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ABSTRACT

This study examines the development of bulk single-scattering properties of ice clouds, including single-
scattering albedo, asymmetry factor, and phase function, for a set of 1117 particle size distributions obtained
from analysis of the First International Satellite Cloud Climatology Project Regional Experiment (FIRE)-I,
FIRE-II, Atmospheric Radiation Measurement Program intensive observation period, Tropical Rainfall
Measuring Mission Kwajalein Experiment (KWAJEX), and the Cirrus Regional Study of Tropical Anvils
and Cirrus Layers (CRYSTAL) Florida Area Cirrus Experiment (FACE) data. The primary focus is to
develop band-averaged models appropriate for use by the Moderate Resolution Imaging Spectroradiometer
(MODIS) imager on the Earth Observing System Terra and Aqua platforms, specifically for bands located
at wavelengths of 0.65, 1.64, 2.13, and 3.75 um. The results indicate that there are substantial differences in
the bulk scattering properties of ice clouds formed in areas of deep convection and those that exist in areas
of much lower updraft velocities. Band-averaged bulk scattering property results obtained from a particle-
size-dependent mixture of ice crystal habits are compared with those obtained assuming only solid hex-
agonal columns. The single-scattering albedo is lower for hexagonal columns than for a habit mixture for
the 1.64-, 2.13-, and 3.75-um bands, with the differences increasing with wavelength. In contrast, the
asymmetry factors obtained from the habit mixture and only the solid hexagonal column are most different
at 0.65 um, with the differences decreasing as wavelength increases. At 3.75 wm, the asymmetry factor
results from the two habit assumptions are almost indistinguishable. The asymmetry factor, single-scattering
albedo, and scattering phase functions are also compared with the MODIS version-1 (V1) models. Differ-
ences between the current and V1 models can be traced to the microphysical models and specifically to the
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number of both the smallest and the largest particles assumed in the size distributions.

1. Introduction

The general approach for inferring ice cloud optical
and microphysical properties from satellite imagery is
to compare measured satellite radiances with radiative
transfer (RT) calculations. The RT calculations account
for viewing geometry, solar illumination, surface tem-
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perature, surface emissivity, surface albedo, and bidi-
rectional reflectance characteristics in addition to cloud
macrophysical, microphysical, and optical properties
(King et al. 1992; Platnick et al. 2003). In this study, our
goal is to demonstrate how ice cloud in situ measure-
ments can be used to improve the range of bulk micro-
physical and optical properties in RT models. The focus
in Baum et al. (2005, hereinafter Part I) of this study is
on the cloud microphysical models, including the ice
particle size and habit distributions. In this paper, the
objective is to use the microphysical models to derive
bulk optical properties. As a demonstration of the ap-
proach, bulk scattering properties are derived for four
visible and near-infrared bands on the Moderate Reso-
lution Imaging Spectroradiometer (MODIS).
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The current operational MODIS cloud microphysical
and optical retrievals are based on a set of 12 cirrus
particle size distributions (Baum et al. 2000; King et al.
2004) and are referred to henceforth as version 1, or
V1. The cirrostratus and cirrus uncinus distributions
are described by Heymsfield (1975), and Heymsfield
and Platt (1984) present two modified size distribu-
tions typical of warm and cold cirrus clouds and three
additional size distributions derived from observa-
tions of midlatitude cirrus at temperature 7 = —20°C,
T = —40°C, and T = —60°C. The remaining three
models are from specific dates during the First Inter-
national Satellite Cloud Climatology Project Regional
Experiment (FIRE)-I field campaign. In the MODIS
V1 models, the ice water content (IWC) ranges from
1073 to 107" g m . The 12 size distributions cover a
limited range of cloud microphysical properties and
dynamical regimes, for example, production in slowly
ascending parcels with updraft speeds of less than
100 cm s~ . Whereas the ice particle size distributions
vary among the V1 models, the scattering-property cal-
culations are limited to five discrete particle size bins.
When the maximum dimension D is small (D <70 pwm),
that is, for small ice crystals, the habits are prescribed
as 50% bullet rosettes, 25% hexagonal plates, and
25% hollow columns. When D > 70 wm, the habit mix-
ture is 30% aggregates, 30% bullet rosettes, 20% hex-
agonal plates, and 20% hollow columns. This mixture
of habits is fixed for all 12 distributions in the V1 mod-
els.

In this study, our intent is to form a new set of ice
cloud models based upon an extended set of particle
size distributions (PSD) developed from in situ mea-
surements that are more recent than those used in the
development of the MODIS V1 models. The new ice
cloud models represent a significant improvement in
the treatment of both the size distribution and the use
of particle habits. The new models are based on 45 size
bins, and the mixture of particle habits for each model
is based on the analyses of Part I.

Section 2 presents the scattering property libraries
used in our analyses, and section 3 outlines the devel-
opment of the new models. Bulk scattering properties
are provided in section 4, and section 5 summarizes and
concludes our study.

2. Data and models

a. Moderate Resolution Imaging Spectroradiometer

MODIS is a 36-channel whiskbroom scanning radi-
ometer. The channels, known as bands in the MODIS
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terminology, span a range from 0.415 to 14.23 um in
four focal plane assemblies (Barnes et al. 1998). Nadir
spatial resolutions are 250 m (two bands at 0.65 and
0.86 wm), 500 m (five bands at 0.47, 0.56, 1.24, 1.64, and
2.13 pm), and 1000 m (29 bands). Each band’s spectral
response function is determined by an interference fil-
ter overlying a detector array that images a 10-km
along-track swath for each scan, resulting in 40, 20, and
10 element arrays for the 250-, 500-, and 1000-m bands,
respectively. MODIS has onboard calibration consist-
ing of blackbodies for the IR bands, a solar diffuser
panel for reflectance calibration up through the 2.1-um
MODIS band, and an accompanying solar diffuser sta-
bility monitor for assessing the stability of the diffuser
up to 1 um. Two MODIS instruments are currently in
orbit on the Earth Observing System (EOS) platforms,
each at an altitude of 705 km. The Terra platform is in
a descending orbit with an equatorial crossing of 1030
local time, and Aqua is in an ascending orbit with an
equatorial crossing of 1330 local time.

Although no MODIS data are analyzed in this study,
bulk scattering models are developed based on the
spectral response functions for four MODIS bands:
band 1 (0.61-0.68 wm), band 6 (1.60-1.66 wm), band 7
(2.06-2.17 pm), and band 20 (3.65-3.95 um). For cal-
culations involving the ice-particle scattering-property
database described in the following section, bands 1, 6,
and 7 are divided into subbands at 0.01-wm resolution,
and band 20 is divided into subbands at 0.05-uwm reso-
lution.

b. Ice-particle scattering properties

An extensive library of scattering properties has been
developed for a set of ice particles that includes drox-
tals, hexagonal plates, hollow columns, solid columns,
three-dimensional bullet rosettes, and aggregates. The
methods generally involve a combination of the im-
proved geometric optics approach and the finite-
difference time domain method (Yang and Liou
1996a,b). The geometric details for various ice-particle
habits can be found in Yang and Liou (1998). Droxtals
are described further in Yang et al. (2003) and Zhang et
al. (2004).

The droxtal is used to represent the smallest particles
in a size distribution and has an aspect ratio approach-
ing unity. Polycrystals include three-dimensional bullet
rosettes and aggregates. Aggregates are composed of
between two and eight hexagonal columns that are at-
tached together in a random fashion. The scattering-
property database has been derived at 234 discrete
wavelengths between 0.4 and 13 um. Scattering prop-
erties have been computed for particles in 45 size bins
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spanning a maximum dimension range D, from 2 um
to 9.5 mm. For droxtals, scattering properties have been
calculated only for sizes up to 200 pm.

The ice-particle databases include properties such as
volume V, projected area A, asymmetry factor g, scat-
tering cross section o,,, extinction cross section o,
single-scattering albedo @, the scattering phase function
P(0O) (where O is the scattering angle), and 8-function
transmission. All properties are averaged over a ran-
dom orientation of the particle. As discussed by Ta-
kano and Liou (1989), a large energy component
called the 8-function transmission (or simply & trans-
mission) is produced when rays undergo two refrac-
tions at ® = 0° through parallel planes in an ice par-
ticle. The & transmission can be significant for pristine
ice crystals such as bullet rosettes, hexagonal plates,
and hexagonal columns at visible and near-infrared
wavelengths. The ratio of the § transmission energy (at
® = 0°) to the total scattered energy (all ®) is denoted
by fs.

Values of f; are shown in Fig. 1 for four habits (3D
bullet rosettes, hollow and solid columns, and plates) at
three specific wavelengths: 0.65, 1.64, and 2.13 um. The
contribution of & transmission at 3.75 um is negligible
because of ice absorption and is not provided in the
figure. The value of f; is near zero for small particle
sizes. Droxtals are not included in the figure because
such particles are used only for D, ,, < 60 um and f;
has values near zero for these small sizes. Also, aggre-
gates are not included because the particle is roughened
and f; is negligible over the entire size range. At a
nonabsorbing wavelength (0.65 wm), the f;5 values tend
to increase with increasing particle size. For absorbing
wavelengths (1.64 and 2.13 pm), the value of f5 de-
creases as D, increases because of increasing absorp-
tion within the particle.

Figure 2 shows the asymmetry factor at wavelengths
of 0.65, 1.64, 2.13, and 3.75 wm, and the ice aggregate
is included in addition to the habits shown in the pre-
vious figure. The values of g are very sensitive to
particle habit in general, with values increasing as
D, increases from 2 to 1000 wm. These results are
expected as light scattering becomes more isotropic for
small particles, which decreases g. In general, particles
with D, > 2000 um have larger values of g than
the smaller particles. Plates tend to have the highest
values of g overall at the visible and weakly absorbing
wavelengths. Note that the asymmetry factor in our
scattering library includes the contribution of the &
transmission. The influence of & transmission on the
asymmetry factor is provided in the following relation-
ship:
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where g is the value in our scattering library and g*
represents the asymmetry factor without incorporation
of f5. The effect of & transmission is to increase the
value of the asymmetry factor.

The single-scattering albedo is shown in Fig. 3 at 1.64,
2.13, and 3.75 um. In general, @ decreases with increas-
ing D, With values being sensitive to habit. Except
for the smallest particles, plates tend to have the highest
values of @ while aggregates have the lowest values.
Note that @& also includes the contribution of the &
transmission through the relationship

L _-f)e
I

where @* represents the single-scattering albedo that
does not incorporate the value of f;. The effect of &
transmission is to increase the value of ®.

While the library values of g and & include the con-
tribution of the & transmission, P(®) has been azimuth-
ally averaged, scaled by a factor of (1 — f;), and sub-
sequently normalized such that (1/2)f§ P(0) sin® dO = 1.

@

3. Band-averaged bulk scattering properties

Table 1 lists the MODIS bands used in this study.
The MODIS V1 models were built from ice crystal scat-
tering calculations obtained at a central wavelength for
each band. As in Nasiri et al. (2002), scattering calcu-
lations in this study are performed at discrete wave-
lengths and then averaged over the spectral response
function for each band. For MODIS solar bands (A <3
um), the scattering properties at each wavelength
within the band’s response function are weighted addi-
tionally by the solar spectral irradiance S(A) (Kurucz et
al. 1984; Neckel and Labs 1984). For wavelengths
longer than 3 um, however, the solar spectrum S(A) is
replaced with the Planck function B(A) to represent the
thermal IR emission from an opaque ice cloud at 233 K.

The band-weighted mean scattering cross section is

given by
A2 Dmax M
f j |: O-sca,h(Dv )\)fh(D):|
A min h=1

X n(D)F,(\)S(\) dD d\

s

E-Sca - A2 Dmax M
f f [ fh(D)]n(D)FS()\)S()\) dD d\
Al Dmin h=1

3)
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FIG. 1. Fraction of & transmission energy fs as a function of particle maximum dimension D,,,, for four ice particle habits (3D bullet
rosette, hollow column, solid column, and hexagonal plate) at (a) 0.65, (b) 1.64, and (c) 2.13 wm. Aggregates are not shown because
the value of f; is essentially zero because the particle is roughened. Droxtals are not shown because they are implemented only for the
smallest particles in each PSD, and f; is negligible for very small particles.

where f,(D) is the ice particle habit fraction for habit 4, M

M is the number of habits, D is particle size, n(D) is the 2 Jn(D) = 1. “)
particle density, A is wavelength, S(A) is the spectral =t

solar spectrum, and F,(A) is the spectral response func-

tion. The habit fraction is defined so that, for each size The band-weighted mean extinction cross section is
bin, given by
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FiG. 2. Asymmetry factor at specific wavelengths of (a) 0.65, (b) 1.64, (c) 2.13, and (d) 3.75 um as a function of D, for five ice
particle habits (3D bullet rosette, hollow column, solid column, aggregate, and hexagonal plate).

A [ Duax [ M The single-scattering albedo ® is determined by the ra-
J J' [ Oexen(D, )\)fh(D)] tio of the mean scattering and extinction cross sections:
A1 Dmin h=1
B X n(D)F(N)S(A) dD dA s
Oext — " Drna M . = asca ) (6)
f f [E fh(D)]n(D)FY(A)S(A) dD d\
M J Dmin LA=1 Also of interest is the band-averaged scattering phase

(5) function
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V1 models’ g values do not exactly match those from
the current set of PSDs, but that is probably due to the
use of a different habit distribution. In these calcula-
tions, the comparison seems to hint at larger differences
for D > 80 wm. This is expected because the current
results are based on integration of particle size over 45
size bins, whereas the V1 models employed only 5 size
bins.

d. Scattering phase functions

A discussion of the scattering phase functions follows
in this section. To facilitate this discussion, the full set
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F1G. 6. MODIS band-averaged single-scattering albedo
for (a) 1.64, (b) 2.13, and (c) 3.75 um calculated from
in situ PSDs, assuming a mixture of ice particle habits.
The PSD results from FIRE-I, FIRE-II, ARM, and
CRYSTAL FACE are black symbols; the results from
the TRMM KWAJEX PSD data are denoted by gray
symbols. Superimposed on the data are the results from a
sensitivity study involving the CRYSTAL FACE PSDs in
which the number of particles with sizes less than 20 um
was multiplied by a factor of 100 (green symbols) or 1000
(red symbols). The 12 MODIS V1 models are superim-
posed for reference (cyan symbols).

of phase functions for each MODIS band [derived fol-
lowing Eq. (7)] is filtered and averaged as follows. The
goal is to develop phase functions for a defined set of
D, which in this case is D 4 = 10-180 wm in incre-
ments of 10 wm, for a total of 18 discrete D, values.
We note that the only way to obtain phase functions, or
any of the bulk scattering parameters for that matter,
for D at sizes of less than 30 wm is to modify the PSDs
by increasing the number of small particles as discussed
in the previous section. The set of phase functions is
augmented by the two sets of properties resulting from
the modified CRYSTAL FACE PSDs (i.e., one set in
which the number of small particles is multiplied by
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F1G. 7. Same as for Fig. 6, but for MODIS band-averaged asymmetry factor for (a) 0.65, (b) 1.64, (c) 2.13, and (d) 3.75 pm.

100, and the other set in which the number is multiplied
by 1000).

The PSDs that fall within a narrow region around the
target D values are averaged; the width of the region
is chosen such that between 10 and 20 individual PSDs
can be averaged for each Dy For each Dy value, a
mean and standard deviation can be calculated for the
phase function. A benefit to this approach is that the
mean and standard deviation values, for not only the

phase functions but the other scattering properties as
well, can be used to estimate retrieval errors.

Results for D values of 20, 60, and 100 um are
shown in Fig. 8 for the MODIS 1.64-um band. The
left-hand column shows the phase function over the full
180° range in scattering angle ®, and the right-hand
column shows the phase function over the forward peak
in the scattering angle. At 20 wm, the largest variances
occur at very small ® of less than 2°. At D = 60 and
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FI1G. 8. For MODIS band 20 (1.64 um), the scattering phase function mean (solid line) and standard
deviation (dotted line) for D values of (top) 20, (middle) 60, and (bottom) 100 wm are shown for (a),
(c), (e) the full phase function and (b), (d), (f) the forward peak in the phase function.
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FI1G. 9. For MODIS band 20 (1.64 pwm), a comparison of the two
MODIS V1 models (cold Ci, D = 13.4 um; Ci uncinus, D =
117.8 wm) with two new models at D = 10 and 120 wm for (a)
the full scattering phase function and (b) the first 10° of the scat-
tering phase function.

100 wm, the largest variances occur near the minima at
® = 20°, 130°, and 170°.

A comparison with two of the MODIS V1 models is
shown in Fig. 9, again for the MODIS 1.64-um band.
The MODIS V1 cold cirrus (cold Ci) model and the
cirrus uncinus (Ci uncinus) models (Baum et al. 2000)
are chosen because they represent the extrema of the
V1 models, having the smallest and largest D values,
respectively, of 13.4 and 117.8 um. Note that the D g
values provided in Baum et al. (2000) are lower than
the values provided here; this difference is a result of a
slightly different definition of effective diameter in the
earlier study that did not include multiplication by a
constant of 3/2. The averaged phase functions derived
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at D of 10 and 120 um are provided for comparison
with the cold Ci and Ci uncinus V1 models. The upper
panel of Fig. 9 shows the full phase function, and the
lower panel shows only the forward peak.

A comparison of the two small-particle models (cold
Ci and D4y = 10 pm) shows some interesting differ-
ences. The value of the phase function is higher for the
V1 cold Ci model than for the D = 10 um model,
both in the forward-scattering direction (0 < 3°) and at
side-scattering angles between 50° and 110°. However,
for 4° < ® < 30°, and at ® > 120°, the reverse is true.
The primary difference between the two models is in
the use of droxtals. Droxtals have some of the tenden-
cies of spherical particles in that the side scattering is
reduced in comparison with hexagonal columns and
backscattering is enhanced.

The two large-particle models (Ci uncinus and D =
100 wm) match more closely than do the small-particle
models. However, there are some regions where differ-
ences exist near the minima at ® = 20°, 40°, and 170°
and for 110° < ® < 140°. The two models are very
similar in the magnitudes of the phase function in both
the forward and backward peaks.

S. Summary

This study examines the development of bulk single-
scattering properties, including single-scattering al-
bedo, asymmetry factor, and phase function, for a set of
1117 particle size distributions. The primary focus is to
develop band-averaged models that are appropriate for
use by the MODIS imager on the EOS Terra and Aqua
platforms, but the method can be applied easily to other
imagers such as the Advanced Very High Resolution
Radiometer or the Along-Track Scanning Radiometer.
The primary MODIS bands discussed in this study are
located at wavelengths of 1.64,2.13, and 3.75 um. These
bands are chosen because of their use in inferring ice
cloud optical thickness and effective particle size. The
primary benefit derived from application of our method
is that the microphysical attributes of each model, spe-
cifically median mass diameter and ice water content,
are consistent with those obtained from the in situ mea-
surements as discussed in Part I. This aspect should
help to facilitate comparisons of satellite-derived quan-
tities with those obtained from ground-based or air-
craft-based measurements.

The PSDs are derived from analysis of FIRE-I,
FIRE-II, ARM intensive operating periods, TRMM
KWAIJEX, and CRYSTAL FACE data. However, only
the TRMM KWAIJEX data are obtained from tropical
cirrus anvils. The PSDs for the TRMM data tend to
follow exponential distributions rather than gamma dis-
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tributions. For any given ice-particle habit mixture, the
bulk scattering properties of asymmetry factor and
single-scattering albedo tend to fall into two groups,
with one group containing the FIRE, ARM, and
CRYSTAL FACE data, and the other group contain-
ing the TRMM data. We note that the CRYSTAL
FACE data are from an extremely cold, optically thin
cirrus cloud near the tropopause rather than from an
anvil associated with deep convection. The data indi-
cate that there are substantial differences between ice
clouds formed in areas of deep convection and those
that exist in areas of much lower updraft velocities.

Results obtained from a particle-size-dependent mix-
ture of ice crystal habits are compared with those ob-
tained by assuming only solid hexagonal columns. The
single-scattering albedo is lower for hexagonal columns
than for a habit mixture for the 1.64-, 2.13-, and 3.75-
um bands, with the differences increasing with wave-
length. In contrast, the asymmetry factors obtained
from the habit mixture and only the solid hexagonal
columns are most different at 0.65 wm, with the differ-
ences becoming lower as wavelength increases. At 3.75
wm, the asymmetry factor results from the two habit
assumptions are almost indistinguishable. The asymme-
try factor is found to be sensitive to the largest particles
and particle habits assumed in the size distributions.

Results for asymmetry factor and single-scattering al-
bedo are also compared with the MODIS V1 models.
The V1 models have values for effective diameter that
are much smaller than those obtained from the 1117
PSDs. Further examination into this discrepancy
showed that the number of small particles in the small-
est size bin of the V1 models was from two to three
orders of magnitude higher than for the gamma distri-
butions. Because the number of small particles is un-
known because of the difficulty in measuring them ac-
curately, two additional sets of PSDs were obtained by
modifying the CRYSTAL FACE PSD set in the fol-
lowing fashion: one set was derived by multiplying the
number of small particles in the gamma distribution
(i.e., those particles having a maximum dimension of
less than 20 wm) by a factor of 100, and the other set
was derived by multiplying the small crystals by a factor
of 1000. The CRYSTAL FACE PSD set was chosen
because it was sampled from the coldest cloud in the
dataset and also had the lowest IWC values. Based on
the “modified” CRYSTAL FACE PSDs, the effective
diameter was extended from a minimum of 30 to 10 pwm.
Although arbitrary, this provides some insight as to the
sensitivity of bulk scattering properties to the number
of small particles.

Future research will be performed to assess further
the difference between bulk scattering models obtained
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from ice clouds in convective versus nonconvective re-
gions. Also, we hope to revisit the small-particle issue
once more accurate measurements are available.
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