA). A combination of the finite-
difference time-domain (FDTD) method, Geometric Optics Integral Equation (GOIE)
technique, and geometric optics method (GOM) are applied to compute the single-
scattering properties of the selected ice particle habits at 36 wavelengths, from the
visible-to-infrared spectral region, covering the SGLI channels for the size parameter,
which is defined with respect to the equivalent-volume radius sphere, which ranges
between 6 and 9000. The database includes the extinction efficiency, absorption effi-
ciency, average geometrical cross-section, single-scattering albedo, asymmetry factor,
size parameter of an equivalent volume sphere, maximum distance from the center
of mass, particle volume, and six non-zero elements of the scattering phase matrix.
The characteristics of the calculated extinction efficiency, single-scattering albedo, and
asymmetry factor of the five ice particle habits are compared.

Furthermore, the optical thickness and spherical albedo of ice clouds using the
five ice particle habit models are retrieved from the Polarization and Directionality of
the Earth’s Reflectances-3 (POLDER-3) measurements on board the Polarization and
Anisotropy of Reflectances for Atmospheric Sciences coupled with Observations from
a Lidar (PARASOL). The optimal ice particle habit for retrieving the SGLI ice cloud prop-
erties was investigated by adopting the spherical albedo difference (SAD) method. It is
found that the SAD, for bullet-rosette particle, with radii of equivalent volume spheres
(r) ranging between 6 to 10 um, and the Voronoi particle, with 7 ranging between 28 to
38 um, and 70 to 100 um, is distributed stably as the scattering angle increases. It is
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confirmed that the SAD of small bullet rosette and all sizes of voronoi particles has a low
angular dependence, indicating that the combination of the bullet-rosette and Voronoi
models are sufficient for retrieval of the ice cloud spherical albedo and optical thickness
as an effective habit models of the SGLI sensor. Finally, SAD analysis based on the
Voronoi habit model with moderate particles (¥ = 30 um) is compared to the conven-
tional General Habit Mixture (GHM), Inhomogeneous Hexagonal Monocrystal (IHM),
5-plate aggregate and ensemble ice particle model. It is confirmed that the Voronoi
habit model has an effect similar to the counterparts of some conventional models on
the retrieval of ice cloud properties from space-borne radiometric observations.

1 Introduction

Ice clouds play an important role in the radiation balance of the Earth’s atmospheric
system through interaction with solar radiation and infrared emission (Liou, 1986;
Baran, 2012). However, there are still large uncertainties in characterizing their mi-
crophysical and optical properties. This is because they consist of ice particles with a
wide range of habits and sizes (C.-Labonnote et al., 2000; Forster et al., 2007; Baran
et al., 2009; Cole et al., 2014; Yang et al., 2015). Different ice particle habits have
varying single-scattering characteristics, resulting in different radiative properties. The
only feasible way of inferring ice cloud properties on a global scale is to use satellite
observations. In practice, an ice model is chosen, which may consist of a single habit
or a mixture of habits, and look-up tables (LUTs) for ice cloud reflection and transmis-
sion characteristics are computed for a range of input optical properties, particularly,
optical thickness, cloud temperature, and effective particle size. The LUTs and a fast
radiative transfer model are used subsequently for global operational retrievals. Thus,
the choice of an ice model for a given satellite mission deserves rigorous investigation.
In this paper, the present study is to better understand the performance of several ice
cloud habit models, in conjunction with applications to the Global Change Observation
Mission-Climate (GCOM-C) satellite mission.
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In the past two decades, aircraft and balloon in-situ observations and space-borne
and ground-based remote sensing techniques have contributed greatly to understand-
ing ice cloud microphysical and radiative properties (Baran et al., 1998, 1999, 2003;
Heymsfield et al., 2002; Heymsfield, 2003; Zhang et al., 2009). A variety of ice particle
models have been developed based on in-situ observations and the single-scattering
properties continuously draw a great deal of interest, particularly, from the perspective
of numerical computation (e.g., Macke et al., 1996a, b; McFarquhar and Heymsfield,
1996; Yang et al., 2000, 2005, 2013; Um and McFarquhar, 2007, 2009, 2011; Nousi-
ainen et al., 2011; Baum et al., 2005, 2011; Baran and C.-Labonnote, 2007; Ishimoto
et al., 2012b; Liu et al., 2014). Light scattering computation methods include the finite-
difference time-domain (FDTD) method (Yee, 1966; Yang and Liou, 1998a; Sun et al.,
1999; Ishimoto et al., 2012a), T-matrix (Havemann and Baran, 2001; Bi and Yang,
2014), the discrete dipole approximation (DDA) method (Purcell and Pennypacker,
1973; Draine and Flatau, 1994; Yurkin et al., 2007), the pseudo-spectral time-domain
(PSTD) method (Liu et al., 1997, 1998, 2012; Chen et al., 2008), the surface-integral
equation method (SIEM; Nakajima et al., 2009), the improved geometric optics method
(IGOM) (Yang and Liou, 1996), and the ray-tracing geometric optics method (GOM)
(Takano, 1989, 1993; Macke, 1993; Macke et al., 1996a; Yang and Liou, 1998b; Ma-
suda et al., 2012).

Based on one or more of these scattering models, single-scattering property libraries
have been developed for certain habits. Hess et al. (1994) developed the single-
scattering properties database for hexagonal plates and columns with a random ori-
entation at wavelengths between 0.35 and 3.7 um. Yang et al. (2000) developed a
scattering and absorption property database for various ice particle habits with ran-
dom orientation using the FDTD and IGOM methods, at wavelengths between 0.2 and
5 um. Six different ice particle habits were selected in the calculations: plates, solid and
hollow columns, planar bullet-rosettes, spatial bullet-rosettes, and aggregates. Yang
et al. (2005) published the database for ice particles with eight different habits at 49
wavelengths between 3 and 100 um, using a combination of several methods, includ-
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ing the FDTD, T-matrix, IGOM, and Lorenz—Mie theory. Recently, Yang et al. (2013)
released a full set of scattering, absorption, and polarization properties assuming ran-
dom orientation for a set of 11 habits at a number of wavelengths, ranging between
0.2 and 100 um. The habits include droxtals, prolate spheroids, oblate spheroids, solid
and hollow columns, and compact ice aggregates which were composed of eight solid
hexagonal ice columns (hereafter, “8-column aggregate”, hexagonal plates, small spa-
tial aggregates composed of 5 plates (hereafter, “5-plate aggregate”), large spatial ag-
gregates, composed of 10 plates, and solid and hollow bullet-rosettes. This library is
based on the Amsterdam discrete dipole approximation (ADDA), T-matrix, and IGOM
methods. Based on this updated library, Baum et al. (2014) developed a new set of
bulk scattering and absorption models with habit mixtures for use in ice cloud radiative
transfer calculations and retrieval of the ice cloud properties from remote sensing mea-
surements. The ice crystal single-scattering databases of Baran and Francis (2004)
and Baran et al. (2014) have been constructed from numerical simulations of individual
ice crystals by using a combination of methods described in those papers.

This study is aimed at identifying an optimal choice of ice habits for the Global
Change Observation Mission (GCOM-C) satellite mission. It is useful to provide a brief
summary of what other teams have chosen for their operational products. Numerous
articles have investigated the use of effective ice particle habits derived from various
ice habit models and remote sensing measurements from multi-angles for use in cloud
parameter retrievals (Baran et al., 1998, 1999, 2003; Chepfer, 1998; C.-Labonnote et
al., 2000; Chepfer et al., 2001; Masuda et al., 2002; Knap et al., 2005; Sun et al., 2006;
Baran and Labonnote, 2006). Baran et al. (2007). C.-Labonnote et al. (2000, 2001) and
Doutriaux et al. (2000) developed models of randomly oriented hexagonal ice particles
containing spherical air bubbles (inhomogeneous hexagonal monocrystal (IHM) model)
for use in the ice cloud retrievals of the POLDER (POLarization and Directionality of
the Earth’s Reflectances) measurements. The spherical albedo difference (SAD) anal-
ysis is employed to investigate the capability of the IHM model for retrieving the optical
property of ice cloud. It is illustrated that the POLDER multi-angle measurements is
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sensitive to the ice particle habit and roughness, at least for ice clouds having an opti-
cal thickness larger than 5. Chepfer et al. (2002) investigated the effective ice particle
habits using multi-angle and multi-satellite methods from visible reflectance satellite
measurements. There is increasing evidence that the ice particle model should contain
some degree of surface roughness (Foot, 1998; Baran et al., 2001, 2003; Ottaviani et
al., 2012a; van Diedenhoven et al., 2012; Cole et al., 2013, 2014). Yi et al. (2013) re-
ported that the general habit mixture model (GHM, Baum et al., 2011, 2014) provided
significant differences in the shortwave cloud radiative effect in the National Center
for Atmosphere Research Community Atmosphere Model (NCAR CAM 5). Baran and
Labonnote (2007) developed an ensemble ice particle model for cirrus using various
habits including single hexagonal columns, a six-branched bullet-rosette, and more
complex three-branched, five-branched, eight-branched, and ten-branched particles.
Baran et al. (2014) demonstrated that it is possible to simulate measured cirrus radi-
ances from the UV to microwave frequencies by using the same microphysically con-
sistent habit mixture model throughout the spectrum. At solar wavelengths, both Baran
and Labonnote (2007) and Baran et al. (2014) showed that featureless phase func-
tions best fitted their multi-angle solar radiance measurements. Moreover, Baran et
al. (2015) investigated the relationship between the habit model of the cirrus cloud par-
ticles and the atmospheric relative humidity. These studies suggest that whatever ice
model is employed, it should have a featureless phase function at solar wavelengths.
Ishimoto et al. (2012b) developed a new habit of complex and highly irregular shapes
called Voronoi aggregate, which was based on the ice particle images of convective
ice clouds from in-situ measurements. The phase function of the Voronoi habit varies
smoothly with scattering angle, which is similar behavior found from assuming severe
surface roughness or including bubbles within the particle or a combination of included
bubbles and surface roughness. However, the use of the Voronoi habit model for re-
trieval of the ice cloud optical thickness has not been investigated yet.

In this study, the single-scattering properties of the various ice particle models were
calculated for developing the ice cloud property products of the GCOM-C Second Gen-
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eration Global Imager (SGLI) satellite sensor. FDTD (Ishimoto et al., 2012a), GOIE
(Ishimoto et al., 2012a) and GOM (Masuda et al., 2012) methods are used to calcu-
late the light scattering properties for five ice habits including columns, plates, droxtals,
bullet-rosettes, and Voronoi, for a set of SGLI wavelengths. The SAD analysis is per-
formed to investigate the optimal habit(s) using the POLDER-3 data. Furthermore, the
results of the SAD analysis of the Voronoi habit model are compared with the conven-
tional GHM, the IHM model and 5-plate aggregate model of Yang et al. (2013).

2 Single-scattering properties of the ice particle for the SGLI sensor

Single-scattering properties for the five ice particle habits are calculated for the SGLI
observation channels. The single-scattering properties are used to determine the op-
timal ice particle habits using the SAD method. The SGLI is the successor sensor
to the Global Imager (GLI) on board ADEOS-II, which takes measurements at wave-
lengths ranging from the near ultraviolet to the thermal infrared (IR). The first satellite
GCOM-C1 is scheduled for launch in 2017 by the Japan Aerospace Exploration Agency
(JAXA). The GCOM-C mission intends to establish a long-term satellite-observing sys-
tem to measure essential geophysical parameters on the Earth’s surface and in the
atmosphere on the global scale, to facilitate the understanding of the global radiation
budget, carbon cycle mechanism and climate change (Imaoka et al., 2010). As shown
in Table 1, SGLI has 19 channels, including two polarization channels at visible/near-
infrared wavelengths. A detailed description of the SGLI is reported by Imaoka et
al. (2010), Nakajima et al. (2011), and Letu et al. (2012).

Four of the ice particle habits (hexagonal columns, plates, bullet-rosettes, and drox-
tals) employed in this study were chosen by referring to MODIS collections-5 ice par-
ticle model (Baum et al., 2005) and ice cloud in-situ measurement data. The habits
shown in Fig. 1 are defined with the same parameters (semi-width, length, aspect ra-
tio and maximum dimension) as employed in the scattering properties database by
Yang et al. (2000, 2005). The Voronoi habit is determined numerically by extraction
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of Wigner-Seitz cells from a 3-D mosaic image of the ice cloud microphysical data
(Ishimoto et al., 2012b); this habit is different from the aggregate model used in the
scattering database reported by Yang et al. (1998b, 2013). Spatial Poisson—Voronoi
tessellations were used to determine the complex structure of the ice particles for the
3-D mosaic image. The geometry of each cell in the Voronoi tessellation is defined and
is based on the method by Ohser et al. (2000).

A combination of the FDTD, GOIE, and GOM methods is employed to calculate the
single-scattering properties of these five ice habits for a wide range of size parame-
ters (SZP). The refractive index of ice published by Warren and Brandt (2008) is used
in the computations. As shown in Table 2, the FDTD method is used to calculate the
single-scattering properties of ice particles with small size parameters (SZP <50). The
GOIE and GOM methods are employed for calculating the scattering properties of the
ice particle with medium and large size parameters, respectively. The wavelength se-
lected for detailed calculations is determined by optimizing the results of the scattering
database for the SGLI channels (Letu et al., 2010). Calculations are performed at 27
spectral wavelengths (1) from the visible to the IR spectral region in the SGLI channels
shown in Table 2. The effective particle radius (7) ranges from 0.7 to 533 um and the
SZP ranges from 0.35 to 6098. The 7 is defined as a single particle radius of equivalent
volume sphere. The SZP is given as,

SZP =2m-7/A (1)

Consideration of the edge effect (Bi et al., 2010, Bi and Yang, 2014) is important for
calculating the extinction efficiency (Q,,;) and absorption efficiency (Q,,s) by the GOIE
method when the size parameter is less than 1000. The treatment of the edge effect is
based on the method proposed by Ishimoto et al. (2012a). Correction coefficients are
calculated in this study from comparison results of the FDTD and GOIE as shown in

Eq. (2):

Qext = Qext/coie + K1 -SZP /%, Qups = Qupsjcoie + Kz - SZP™/° 2)
31672
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where Qq/coie @nd Qaps/60oie are the extinction efficiencies, respectively, calculated
by the GOIE method. K; and K, are the coefficients of the edge-effect contribution.
These coefficients are applied to correct the Q.,; and Qs 0f large particles calculated
using GOIE, which is calculated by comparing Q. and Q,,s obtained from FDTD and
GOIE for maximum extension from the center of mass ranging from 30 to 60 um.

3 Data and methods

Since 1996, three POLDER instruments have been flown to study clouds and aerosols
with multiple angles and polarization capabilities. The POLDER-1 and POLDER-2 on-
board ADEOS satellite of JAXA were operated from November 1996 to June 1997 and
December 2002 to October 2003, respectively. Both of the POLDER instruments ob-
served the intensity from 14 viewing directions with scattering angles from 60 to 180°
. The spatial resolution of the product derived from POLDER-2 observation data is ap-
proximately 20 km, which is composed of 3 x 3 single pixels. POLDER-2 can measure
the upwelling total and polarized radiances from eight observing channels centered at
wavelengths of 0.443, 0.490, 0.565, 0.670, 0.763, 0.765, 0.865, and 0.910 um (Baran
et al., 2006). POLDER-3 onboard the Polarization and Anisotropy of Reflectances for
Atmospheric Sciences coupled with Observations from a Lidar (PARASOL) microsatel-
lite was launched in 2004. The POLDER-3 has nine observing channels, three of which
have polarization capabilities. PARASOL/POLDER-3 views a given scene at up to 16
different angles as the satellite passes overhead. However, the capabilities of the in-
strument, such as observing the radiances from multi-viewing angles in several visible
channels, are important for investigating the representative ice particle models for re-
trieving ice cloud properties. In this study, 589 246 pixels of the POLDER-3 observation
data with a global scale over ocean from days 20-22 March, June, September, and
December 2008 are used to retrieve cloud optical thickness and spherical albedo for
investigating the behavior of the five ice particle habits. Figure 2a shows the distribution
of the number of directional samples used in the SAD analysis. The number of pixels
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is increased in the scattering angle range of 60 to 160° and is decreased in the scat-
tering angle range of 160 to 180°. There is a changing peak of the number of sample
pixels in the scattering angle range of 140 to 160°. Figure 2b indicates the variation of
the number of pixels with the different latitude. The number of pixels is changing sig-
nificantly as a function of latitude and is lowest when the latitude is around 90° N and
90° S. C.-Labonnote et al. (2000) and Baran et al. (2006) proposed the SAD method for
testing the phase function of the various ice particle models using POLDER observa-
tional data with multi-viewing angles. For investigating the phase functions (P,4) of the
different ice crystal models for retrieving the cloud microphysical properties, the cloud
spherical albedo as a function of scattering angle is required. For calculating the cloud
spherical albedo, bi-directional reflection is first determined by:

Reia (T, r'e» @, Py i, o, @ = Bo) = TL ops (Lo ® — Do)/ HoFo )

where 17, r, and ® are the cloud optical thickness, effective cloud particle radius and
bulk-scattering albedo, respectively; v, and u, are cosines of the satellite and solar
zenith angles, respectively; ¢ is the relative azimuth angle between satellite and the
sun; L, is the reflected solar radiance observed by satellite; F, is the solar flux den-
sity. Based on Eq. (3), 7 and r, can be retrieved from L, using a look-up table (LUT)
method (Nakajima and King, 1990; Nakajima and Nakajima, 1995). Based on the re-
trievals of 7, A4 is calculated by a radiative transfer model. Cloud plane albedo (Ap),
spherical albedo (S) and are calculated by integrating over all the zenith and azimuth
angles. The Ap, S and r, are given as,

Ap (T, o) = // Reoa(t, Ho, @ — Po)udud @ (4)

S(tr,) = / As(Uo)Hod Lo (5)
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and

e =

Pn (7) dF/ / Pn (7) dF (6)
0

where n (?) is the number size distribution as a function of 7. In Eq. (4), the values of
R4 over the range of viewing geometries is required for calculation of the cloud albedo.
From that, cloud optical thickness is retrieved from L ., data using the LUTs calculated
from scattering property of various ice particle habits. Then, L, data over the range
of satellite viewing geometries is simulated using a radiative transfer model. Based on
these calculations, R, is calculated using Eq. (3).

Number of the cloud spherical albedo (S(8)) can be calculated from the L ;5 in each
pixel of the POLDER measurements with various scattering angles (@) to investigate
the P;; element of the ice particle models. Total observation number (N) of the L,
with various 6, is up to 16, which is limited to the viewing geometries of the measure-
ments. Baran et al. (2006) assumed that if the scattering phase function of the ice

particle model is correct, retrievals of the 7(¢) and 5(0) in each direction should be the
same and the SAD, as shown in Eq. (8), should be 0. S, SAD and 6 are given as,

S=(1/N)> 5(6) (7)
SAD=S(0)-S (8)
€0s 8 = cos(m — ug)cosu + sinugysinucos(@d — @g) (9)

where vy and u are the solar and satellite zenith angles, respectively.
The steps to apply the SAD analysis to POLDER-3 measurements are as follows:

1. Calculate spherical albedo from the POLDER-3 measurements with 16 viewing
geometries for each of the ice particle models.
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2. Perform the SAD analysis by taking the difference between the directional and the
direction-averaged cloud spherical albedo.

3. Assume that the phase function for each ice particle model adequately represents
the phase function for all the ice particles in each pixel of the satellite measure-
ment, and that the retrievals of the optical thickness and spherical albedo from
the POLDER measurements with different viewing geometries are the same.

When SAD is 0, the mean spherical albedo and the spherical albedo from the specific
angle of POLDER-3 measurements are the same. Therefore, the criteria for selecting
the optimal particle habit of the ice cloud are defined as a SAD near 0 in the 16 viewing
geometries of POLDER-3, and a small angular dependence.

4 Results and discussion
4.1 Characteristics of the single-scattering properties

To confirm the accuracy of the calculated single-scattering properties, the phase func-
tions computed in this study are compared with other results. Figure 3 shows compar-
isons of the phase function (P;4) of hexagonal and spheroid particles calculated from
the FDTD method with those derived from the ADDA (Bi et al., 2011) and T-matrix
methods, respectively. Our FDTD results are the same as those calculated with the
other methods. In addition, Ishimoto et al. (2012b) and Masuda et al. (2012) verify that
the phase functions of ice particles with medium and large size parameters are the
same by comparing the GOIE and GOM results, respectively.

Phase functions of the column, droxtal, plate, bullet-rosette, and Voronoi habit with
various size parameters at wavelengths of 0.686 um are given in Fig. 4. The phase
functions depend on the particle habit and size parameters. There is a halo peak for
the column, plate and bullet-rosette habit when the size parameter is larger than 100,
as particle roughening is not applied in these calculations. For the droxtal, variation of
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the phase function is evident when the size parameter is sufficiently small (SZP <10).
The POLDER-3 measures intensity from 16 viewing directions at scattering angles
between 60-180°; for these scattering angles, the phase function curves of the various
particles are different. The phase function of the Voronoi habit is very smooth, with
features similar to those for severely roughened ice particle models and the IHM model
except for the halo peak region as reported by Yang et al. (2013) and Doutriaux et
al. (2000).

The asymmetry factor, single-scattering albedo, and extinction efficiency are some of
the key parameters of the single-scattering properties of ice particles. Figure 5 shows
the single-scattering properties of various ice particle habits at the wavelengths of 1.05
and 2.2 um for various size parameters. The extinction efficiency increases with the
size parameter up to approximately 10 and converges gradually to 2 when the size
parameter is larger than 100. The maximum values of the extinction efficiency appear
when the size parameter is around 10. However, the location of the maximum extinction
efficiency varies with particle habit. There is a smooth peak in the asymmetry factor for
the size parameter from 1 to 10. The peak of the asymmetry factor at a wavelength of
2.1 um is larger than that at 1.05 um.

Figure 6 shows the comparison of the satellite-observed radiance from the column
ice particle model with the other four models at wavelengths of 1.05 and 2.21 pm
as a function of optical thickness 7 and effective cloud particle radius r,. The radi-
ance is calculated from the RSTAR radiative transfer model (Nakajima and Tanaka,
1986; Sekiguchi and Nakajima, 2008), which is a general package for simulating ra-
diation fields in the atmosphere-land-ocean system at wavelengths between 0.17 and
1000 um. The solar zenith, viewing zenith, and relative azimuth angles are 40, 30, and
90°, respectively. The satellite-observed radiance at a wavelength of 2.21 um for the
column habit is similar to the plate and droxtal models for the same r, but different at
the 1.05 um wavelength. The radiances from the column model are significantly differ-
ent from those obtained with the bullet-rosette and Voronoi models, which results in
different values of the inferred 7 and r,,. Thus, the determination of the effective ice par-
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ticle model is important for reducing the retrieval error caused by using different particle
models.

4.2 SAD analysis

Figure 7 shows the SAD analysis as a function of the scattering angle, effective particle
radius, and ice particle model. The SAD of the droxtal, column and plate show substan-
tial variations in both the scattering angle and effective particle radius. The variation of
SAD for the bullet-rosette model is more smoothly distributed close to 0 value of the
SAD (hereafter, “zero line”) than with the droxtal, plate, and column models for small
(6 <7< 10 pm), medium (28 < 7 <38 um), and large particles (70 <7< 100 um). However,
the SAD peak of the bullet-rosette model varies in the scattering angle range of 140 to
160° with medium and large particles. The SAD of the Voronoi model is closest to the
zero line over the entire scattering angle range for small, medium and large particles.
Both the Voronoi and bullet-rosette model with small particles are smoothly distributed
along the zero line.

Figure 8 shows the slope of the regression function (SRF) and total relative albedo
difference (TRAD) of the SAD for the same five ice particle models with small, medium
and large particles as shown in Fig. 7. Both values of the SRF and TRAD for small
particles of the bullet-rosette, for medium and large particles of the bullet-rosette and
Voronoi models, are smallest of all the single particle models considered. However,
there is a changing peak of the SAD in the scattering angle range of 140 to 160° for
bullet-rosette model with medium and large particles. The SRF for large particles and
TRAD for all size of particles with droxtal model are largest in the all ice particle mod-
els. As we have described in Sect. 3, the effective particle habit is defined as a smallest
value of the SRF and TRAD. Thus, it was confirmed that the bullet-rosette model with
small particles and Voronoi model with medium and large particles are sufficiently ac-
curate for the retrieval of the ice cloud spherical albedo and optical thickness. Thus,
these models are sufficient to represent cirrus in terms of effective habit models for the
purposes of the SGLI sensor.
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Ice crystals in ice cloud are complex. To simulate this complexity, we assume dif-
ferent values of distortion (as defined by Macke et al., 1996) and apply these to the
ensemble model. Numerous previous studies have shown that the degree of distor-
tion is an important property to consider when retrieving ice cloud optical properties
from multiple-view instruments. To investigate the influence of the distortion of the ice
particle model on retrieval of the ice cloud property, we performed the SAD analysis
using the ensemble ice particle models with ¥ = 30 um, assuming a number of distor-
tion values (see Fig. 9). The variation of SAD for the no distortion model in Fig. 9a is
largest relative to the other distortion values. As a function of distortion value, there
are significant variations in the SAD analysis in the scattering angle range of 60 to 80°
and 140 to 160°. There is no obvious difference of the SAD between Fig. 9b, Fig. 9¢c
and Fig. 9d for various degrees of the distortions. The SAD of the ice particle models
with a distortion values of 0.4 with spherical air bubbles in Fig. 9e is closest to the zero
line. It is implied that the models with distortion or surface roughness are best for the
retrieval of the ice cloud optical property than with no distortion applied to the model.
The model with spherical air bubbles and distortion is most efficient than the models
with distortion only.

Several conventional studies demonstrated that ice particle models such as ensem-
ble ice particle model, IHM and GHM and some aggregated complex models, with
rough surface are useful for the operational satellite data processing (C.-Labonnote et
al., 2000, 2001; Doutriaux et al., 2000; Baum et al., 2011, 2014; Baran and Labnnote,.
2006, 2007 and Cole et al., 2013). For evaluating the accuracy of the Voronoi model,
we further compared the SAD of the Voronoi model with the conventional IHM, GHM, 5-
plate aggregate and ensemble ice particle models with 7 = 30 um. As shown in Fig. 10,
all of the selected models do not have any strong angular dependence. However, all
the models in Fig. 10 have a rough surface except for the IHM containing spherical air
bubbles and Voronoi habit. It is implied that the Voronoi habit model has a similar ef-
fect as some aggregated and mixed-habit ice particle models with roughened surfaces
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and the IHM single particle model containing air bubbles on retrieval of the ice cloud
properties using remote sensing instruments.

Figure 11 shows the slope of the regression function (top panel) and total relative
albedo difference (bottom panel) for the selected models in Fig. 10. The SRF for en-
semble ice particle model, GHM and Voronoi model was significantly smaller than the
other two models. The TRAD for all of the habit models is not significantly different from
each other. However, Voronoi model is little bit smaller than the other models except
for ensemble ice particle model. Voronoi model has both of the small values of SRF
and TRAD, which is similar to ensemble ice particle model, indicating that SAD of the
Voronoi model has a low angular dependence.

5 Conclusions

Ice particle single-scattering properties are investigated for potential use in the GCOM-
C satellite program. The single-scattering properties of five different ice particle models
(plates, columns, droxtals, bullet-rosettes, and Voronoi) are developed using the FDTD,
GOIE and GOM methods. The accuracy of the single-scattering property is investi-
gated by comparing the phase function from the FDTD method used in this study to
conventional results from ADDA and T-matrix method. The FDTD phase functions are
also compared with computational results from GOIE. Results indicate that the FDTD-
based phase functions are consistent with results from the ADDA, T-matrix and GOIE
methods and suggest that the single-scattering property database developed in this
study is reliable for use in radiative transfer simulations and applications in the remote
sensing of ice cloud.

The characteristics of the single-scattering property database are investigated by an-
alyzing the asymmetry factor, single-scattering albedo, and extinction efficiency. Each
of the five habits are employed to compare top-of-atmosphere radiances as a function
of the optical thickness and effective particle radius. Results indicate that the satellite-
observed radiances from the column model are significantly different from those ob-
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tained with the bullet-rosette and Voronoi models when the effective particle radius is
larger than 8. These results imply that the choice of ice particle habit is important for
reducing the retrieval error.

Furthermore, the SAD analysis is performed to determine the optimal ice particle
habit for retrieving the optical thickness and cloud spherical albedo using POLDER-
3 multi-angle measurements. Retrievals are performed using 589246 pixels of the
POLDER-3 observation data with a global scale over ocean from days 20—22 March,
June, September, and December 2003. The following conclusions are drawn from
these results.

The SADs of the droxtal and column habits show significant variations with scattering
angle and effective particle radius.

The variation of the SAD for small particles with bullet-rosette model is more
smoothly distributed along the zero line than other habit models.

The SAD of the Voronoi model is closest to the zero line with scattering angle for all
size of particles.

The bullet-rosette habit for small particles and Voronoi habit for all size of particles
are most suitable for retrieving the ice cloud spherical albedo and optical thickness.

The results of the SAD analysis from the Voronoi model are compared with the result
from the conventional IHM, GHM, 5-plate aggregate and ensemble ice particle model
with moderate ice particle size for evaluating the efficiency of the Voronoi model on
retrieving ice clouds optical properties. It is concluded that the Voronoi habit model is
similar to the conventional efficient models for retrieval of the ice cloud properties using
remote sensing instruments. The results of this study are not only useful for develop-
ing the ice cloud products of the GCOM-C/SGLI satellite mission, but also useful for
determining the optimal ice particle habit for ice cloud remote sensing.
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Table 1. Specification of the SGLI.

No. SGLI Center Band IFOV

Channels Wavelength (um)  width (nm) (m)
1 VN1 0.380 10 250
2 VN2 0.412 10 250
3 NV3 0.443 10 250
4 NV4 0.490 10 250
5 NV5 0.530 20 250
6 NV6 0.565 20 250
7 NV7 0.673 20 250
8 NV8 0.673 20 250
9 NV9 0.763 12 1000
10  NV10 0.868 20 250
11 NV11 0.868 20 250
12 P1 0.673 20 1000
13 P2 0.868 20 1000
14  SWA1 1.050 20 1000
15 Sw2 1.380 20 1000
16 SW3 1.630 200 250
17 SW4 2.210 50 1000
18 T1 10.8 740 500
19 T2 12.0 740 500
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Table 2. Size parameter with various particle size and calculating wavelength on the SGLI

channels (FDTD, GOIE, GOM).

A(um) | F (um)

| 05500 05650 05800  0.6590 06740  0.6860  0.8530  0.8650  0.8830
0.700 7.997 7.784 7.583 6.674 6.526 6.411 5.156 5.085 4.981
1.000 11424 11121 10.833  9.534 9.322 9.159 7.366 7.264 7.116
1.300 14.851 14457 14083  12.395 12119  11.907  9.576 9.443 9.250
1.900 21706 21129 20583 18115 17712  17.402  13.995  13.801  13.520
2.600 29702 28914 28166 24790 24238 23814  19.152  18.886  18.501
3.500 39.984  38.922  37.916 33370 32628  32.057 25781 25423  24.905
4.900 55.977  54.491  53.082 46719 45679 44880  36.093 35593  34.867
6.900 78.825  76.733 74748 65788  64.323  63.198  50.825  50.120  49.099
9.500 108.528  105.646 102.914 90.577  88.561  87.012  69.977  69.006  67.599
13.200 | 150.796  146.793 142.997 125854 123.053 120.901 97.231 95882  93.928
18.200 | 207.916 202.396 197.162 173.527 169.665 166.697 134.061 132.201  129.506
25.300 | 289.027 281.353 274.077 241221 235.853 231727 186.359 183.774  180.028
35.100 | 400.981 390.336 380.241 334.658 327.210 321.487 258546 254.959  249.762
47.300 | 540.354 5307.901 5170.628 4550.780 4449502 4371.668 3515.785 3467.011 3396.336
60.600 | 692.293 673.913 656.485 577.786 564.927 555.045 446.379  440.186  431.213
77.100 | 880.788 857.405 835230 735.104 718744 706171 567.917 560.039  548.622
97.500 | 1113.837 1084.266 1056.225 929.606 908.918 893.018 718.184 708.220 693.783
122.800 | 1402.864 1365.620 1330.302 1170.827 1144770 1124745 904.543 891.994 873.811
154.000 | 1759.292 1712.585 1668.294 1468.301 1435.624 1410511 1134.362 1118.625 1095.822
2201.400 | 2142.955 2087.534 1837.283 1796.394 1764.971 1419.425 1399.734 1371.200
242.300 | 2768.029 2694.541 2624.855 2310.191 2258.777 2219.265 1784.778 1760.018 1724.140
308.400 | 3523.153 34290.618 3340.921 2940.416 2874.977 2824.686 2271.670 2240.155 2194.490
416.380 | 4756.714 4630.430 4510.677 3969.943 3881.502 3813.692 3067.049 3024.500 2962.846
533.800 | 6098.117 5936.220 5782.697 5089.475 4976.208 4889.161 3931.963 3877.415 3798.374
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Table 2. Continued.

A(um) | 7 (um)

| 1.0350  1.0500  1.0650  1.3650  1.3800  1.3950  1.4800  1.6300  1.7800
0.700 | 4.249 4.189 4.130 3.222 3.187 3.153 2.972 2.698 2.471
1.000 | 6.071 5.984 5.900 4.603 4553 4.504 4.245 3.855 3.530
1.300 | 7.892 7.779 7.670 5.984 5.919 5.855 5.519 5.011 4.589
1900 | 11534 11370 11209  8.746 8.651 8.558 8.066 7.324 6.707
2600 | 15784 15558 15339  11.968  11.838  11.711  11.038  10.022  9.178
3500 |21.247 20944 20649 16111 15936 15764  14.859 13492 12355
4900 | 29746 20322  28.909 22555 22310 22070  20.802  18.888  17.296
6.900 | 41.888 41290 40708 31761 31416  31.078 29293 26598  24.356
9.500 | 57.672  56.848  56.047  43.729 43254 42789  40.331  36.620  33.534
13200 | 80.133  78.989  77.876  60.760  60.100  59.454  56.039  50.882  46.594
18200 | 110.487 108.909 107.375 83.776  82.865 81974  77.266  70.156  64.244
25300 | 153.589 151.395 149.263 116458 115192 113.953 107.409 97.524  89.306
35.100 | 213.082 210.038 207.080 161.568 159.811  158.093 149.013 135300 123.899
47.300 | 2897.550 2856.157 2815.929 2197.043 2173.163 2149.795 2026.327 1839.855 1684.811
60.600 | 367.885 362.630 357.522 278.946 275914 272947 257271 233596 213.911
77100 | 468.052 461.365 454.867 354.896 351.039 347.264 327.320 297199  272.154
97.500 |591.894 583.439 575221 448799 443921 439.147 413926 375.835  344.163
122.800 | 745.483 734.833 724.484 565257 559.112 553.100 521.335 473.359  433.469
154.000 | 934.889 921534 908.554 708.872 701.167 693.628 653.791 593.626  543.601
192.700 | 1169.826 1153.114 1136.873 887.011 877.369 867.935 818.088 742.804  680.208
242300 | 1470.933 1449.920 1429.498 1115323 1103.200 1091.337 1028.659 933.997  855.290
308.400 | 1872.207 1845461 1819.469 1419.586 1404.155 1389.057 1309.280 1188.794 1088.615
416.380 | 2527.722 2491.612 2456519 1916.625 1895792 1875407 1767.698 1605.026 1469.771
533.800 | 3240.545 3194.252 3149.262 2457.117 2430.409 2404275 2266.192 2057.647 1884.250
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Table 2. Continued.

A (um) 7 (um)

2.1730 \ 2.2100 2.2480 10.2450 10.8000 11.3550 11.4450 12.0000 12.5550

0.700 | 2.024 1.990 1.957 0429 0407 0387 0384  0.367  0.350
1.000 | 2.891 2.843 2.795 0613 0582 0553 0549  0.524  0.500
1.300 3.759 3.696 3.634 0.797 0.756 0.719 0.714 0.681 0.651
1.900 | 5.494 5.402 5.311 1165  1.105  1.051 1.043 0995  0.951
2600 | 7.518 7.392 7.267 1595 1513 1439 1427  1.361 1.301
3.500 10.120 9.951 9.783 2.147 2.036 1.937 1.921 1.833 1.752
4900 | 14.168  13.931 13696  3.005  2.851 2.711 2690 2566  2.452
6.900 | 19.951 19.617  19.286  4.232  4.014 3818 3.788 3613  3.453
9.500 27.469 27.009 26.553 5.826 5.527 5.257 5.215 4.974 4.754
13.200 | 38.168  37.529  36.894  8.095  7.679  7.304  7.247 6912  6.606
18.200 | 52.625  51.744  50.869  11.162 10.588 10.071 9.992 9529  9.108
25.300 73.154 71.930 70.714 15.516 14.719 14.000 13.889 13.247 12.661
35.100 101.491 99.792 98.105 21.527 20.420 19.422 19.270 18.378 17.566
47.300 1380.103 1356.997 1334.059 292.725 277.682 264.110 262.033 249.914 238.866
60.600 | 175.224 172290 169.378 37.166 35.256 33.532 33.269 31.730  30.327
77100 | 222933 219.201 215495 47.285 44.855 42.663 42.327 40.369  38.585
97.500 281.919 277.199 272.514 59.796 56.723 53.951 53.526 51.051 48.794
122.800 | 355.074 349.129 343.227 75.312 71.442 67.950 67.416 64.298 61.456
154.000 | 445288  437.833  430.432 94.447 89594 85214 84.544 80.634 77.070
192.700 | 557.188 547.860 538.599 118.182 112.108 106.629 105.790 100.897 96.437
242.300 | 700.606 688.876 677.231 148.601 140.964 134.074 133.020 126.868 121.260
308.400 | 891.732 876.803 861.981 189.140 179.420 170.650 169.308 161.478 154.340
416.380 | 1203.954 1183.798 1163.787 255.363 242.240 230.400 228.588 218.016 208.379
533.800 | 1543.472 1517.631 1491.977 327.376 310.552 295.373 293.051 279.497 267.142
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