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ABSTRACT

Parameterizations of single scattering properties currently used in cloud resolving and general circulation
models are somewhat limited in that they typically assume the presence of single particle habits, do not adequately
account for the numbers of ice crystals with diameters smaller than 100 mm, and contain no information about
the variance of parameterization coefficients. Here, new parameterizations of mean single scattering properties
(e.g., single scatter albedo, asymmetry parameter, and extinction efficiency) for distributions of ice crystals in
tropical anvils are developed. Using information about the size and shape of ice crystals acquired by a two-
dimensional cloud probe during the Central Equatorial Pacific Experiment (CEPEX), a self-organized neural
network defines shape based on simulations of how the particle maximum dimension and area ratio (ratio of
projected area to that of circumscribed circle with maximum dimension) vary for random orientations of different
idealized shapes (i.e., columns, bullet rosettes, rough aggregates, and particles represented by Chebyshev poly-
nomials). The size distributions for ice crystals smaller than 100 mm are based on parameterizations developed
using representative samples of 11 633 crystals imaged by a video ice particle sampler (VIPS). The mean-
scattering properties for distributions of ice crystals are then determined by weighting the single scattering
properties of individual ice crystals, determined using an improved geometric ray-tracing method, according to
number concentration and scattering cross section.

The featureless nature of the calculated phase function, averaged over all observed sizes and shapes of ice
crystals, is similar to that obtained using other schemes designed to account for variations in sizes and shapes
of ice crystals. The new parameterizations of single scatter albedo, asymmetry parameter, and extinction efficiency
are then determined by functional fits in terms of cloud particle effective radius; there was no statistically
significant dependence on either ice water content or temperature. Uncertainty estimates incorporated into the
parameterization coefficients are based upon a Monte Carlo approach. Comparisons with previously used pa-
rameterizations and with parameterizations developed using single crystal habits are made to show that the
determination of representative crystal habits is still a major unknown in the development of parameterization
schemes.

1. Introduction

Ice clouds, especially cirrus, have been shown in gen-
eral circulation model (GCM) and satellite studies to
have a major effect on the earth’s radiation balance and
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climate as a result of the significant contribution they
make to the diabatic heating of the upper troposphere
(Ramaswamy and Ramanathan 1989). For example,
Zhang et al. (1999) found that modeled radiative fluxes
were sensitive to the specification of effective radius re

and that the most realistic vertical distribution of clouds
was obtained from the experiment including the most
complete representation of cloud microphysics.

An accurate description is needed not only of the
cloud microphysics, but also of cloud–radiative inter-
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actions. The weakest physical link for the representation
of microphysical and radiative processes in cloud-and
larger-scale models are connected descriptions of the
microphysical and radiative characteristics. Because of
the complex nonlinear interactions between radiation
and microphysics, it has been necessary to parameterize
or simplify the results of detailed radiative transfer mod-
els for incorporation into the cloud- and larger-scale
models. Large-scale atmospheric models must account
for both the solar and longwave effects of ice crystals.
In this study, attention is focused on shortwave radia-
tion.

Takano and Liou (1989, 1995) were among the first
to develop a theoretical framework for the computation
of solar radiative transfer with application to ice crys-
tals. Using these results and other related studies, many
parameterizations for the optical properties of ice crys-
tals in terms of effective radius (re), ice water content
(IWC), and temperature have been developed. Ebert and
Curry (1992, hereafter EC92) parameterized the short-
wave radiative properties (i.e., extinction coefficient
bext, single scatter albedo v0, and asymmetry parameter
g of hexagonal cylinders for use in climate models). Fu
(1996, hereafter F96) then developed an accurate pa-
rameterization of solar radiative properties of cirrus
clouds using improved light scattering calculations of
hexagonal ice crystals. Later, Kristjansson et al. (1999,
hereafter K99) developed separate parameterizations for
the optical properties of ice crystals for different ice
crystal shapes. Other parameterizations include that of
Wyser and Yang (1998, hereafter WY98) who computed
bulk scattering properties for various size distributions
and crystal shapes.

There are differences in the relationships used to pa-
rameterize interactions between single scattering radi-
ative properties and cloud microphysical properties be-
cause of the different radiative methods used and es-
pecially because of the different crystal shapes used to
represent the distributions of ice crystals. Given the un-
certainty or variability in the occurrence of different
habits in ice clouds, and given that clouds almost always
consist of mixtures of habits rather than a single habit,
such discrepancies should be expected. Further, there
may not be universal relations between single scattering
properties and microphysical properties that apply to all
ice clouds.

Here, parameterizations of mean single scattering
properties (e.g., single scatter albedo, extinction coef-
ficient, and asymmetry parameter) are developed for
tropical anvils using crystal sizes observed, and shapes
derived from data collected during the Central Equa-
torial Pacific Experiment (CEPEX). These habit-depen-
dent size distributions are combined with an improved
geometric ray-tracing method referred to as GOM2
(Yang et al. 2000, hereafter Y00) by weighting the single
scattering properties of individually sized and shaped
particles by scattering cross section and number con-
centration to obtain the mean scattering properties.

Improvements over past parameterizations are accom-
plished by using observed mixtures of crystal shapes
and sizes rather than using a single crystal habit such
as hexagonal columns, by including contributions from
ice crystals with diameters smaller than 100 mm in the
calculation of the radiative properties, and by including
uncertainty estimates on the parameterization coeffi-
cients. The small ice crystal distributions are based upon
a parameterization of observations of small ice crystals
obtained with a video ice particle sampler (VIPS) during
CEPEX (McFarquhar and Heymsfield 1997, hereafter
MH97), and the uncertainty estimates are based upon a
bootstrap approach (Efron and Tibshirani 1993), a mod-
ified Monte Carlo technique that is useful when the
processes underlying the measurement errors are not
well known.

Accurate parameterizations of single scattering pa-
rameters are needed in order to accurately estimate
shortwave radiative fluxes. For example, Vogelman and
Ackerman (1995) showed that to obtain the flux accu-
racy criteria of 65% that they identified, for typical
asymmetry parameters of 0.80, accuracies in asymmetry
parameter of better than 2% and 5% are needed for
optical depths of 12 and 2, respectively.

2. Microphysical data and processing techniques

a. Methodology

During CEPEX, conducted from 7 March to 5 April
1993 out of Nadi, Fiji, approximately 35 h of micro-
physical measurements were collected in blowoff anvils
associated with deep convection using the Aeromet
Learjet (e.g., MH97). Large ice crystals with maximum
dimensions (Dmax) larger than 100 mm were measured
by a two-dimensional cloud (2DC) probe. These probes
are unreliable for measuring the concentrations of par-
ticles smaller than about 100 mm (Baumgardner and
Korolev 1997) and hence data from the VIPS, obtained
at the same time and location as the 2DC measurements,
must be used to determine the concentrations of smaller
ice crystals. Because the analysis of these data is not
automated and is time consuming, only a representative
sample of 11 633 images has been analyzed. MH97 have
developed a parameterization of the size distribution of
small ice crystals in terms of total ice water content
based upon this sample. In this section, the methodology
for obtaining size and shape distributions covering the
entire size range of ice crystals is reviewed.

b. Large crystal size/shape distributions

Habit-dependent size distributions were calculated for
all times when good quality 2DC data were recorded
during CEPEX using an averaging period of 10 s. Each
particle measured by the 2DC is characterized by a max-
imum dimension and area ratio, which is the ratio of
particle cross-sectional area to that of a circumscribed
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TABLE 1. Principle axis length and eigenvectors describing the covariance matrices for the (a, b) and (c, m) fit coefficients in Eqs. (1) and
(2). Because coefficients of Eq. (1) is obtained by performing a linear fit of log(IWC,100) vs log(IWCT), the first parameter is a logarithm
of a.

Parameter Units Axis length Eigenvector Best value

log(a) Eq. (1)
b Eq. (1)
c Eq. (2)
m Eq. (2)

a (g m23)
Dimensionless
mm21

mm21

0.378 016
0.047 179 2
0.046 376 0
0.004 381 19

(0.914 265, 20.405 117)
(0.405 117, 0.914 265)
(0.926 508, 20.376 274)
(0.376 274, 0.926 508)

20.599
0.837

20.004 99
20.049 4

circle. Following the approach of McFarquhar et al.
(1999, hereafter M99) a habit was assigned to each crys-
tal imaged using a self-organized neural network
scheme which determines shape based on simulations
of how the maximum particle dimension and area ratio
vary for random orientations of different idealized
shapes (i.e., columns, bullet rosettes, and rough aggre-
gates, the latter being different than the Koch fractal
polycrystals used by M99). The maximum dimension
measured by the 2DC is converted to particle maximum
dimension by accounting for the manner in which the
idealized crystals would be sized by the discrete pho-
todiode array (M99). The mass of each idealized particle
is determined from the volume and density of the ide-
alized particle. Because the single scattering properties
needed for calculating the radiative properties are only
available for a number of discrete sizes, the habit-de-
pendent size distributions are generated for bins cen-
tered at the following maximum dimensions: 100, 130,
175, 225, 275, 350, 450, 550, 650, 750, 900, 1150, 1400,
1750, 2500, and 3500 mm.

c. Small crystal size/shape distributions

The use of the MH97 small crystal parameterization
allows accurate information about small crystals to be
included. MH97 parameterized the ice water content con-
tained in particles with melted equivalent diameters Dm

, 100 mm (IWC,100) as a function of the ice water con-
tent in all particle sizes IWCT based on observations as

bIWCTIWC 5 min IWC , a , (1),100 T 1 2[ ]IWC0

where IWCT 5 IWC,100 1 IWC.100, IWC.100 is the ice
water content in particles with Dm . 100 mm, and IWC0

5 1 g m23. Because only IWC.100, as measured by the
2DC is known, the solution of MH97’s parameterization
for IWC,100 requires the use of Newton’s algorithm, a
root-finding scheme. Following MH97 the slope of a first-
order gamma function (a,100) characterizing the small
crystals as a function of IWC,100 was expressed as

IWC,100a 5 c 2 m log , (2),100 101 2IWC0

where the units of a, b, c, and m are included in Table 1.
Possible values for the model parameters are obtained

by using the bootstrap method to generate a constant

chi-squared boundary in the phase space of model pa-
rameters [e.g., (a, b) or (c, m) phase space]. As an ex-
ample, the calculation of a confidence region for model
parameters in (a, b) phase space is illustrated. First, the
most likely values of a and b (abest, bbest) are determined
minimizing chi-squared expressed by

N y 2 y[x ; (a, b)]i i2x (a, b) 5 , (3)O
si51 i

where yi represents IWC,100, xi represents IWCT, N is
the total number of data points, y is the function given
by Eq. (1), and the weighting si of all the data points
is equal. The chi-squared for the best fit is represented
as . The boundaries of a surface with center at (abest,2xmin

bbest) is then constructed by determining a constant chi-
squared boundary around this region (Press et al. 1992,
p. 688), with x2 5 1 Dx2. The boundaries of this2xmin

surface are given by an ellipse in two-dimensional phase
space. An orthonormal set of vectors V, which describes
the principle axes of the constant chi-squared ellipse,
can be generated from the eigenvectors and eigenvalues
of the inverse of the covariance matrix obtained for the
fit. The length of the ellipse axis are determined from
the eigenvalues and Dx2.

The value of Dx2 is estimated using the bootstrap
approach. Five hundred different realizations of the
(IWC,100, IWCT) pairs measured by MH97 were ob-
tained by randomly drawing data points, with replace-
ment, from the original dataset. By performing the fits
for each realization, not only is a library of possible a
and b values calculated, but also the standard deviation
of the chi-squared values describing the goodness of the
fit. The later value represents Dx2. Figure 1 shows the
values of a and b generated from the bootstrap approach,
together with the constant chi-squared boundary, in (a,
b) phase space. There is considerable variation about
the (abest, bbest) value that occurs because of the large
amount of scatter in the relation between IWC,100 and
IWCT. The curve plotted is not a true ellipse because
the constant chi-square ellipse boundary was derived in
logarithmic space, but plotted in regular coordinates.
Note also that independently choosing a value for the
a coefficient in the range abest 6 Da and for b in the
range bbest 6 Db would give (a, b) pairs that are not
within the range of possible solutions.

Figure 2 illustrates that the deviations in the (a, b)
coefficients must be accounted for in the application of
Eq. (1). The different grey lines represent the parame-
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FIG. 1. Possible solutions for a and b parameter describing relation
between IWCT and IWC,100. Pluses represent possible values obtained
by applying the bootstrap approach to data used by MH97 to develop
original fit. The solid line represents the surface-defining constant
chi-squared boundary, where all values inside represent equally re-
alizable values of the (a, b) coefficients.

FIG. 2. Relationship between IWC,100 and IWCT. Pluses represent
original data points obtained by MH97. Solid lines represent different
representations of the relationship between IWC,100 and IWCT ob-
tained by randomly chosing (a, b) values from the surface of phys-
ically realizable solutions. Note that some data points still fall outside
the range of these curves.

terized relation between IWC,100 and IWCT obtained by
randomly choosing a and b coefficients within the con-
stant chi-squared boundary, whereas the thick line rep-
resents the relation deduced from the most likely values
of a and b. Substantial deviation from that line described
by Eq. (1) is noted. Some data points still lie outside
of the range of possible solutions, even when the var-
iances are accounted for. This suggests that Eq. (1)
might not adequately characterize the relationship be-
tween IWC,100 and IWCT, or that dependences on other
parameters should be considered. At this time there are
not sufficient data available to determine better rela-
tionships.

A similar procedure was followed to derive the phase
space of possible solutions for the c and m coefficients
in Eq. (2). The properties of the ellipses that describe
the constant chi-squared boundaries in (a, b) and (c, m)
phase space are summarized in Table 1, with the lengths
of the principle axis, the orthonormal vectors describing
the principle axis, and the most likely values of the a,
b, c, and m coefficients listed.

The data used to generate Eq. (1) were obtained when
total IWCs were less than 0.1 g m23 because the VIPS
became saturated at higher IWCs. Because IWCs be-
tween 0.1 and 1.0 g m23 frequently occur in tropical
anvils, it is necessary to extrapolate to conditions of
higher IWCs in order to apply these fits in climate and
cloud resolving models. When extrapolating, Eq. (1)
shows that crystals with Dmax less than 100 mm make
smaller fractional contributions to IWC as total IWC
increases. Using forward scattering spectrometer data
(FSSP) as an upper bound for the masses of smaller
crystals, McFarquhar and Heymsfield (1996, hereafter
MH96) also showed that the fractional mass and frac-
tional optical depth contained in small crystal sizes de-
creased at higher IWCs.

There is considerable controversy as to what consti-
tutes representative concentrations of small ice crystals

in the Tropics and even how to measure small crystals.
Knollenberg et al. (1993) found very high concentra-
tions of crystals with diameters smaller than 100 mm
and mass modes in the size range 20–40 mm at the tops
of cirrus associated with tropical cyclones; however, the
spectrometers used to make these measurements may
be suspect for D , 30 mm. Recent studies (e.g., Arnott
et al. 2000) suggest that ice particle replicators, which
are not too unlike the VIPS in regards to issues of col-
lection efficiency, may underestimate the concentrations
of ice crystals with D , 50 mm; they further suggest
that data from an FSSP may provide adequate concen-
trations when the numbers of larger crystals is low
enough. Still other studies (e.g., Gardiner and Hallett
1985) have questioned the utility of the FSSP mea-
surements in ice clouds, especially in the presence of
larger ice crystals, the conditions observed during CE-
PEX. Independent measurements from another instru-
ment are needed to resolve these discrepancies. Because
of uncertainties in the measurements of small crystals,
a sensitivity study is performed where it is assumed that
the FSSP provides adequate measurements of small ice
crystals; this provides an upper bound for the maximum
possible effect that the small crystals may have on anvil
radiative properties. Another sensitivity study limits the
mass of small crystals to IWC,100 5 a(0.1)b, with a and
b randomly chosen using the values in Table 1. This
represents a probable lower limit for masses of smaller
crystals; there are large uncertainties in extrapolating
Eq. (1) to ice water contents larger than 0.1 g m23.

Figures 22 and 23 from MH96 show that many crys-
tals with diameters smaller than 100 mm are quasi-cir-
cular, meaning that they have area ratios close to unity,
but are not exactly circular in shape. In fact, of the 11
633 VIPS particles that were processed, over 90% were
manually identified as spherical or quasi-spherical.
Hence, in previous studies (e.g., M99) small ice crystals
were represented by spheres. However, some form of
deformed sphere may provide a better representation.
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TABLE 2. Maximum dimension and average area ratio for 11 633
particles measured by the VIPS during CEPEX. Calculated defor-
mation parameter and volume for particles represented by eighth-
order Chebyshev polynomial, conserving maximum dimension and
area ratio, are also listed.

Diameter
(mm) Area ratio e

Volume
(mm3)

0–10
10–20
20–30
30–40
40–50
50–60
60–70
70–80
80–90
90–100

0.748
0.706
0.690
0.692
0.724
0.748
0.753
0.730
0.757
0.752

0.164
0.202
0.218
0.216
0.186
0.164
0.160
0.180
0.157
0.161

42.1
1038
4631
1.28 3 104

2.91 3 104

5.60 3 104

9.34 3 105

1.36 3 105

2.10 3 105

2.90 3 105

FIG. 3. Different representations for the shapes of ice crystals with
dimensions smaller than 100 mm. (a) A Chebyshev particle with
nonzero eighth-degree terms; (b) 10th-order Chebyshev polynomials,
with expansion coefficients derived by CB90. The projected area of
both crystals equals the average projected area of crystals imaged by
the VIPS during CEPEX.

Table 2 shows that the observed average area ratio,
which should be unity for circular particles, is 0.73 when
averaged over all shapes and sizes of small ice crystals.
Because extinction coefficient is proportional to pro-
jected area, assuming spherical particles would lead to
a 37% error in extinction optical depth. Therefore, a
representation was sought that would preserve the quasi-
spherical shape of the particle while allowing for minor
departures from a spherical shape. Yang et al. (2001)
have previously shown that the top of the atmosphere
radiance is sensitive to the shape of ice crystals smaller
than 50 mm. Because of the important role of small ice
crystals in atmospheric radiative transfer, it is necessary
to include these small ice crystals by using a more re-
alistic shape rather than the spherical approximation in
the parameterization of cirrus radiative properties.

Several such shapes were used. Mugnai and Wiscom-
be (1980) and others have investigated the description
of rotationally symmetric scatters by means of Che-
byshev particles, which are obtained by continuously
deforming a sphere by means of Chebyshev polyno-
mials. Their shape in a spherical coordinate system is
given by

r(u, f) 5 r [1 1 eT (cosu)], | e | , 1,0 n (4)

where r0 is the radius of the unperturbed sphere, e is
the deformation parameter, and Tn(cosu) 5 cosnu is the
Chebyshev polynomial of degree n. Idealized crystals
can be represented by a Chebyshev particle of a single
degree or as a sum of Chebyshev polynomials. Figure
3 shows the projection of two idealized ice crystals,
represented by Chebyshev polynomials, in a two-di-
mensional plane. For the particle on the left, an eighth
degree polynomial is used with e chosen so that the area
ratio of the idealized particle is equal to that of observed
particles. Note that this particle is predominantly spher-
ical in nature, even though it may appear planar at this
viewing angle. The particle on the right is obtained from
a sum of Chebyshev polynomials. Chuang and Beard
(1990, hereafter CB90) represented drop shapes by
10th-order Chebyshev polynomials, where the expan-

sion coefficients for the different terms are determined
from an analysis of equilibrium raindrop shapes. The
raindrop shape with area ratio closest to the average
area ratio observed for different sizes of small ice crystal
is selected and the expansion coefficients given by CB90
are used to describe the small ice crystal shape with
appropriate scaling.

d. Composite size/shape distributions

To account for the stochastic nature of the small crys-
tal parameterization, size- and shape-dependent distri-
butions covering the entire size range are derived as
follows. For each of the 11 769 2DC distributions, the
number concentrations of different sizes and shapes of
large crystals are known. The IWC in these large crystal
sizes is calculated and used to determine the IWC in
smaller crystal sizes and the slope of the first-order gam-
ma distribution, using (a, b) and (c, m) values randomly
chosen from the surface of possible solutions (Table 1).
The calculated small size distribution is then added to
the 2DC observed distribution. The effect of truncating
the first-order gamma distribution describing the small
crystals at 100 mm is accounted for by multiplying all
crystal numbers by a constant to ensure that the mass
in the small crystal sizes is equal to IWC,100.

Two different sets of distributions are generated, with
the small crystal shapes determined using the eighth-
order Chebyshev polynomial and the CB90 10th-order
expansion coefficients; the large crystal distributions are
identical in each set of distributions. Henceforth, the
eighth-order Chebyshev polynomials will represent the
base distributions and the distributions generated with
the CB90 coefficients will be used for sensitivity studies.

e. Bulk cloud properties

To develop the parameterizations in this study, bulk
microphysical properties such as IWC and re need to be
calculated for all of the distributions. IWC is defined by

IWC 5 n(D )M(D ), (5)O O i, j i, j
i51 j51
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where Di,j is the maximum dimension of particles in size
bin i and habit bin j, n(Di,j) is the number concentration,
and M(Di,j) is the corresponding mass. The definition
of effective radius is not as straightforward. McFarquhar
and Heymsfield (1998) reviewed several definitions of
re that have been used by different authors. They con-
cluded that the use of the F96 or Foot (1988) definition
is most desirable because it is proportional to the ratio
between ice mass content and cross-sectional area,
whereas many other definitions are not. Definitions that
rely on either equivalent-area or equivalent-volume par-
ticles provide less physical insight since the radiative
properties of such particles differ more from those of
particles which conserve both volume and surface area.
Thus, re and effective diameter (De 5 2 re) are defined
according to F96 as

Ï3 IWC
r 5 , (6)e 3r Ai c

where ri is 0.91 g cm23 and represents the bulk density
of ice, and Ac is the cumulative cross-sectional area of
the ice crystal size distribution.

3. Derivation of mean single scattering properties

To calculate the mean single scattering properties of
distributions of ice crystals, the size and shape infor-
mation from the derived size and shape distributions is
combined with radiative properties calculated for spe-
cific shapes and sizes of ice crystals. Y00 describe
GOM2, which is used to provide the radiative properties
of specific shapes and sizes of ice crystals for the 56
different visible and near-infrared wavelengths listed in
Table 1 of Y00. For size parameters on the order of 15–
20, this method provides more accurate results than the
conventional ray-by-ray Monte Carlo tracing technique
that has previously been used to calculate scattering
properties. The calculated radiative properties assume
that the crystals are randomly oriented in space. The
GOM2 library of calculated radiative properties is avail-
able for the following shapes: rough and smooth ag-
gregates, hexagonal columns and plates, bullet rosettes,
and dendrites.

Calculated radiative properties for deformed spheres
are not available in this library. Hence, the single scat-
tering properties are calculated by means of the ray-
tracing method developed by Macke and Grossklaus
(1998). Previous studies have verified that such routines
accurately calculate the single scattering properties and
scattering phase functions for the wavelengths and par-
ticle sizes under consideration. The small ice crystals
are randomly oriented in three-dimensional space when
calculating radiative properties. This assumption may
be inappropriate for crystals with larger aspect ratios,
but given the quasi-spherical shape of the smaller crys-
tals and their relatively small aspect ratio this assump-
tion is reasonable. Since radiative properties differ for
crystals with preferred and random orientations, the pa-

rameterizations developed are dependent upon this ori-
entation assumption (e.g., Baran et al. 2001a).

To combine the scattering properties for different siz-
es and shapes of ice crystals, the scattering properties
of individual ice crystals are weighted by scattering
cross section and number concentration following the
techniques used by M99, Y00, and others. The scattering
properties are computed for the 56 different wave-
lengths, and then combined into the four broad bands
used by CCM3 (0.25–0.69, 0.69–1.19, 1.19–2.38, and
2.38–4.0 mm) and other climate models, weighted ac-
cording to the fraction of solar irradiance at the top of
the atmosphere in each band. The wavelength-depen-
dent single scattering albedo is expressed as

b (D )n(D )O O s i, j i, j
i jv 5 , (7)0 b (D )n(D )O O e i, j i, j
i j

where bs is the scattering cross section, and be is the
extinction cross section. The scattering phase function
is expressed as

b (D )P(u, D )n(D )O O s i, j i, j i, j
i jP(u) 5 , (8)

b (D )n(D )O O s i, j i, j
i j

where (u) is the scattering phase function for the iceP
crystal distribution, and P(u, Di,j) is the scattering phase
function for particles with size and shape Di,j. Equations
similar to Eq. (8) are introduced to give the mean asym-
metry parameter (g), and extinction efficiency (Qext).
Here, Qext is defined as the fractional area of the incident
beam removed by the combination of scattering and
absorption (extinction).

Sensitivity studies are performed to test the depen-
dences of the calculated single scattering properties on
various assumptions. For example, simulations are con-
ducted using Mie theory to calculate the radiative prop-
erties of small ice crystals. The Bohren–Huffman Mie
scattering routine for calculating scattering and absorp-
tion by a homogeneous isotropic sphere is used for this
purpose (Bohren and Huffman 1983). Other sensitivity
studies are conducted using libraries of phase functions
and single scattering properties generated using tech-
niques developed by Macke et al. (1996, hereafter M96)
and Baran et al. (2001b, hereafter B01). Both these tech-
niques were not designed to simulate the scattering be-
havior of individual ice crystals, but rather were de-
signed to represent the scattering behavior of merged
size and habit distributions of ice crystals. M96 ap-
proximated the highly complex geometric structure of
polycrystals observed in cirrus clouds by means of dis-
torted three-dimensional Koch fractal crystals. Although
this geometry does not resemble crystals observed in
situ, many remote sensing studies have suggested its
smoother phase functions and modeled radiative prop-
erties are more representative of observed cloud radi-
ative properties than those obtained using single pristine
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FIG. 4. (a) Normalized mean-scattering phase function obtained by averaging phase functions calculated for all composite size distributions.
Different line types represent different wavelength bands. Note the featureless nature of the phase function. (b) Comparison of averaged
phase function from (a) for 0.25–0.69-mm band against B01’s analytic phase function for same band and M96’s phase function for second-
order distorted Koch fractal crystals for 0.664 mm.

habits (Francis et al. 1999; Baran et al. 1999). The scat-
tering properties of various sizes of second-order dis-
torted Koch fractal polycrystals are calculated at five
solar and near-infrared wavelengths (0.664, 0.875,
1.621, 2.142, and 3.725 mm) using a routine [developed
by A. Macke (1996, personal communication)] that cal-
culates the reflection and transmission processes of a
bundle of parallel and equidistant incoming rays to the
particle, with diffraction at the crystal’s geometric cross
section computed using the far-field approximation.

B01 have developed an analytic phase function based
on a series of simple trigonometric terms, its angular
behavior modeled by a laboratory-derived phase func-
tion (Volkovitskiy et al. 1980), based on cloud chamber
scattering measurements made at visible wavelengths
from a collection of nonspherical ice crystals. The point
of the analytic phase function is that it captures the
essential behavior of scattering from a collection of non-
spherical ice crystals, which is an essentially featureless
and flat (at scattering angles greater than 908) phase
function. The analytic phase function is generated from
the asymmetry parameter and can be applied to cirrus
clouds for both nonabsorbing and absorbing wave-
lengths. Using aircraft data at absorbing and nonab-
sorbing wavelengths, between the scattering angles of
about 108 to 1208, B01 found that the analytic phase
function better describes the scattered transmitted ra-
diances better than the standard single crystal models
(i.e., columns, plates, and rosettes) and the polycrystal
model. Further, using Polarization and Directionality of
the Earth’s Reflectances (POLDER) data from 9000
midlatitude cirrus cases for scattering angles between
608 and 1808, the analytic phase function minimized
differences between modeled phase function and the
retrieved spherical albedo. A library of single scattering
properties for the same 56 wavelengths and 24 sizes
used by Y00 has been generated to describe this analytic

phase function. The mean scattering properties for the
distributions of ice crystals are calculated by weighting
the scattering properties for individual ice crystals by
number concentration and scattering cross section for
both the M96 and B01 models.

Figure 4a shows the normalized mean-scattering
phase function averaged over all the CEPEX crystal
distributions for the wavelength intervals 0.25–0.69,
0.69–1.19, 1.19–2.38, and 2.38–4.0 mm. When com-
pared against scattering phase functions for pristine
crystals (e.g., bullet rosettes, hexagonal columns, ag-
gregates), the smooth featureless nature of the merged
phase function and the virtual absence of the 228 and
468 halos is noticeable. This occurs because small-scale
features associated with individual crystals are removed
when averaging over the wide range of shapes and sizes
making up the size distribution and because Chebyshev
polynomials, that are used to characterize the small crys-
tals rather than hexagonal columns or plates, do not have
sharp features in their phase functions; random particle
orientation also contributes to the smoothing of the
phase function. When compared against the phase func-
tions presented by M99, who used spheres to describe
the small crystals, the rainbow region due to the sphere
assumption has now been removed, probably due to the
impact of the Chebyshev particles that appear flatter in
that region.

The averaged mean-scattering phase functions gen-
erated with the CEPEX data are compared with B01’s
analytic phase function for the 0.25–0.69 mm wave-
length and with a phase function calculated for distorted
Koch fractal crystals at 0.664 mm wavelength (M96) in
Fig. 4b. There is a pronounced backscatter peak in the
merged phase function not visible in the other phase
functions. This occurs due to the contributions from the
pristine habits that exhibit this backscatter. The com-
plicated structure of the polycrystal causes considerable
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FIG. 5. Asymmetry parameter as function of re for four different
wavelength bands. Dots represent values obtained for all the com-
posite size distributions obtained by combining optical array probe
data with small crystal parameterization. Solid lines represent best
fit to the data obtained following the method described in text.

deviations of the photons, and the combination of base
functions in B01’s analytic function is so selective that
smooth backscatter is generated. However, the averaged
phase function is very similar to the other two in that
all are rather featureless.

4. Parameterization equations

Following the techniques discussed in section 3, the
single scattering properties are computed for each of the
composite crystal distributions derived following the
approach outlined in section 2. Investigations were then
performed where the dependence of the single scattering
properties on re, IWC, and temperature was examined;
it was determined that the single scattering properties
g, Qext , and v0 did not depend on IWC and temperature
in a statistically meaningful manner. Fits of g, v0, and
Qext as functions of re were then performed using several
different relationships. When functional relationships
used by other investigators adequately fit the data, such
relations were preferred to increase compatibility with
previous studies.

Figure 5 plots the asymmetry parameter as a function
of re for the four different wavelength bands considered
in Fig. 4a using the base calculations of radiative prop-
erties. The scatter in the calculated asymmetry param-
eters occurs due to variation in the mixture of different
habits making up the crystal distributions and due to
the variation in the fractional contribution of the small
crystals because of the random application of MH97.
Additional plots (not shown) showed that the scatter
would not be reduced by stratifying the data according
to IWC or temperature.

To determine a functional representation characterizing
the g–re relationship, the data are stored into bins with
100 elements in order of increasing re. The difference
between the minimum and maximum asymmetry param-

eter within each bin provides the uncertainty for each
bin. A first order polynomial provided an adequate fit for
the first two bands (i.e., 0.25–0.69 and 0.69–1.19 mm)
whereas an exponential function was needed to describe
the behavior for the last two bands (i.e., 1.19–2.38 and
2.38–4.0 mm). This is given by

a 1 b r , i 5 1, 2i i eg 5 (9)5a 1 b exp(2c r ), i 5 3, 4,i i i e

where the coefficients ai, bi, and ci are wavelength de-
pendent; assume that re is expressed in mm. Note that
ci 5 0 for i 5 1 or 2. Separate functions are needed for
the different bands because convergence was not ob-
tained for fits of the exponential function to the first
two bands and an exponential is required to characterize
the decrease in g for small re for higher bands. There
was never any need to use more free parameters to fit
the data because uncertainties in any other terms would
be greater than the magnitudes of the terms.

As in section 2c, the phase space of possible solutions
for the ai, bi, and ci parameters is determined from the
eigenvalues and eigenvectors of the inverse of the co-
variance matrix. In order to specify a boundary that
would encompass almost all possible solutions, the Dx2

for the boundary was chosen to encompass a 99% con-
fidence interval (Dx2 5 9.21 in two dimensions and
Dx2 5 11.3 in three dimensions). The surface of pos-
sible solutions is hence characterized by an ellipse in
two-dimensional ai/bi phase space and an ellipsoid in
three-dimensional ai/bi/ci phase space. Table 3 lists the
lengths of the principal axis of the ellipse/ellipsoids, the
orthonormal vectors describing the principal axis, and
the most likely values of the coefficients.

Similar procedures were followed to quantify the re-
lationship between v0 and re. Figure 6 shows that, again,
a single dependence of v0 on re characterized the data.
First-order polynomials delineated relationships for the
first- and second-wavelength bands, whereas the ex-
ponential functions were needed to represent the rela-
tionships for the higher wavelengths. The fits are rep-
resented by

d 1 e r , i 5 1, 2i i ev 5 (10)0 5d 1 e exp(2 f r ), i 5 3, 4,i i i e

where the coefficients di, ei, and f i are wavelength de-
pendent. Table 4 lists their most likely values, and the
properties of the ellipses or ellipsoids describing the
region of acceptable solutions, and Fig. 6 shows the fit
to the data. Figure 7 and Table 5 define the relationship
between Qext and re, which is represented by

Q 5 g 1 h exp(2m r ).ext i i i e (11)

Note that because the Macke and Grossklaus (1998)
routines simply assume Qext 5 2, calculations with Mie
theory are used to determine the Qext values plotted in
this figure.

To describe cloud–radiative interactions, the relation-
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FIG. 6. As in Fig. 5, except for single scatter albedo as a function
of re.

ship between extinction coefficient, bext, IWC, and re is
also needed. EC92, WY98, and others have used rela-
tionships of the form

b 5 IWC(a 1 a /r )ext 0 1 e (12)

to characterize these interactions, where a0 and a1 are
wavelength-dependent coefficients. However, given the
use of Eq. (6) to define re, a simple expression for bext

is derived as

Q Ï3IWCext
b 5 , (13)ext 3r ri e

where Qext is defined by Eq. (11) and depends on re,
and ri is the bulk density of ice.

5. Parameterization impact

a. Sensitivity studies

It is important to know how sensitive models are, not
only to different parameterization schemes, but also to
uncertainties within parameterizations themselves. Dif-
ferent realizations of the relationships between g and v0

with re can be generated using coefficients randomly
chosen from the uncertainty surfaces representing the
parameterization coefficients. There are additional
sources of uncertainty not included in the calculations
of these surfaces. Some of the more important sources
of uncertainty may be errors due to the idealized models
that are used to characterize the crystal shapes, due to
assumptions on the numbers and masses of small crys-
tals present, and due to uncertainties in the detection
and measurement of all-sized ice crystals. M99 showed
that details of reflectances, computed using a Monte
Carlo radiative transfer code, were somewhat insensitive
to the exact details of the classification scheme used,
provided the same set of idealized crystals were used
in it. The methods used to calculate the radiative prop-
erties of the idealized crystals may also affect the results.

Figure 8 shows different realizations of the g–re re-
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FIG. 7. As in Fig. 5, except for extinction efficiency as a function
of re.

lations determined by randomly choosing different co-
efficients from Table 4. Similar trends are noted for all
curves for the same l, regardless of which coefficients
are randomly chosen from the surface. For most bands,
there is a scatter in g values of up to approximately 0.02
depending on re. There is even greater uncertainty in g
for small re for bands 3 and 4. By comparing with Vo-
gelman and Ackerman’s (1995) study, it is seen that
these uncertainties may be just high enough to impact
radiative fluxes up to their flux criterion of 65%, es-
pecially for larger optical depths. By choosing larger or
smaller values for Dx2 in deriving the surface of co-
efficients in parameter phase space, this spread could
be either increased or reduced accordingly. It will be
seen in the subsequent section that the amount of un-
certainty in the g–re parameterization from the scatter
of data is small compared to differences that exist be-
tween different parameterization schemes.

Figure 9 shows different realizations of the v0–re re-
lation for the third and fourth bands. The potential var-
iations of v0 are larger than those for g, with spreads
of up to 0.03 around a specific re; of course there was
little spread for the smallest two wavelengths as the
values are nearly unity. The reasons for the larger spread
of v0 values compared to that of the g values are related
to the larger spread of the calculated v0 values in Fig.
6 to that of the g values in Fig. 5. The spread of Qext

values ranges from 0.02 for bands 1 and 2 at large re,
to over 0.2 for bands 3 and 4 at small re (figures not
shown).

There are other uncertainties in the above relations
that are not accounted for in the variation of the fit
coefficients. One such uncertainty is the representation
of the shapes of small ice crystals. Figure 10 compares
the g–re relations predicted using three different shapes
to describe the small crystals: the eighth-order Che-
byshev polynomials used for the base simulations, the
Chebyshev polynomials represented by the CB90 spher-
oids, and spheres. The differences between the curves
are greater than the uncertainties associated with the
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parameterization coefficients (see Fig. 8), showing sen-
sitivity to the assumed shapes of the small crystals. For
example, g can differ by up to 0.06 for the different
curves for the lowest two l bands; differences are not
as substantial for the higher l bands, especially for
2.38–4.0 mm.

Other uncertainties may also affect the calculations
of the library of single scattering properties for small
ice crystals. For example, using nonzero sixth-order
terms, rather than nonzero eighth-order terms, in the
expansion of the Chebyshev polynomials can cause g
to deviate by about 2%, but has a smaller impact on v0.
Another sensitivity study could involve the represen-
tation of small crystal radiative properties by M96’s
Koch fractal crystals, as the roughness of these crystals
may better model the imperfectness of a crystal’s sur-
face. Preliminary calculations show that representing
small crystals as Koch fractals can cause substantial
differences in the radiative properties of small crystals;
a further examination of these differences is beyond the
scope of this paper.

Figure 10 also shows two other curves that describe
changes in the parameterizations caused by minimizing
or maximizing the possible numbers of small crystals
according to possible observations. Some of the curves
are not visible for some l because they are directly
underneath the solid line. The curve that limits the mass
of the small crystals does not substantially differ from
the base parameterization because only 10% of the
points in the sample had such large mass contents, be-
cause changes in De offset changes in g for such points,
and because the numbers of the smallest crystals (D ,
20 mm) did not change significantly under such con-
ditions given the nature of the slope parameterization
in Eq. (2). The reasons why increasing the numbers of
small crystals to that observed by the FSSP does not
impact the parameterization is a little more complex.
For bands 1 and 2, the g values calculated for the smaller
Chebyshev crystals are not that dissimilar from those
parameterized for the merged crystal distributions for
the same re. But, even when representing the radiative
properties of the smaller crystals with Mie theory,
whose g values are larger than those typical for the
merged distributions, the parameterized g values ob-
tained from using the FSSP differ only a little from those
of the basic merged distributions (figure not shown).
This shows that whether the small crystals are repre-
sented by measurements from the VIPS or FSSP does
not drastically influence the radiative parameterizations
describing g, possibly due to a saturation effect that
occurs when the numbers of small crystals increases
beyond some threshold.

Figure 11 compares the v0–re relations predicted us-
ing the three small crystal shapes and variations in num-
bers of small crystals. The assumed shape of the small
crystals is slightly less important than uncertainty in
parameterization coefficients (Fig. 9) in varying the v0–
re relation. The small crystal shape does not have as
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FIG. 8. Asymmetry parameter as a function of re obtained by parameterization. Different lines represent parameterizations obtained by
randomly choosing different ai, bi, and ci coefficients from the surface of possible values.

FIG. 9. As in Fig. 8, except different realizations of the v0–re parameterization shown, as obtained by randomly choosing different di, ei,
and f i coefficients from the surface of possible values.
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FIG. 10. Comparison of g–re parameterizations obtained by representing the deformed spheres by different shapes of ice crystals: eighth-
order Chebyshev polynomials (Cheby), Chuang–Beard 10th-order expansion of Chebyshev polynomials (Chuang), and spheres with radiative
properties determined by Mie theory. Dash–dot curve represents limiting the mass of small ice crystals when total IWC exceeds 0.1 g m 23,
and FSSP represents parameterization obtained assuming that the FSSP can adequately measure small crystals.

large of an impact on the 1.19–2.38-mm band as on the
2.38–4.0-mm band, with v0 differing by at most 0.02
for the different small crystal shapes. WY98 previously
noted that parameterization schemes for v0 are not very
sensitive to crystal habit when pristine shapes, such as
bullet rosettes, columns, aggregates, or needles are con-
sidered. The assumed number of small crystals is a bit
more important than the assumed shape, especially for
the 2.38–4.0-mm band.

Additional sensitivity studies are conducted where it
is assumed that all the measured ice crystals could be
represented by Koch fractal polycrystals, and where it
is assumed that the scattering behavior of the measured
crystals could be determined using B01’s analytic phase
function. Figure 12 compares the g–re parameterization
with those calculated using the M96 and B01 scattering

behavior. The curves calculated using M96’s polycrys-
tals are not exactly equivalent to the other two curves
since they are calculated for a narrowband contained
within the broadband used to calculate the other two
curves. Calculation of scattering properties of the Koch
fractal crystals at sufficient resolution to represent the
broadband would have been computationally prohibi-
tive. The differences between the various curves are
greater than the uncertainties associated with the pa-
rameterization and also greater than the uncertainties
associated with the representations of the shapes of
small crystals. The larger difference of the M96 curve
from the other two curves may be associated with the
differences in wavelengths. Similar comparisons for the
g–re relations for the other broadbands showed similar
differences between the g values.
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FIG. 11. As in Fig. 10, except comparing v0–re parameterizations for differing small crystal shapes and numbers.

Figure 13 shows comparisons of the v0–re relations
for the same radiative libraries. Differences between our
parameterization and that based upon the crystal aggre-
gate model of B01 are of similar orders as uncertainties
associated with the parameterization coefficients and the
representation of small crystal shapes. There are larger
differences from calculations made using M96 poly-
crystals, possibly because of wavelength differences.

b. Comparisons with previous parameterizations

To better understand the behavior of the parameter-
ization, it is first compared against the single scattering
properties of the different sizes and shapes of ice crys-
tals that were used to develop the parameterizations.
Figure 14 shows how g varies as a function of re for
the parameterization and for different shapes of crystals.
The re for the aggregates, columns, and bullet rosettes
have been adjusted by a factor of to account forÏ3
the difference in re definitions between this study and
that of Y00. For smaller re, especially those between 5
and 30 mm, the parameterized g closely follows the
asymmetry parameters predicted for the deformed
spheres due to the large influence of small crystals for
small re. For re smaller than 5 mm, the parameterized
g are higher than the g predicted for the idealized shapes,
especially the pristine crystals. The use of the expo-
nential function for bands 3 and 4 somewhat captures
this behavior, which is not as prominent for the param-
eterization due to contributions from smaller crystals.
The use of this parameterization may not be appropriate
for cirrus that consist principally of pristine shapes, such
as hexagonal columns (e.g., tropical tropopause cirrus).
For blowoff anvils, it is uncommon to have a majority
of ice crystals with sizes smaller than 5 mm, and even

if they were present, they could not be detected by the
VIPS instrument that was used to measure the small
crystals (MH96). The curve for the deformed sphere is
truncated at 40 mm because the VIPS measurements
were not used for particles with melted equivalent di-
ameters greater than 100 mm, which approximately cor-
responds to an re of 40 mm. For larger re, the param-
eterization is closest to the asymmetry parameters for
aggregates, which most accurately represent the larger
irregular particles imaged by the optical array probes.

Figure 15 compares the new parameterization to pre-
vious parameterizations that have been used in climate
modeling studies, namely those of EC92, F96, WY98,
and K99. All schemes plotted are based on re defined
using Eq. (6), except that of EC92, which used an en-
tirely different definition. For their schemes, EC92 and
F96 assumed that ice crystals had the shapes of hex-
agonal columns, whereas both WY98 and K99 devel-
oped various schemes for different shapes of ice crys-
tals. The planar polycrystal scheme of K99 is used be-
cause they chose that as their basic crystal shape in their
simulations (Kristjansson et al. 2000) and further, this
shape most closely matches the irregular shapes of the
larger ice crystals observed during CEPEX. The aggre-
gate and bullet rosette parameterizations from WY98
are plotted because these shapes match the observed ice
crystals most closely. The WY98 curves are cutoff at
various re in order not to extend their parameterization
outside of the range for which it was originally devel-
oped and to avoid an unintended decrease of g with re.
Because the re definition used here differs from that used
by WY98 by a constant factor of (3)1/2, this cutoff occurs
at much smaller values of re than occurs in the original
paper. Note that if single scattering properties were cal-
culated using weighted mixtures of the properties of
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FIG. 12. Comparison of g–re parameterization developed here, with those determined assuming all crystals scattering properties determined
by B01’s analytic phase function, and assuming all particles have shapes described by M96’s Koch fractal polycrystals. The M96 calculations
are for the wavelengths indicated on figure.

WY98 or of K99, better agreement with the new pa-
rameterization would probably be seen; differences
would only exist due to differences in the calculations
of radiative properties.

In Fig. 15, the spread in g is much larger than the
spread in g due to different realizations of the param-
eterization coefficient (Fig. 7) and due to differing rep-
resentations of small crystals (Fig. 10). This occurs be-
cause to the best of our knowledge all of the parame-
terizations that have previously been used in large-scale
models assume single crystal habits; asymmetry param-
eters depend substantially on crystal shape (e.g., WY98;
K99), and different parameterization schemes assume
different crystal shapes. The mean parameterization de-
veloped here represent an average of the different pa-
rameterizations, to some degree, as expected due to the
mixture of different crystal habits. The parameterization

produced depends crucially on the observed mixture of
different shapes and sizes of ice crystals, which can vary
substantially depending on day, location of measure-
ments, and cloud type. Thus, the new parameterization
depicted represents a mean in a climatological sense for
blowoff anvils in the Tropics, from which there can be
substantial day-to-day variation.

There can also be differences in the g–re relations
depending on the routines used to calculate the single
scattering properties of ice crystals. Figure 16 shows
how g varies as a function of re for distributions of
hexagonal columns, as obtained from various radiative
transfer calculations. The calculations are for the im-
proved geometric optics technique GOM2 (Y00) for the
K99 scheme, which is based on the M96 polycrystal
asymmetry parameters (via ray tracing) as reported by
Mitchell et al. (1996), the improved geometric ray trac-
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FIG. 13. As in Fig. 12, except comparing v0–re parameterizations.

ing program of F96, and EC92’s parameterization for
hexagonal columns. Note that the uncertainties associ-
ated with the use of different radiative transfer algo-
rithms are less than the uncertainties associated with the
use of different crystal habits.

Finally, comparisons are made for the v0–re relations
that have been used by different investigators. Figure
17 shows how v0 varies as a function of re for the
parameterization and for the different shapes of ice crys-
tals. As noted by WY98, the v0 for the pristine shapes
to describe the larger crystal sizes depends only weakly
on habit; however, the v0 values for the deformed
spheres used to describe the smaller crystals differs sub-
stantially from those of the larger crystals. Therefore,
the parameterized v0 asymptotes to values in between
those of deformed spheres and these larger crystal
shapes.

At first, these discrepancies between v0–re curves for
the deformed spheres and pristine crystals seems puz-
zling, since for constant re, the volume-to-area ratio,
which is a rough measure of the photon absorption path,
is constant. However, when the size parameter is small,
such as for the deformed spheres, the volume-to-area
ratio may no longer be a good measure of the photon
absorption path and the optical properties may have a
strong dependence on the geometry of the particle. This
occurs because the approximation made by Bryant and
Latimer (1969), namely that the volume–area ratio ac-
counts for phase delay and absorption of rays, is only
a good approximation if internal reflection and refrac-
tion are ignored. Sun and Fu (2001) recently showed
that the Bryant and Latimer (1969) approximation can
be in error by as much as 100% in extinction efficiency
when compared against the exact Van de Hulst definition
at size parameters around 15. On the contrary, other

studies have suggested that the volume–area ratio is a
good benchmark of photon absorption path at all size
parameters of interest. More details about the physical
reasons for the v0 differences are not clear at this time
since such explanations are not easily extracted from
electrodynamic theory.

Figure 18 compares the v0–re relation to previous
parameterizations that have been used in climate mod-
eling studies, namely the same schemes depicted in Fig.
15. For the 1.19–2.38-mm band, there are differences
between the parameterization schemes, which have a
magnitude comparable to the uncertainty in the derived
parameterization coefficients, and the newly developed
parameterization is almost a mean between other
schemes. However, for the 2.38–4.0-mm band, there are
substantial differences between the schemes, with the
newly developed parameterization giving v0 values
much higher than those from the other schemes. This
occurs because deformed spheres, rather than pristine
shapes like hexagonal columns, are used to describe the
small ice crystals. Note that since only 3.0% of the solar
radiation occurs in the 2.38–4.0-mm band, this seem-
ingly large difference in v0 may not have that large of
an impact on modeled solar radiative fluxes.

At this time, it is not easy to conclude which of the
above-mentioned parameterization schemes gives the
best representation of single scattering radiative prop-
erties for use in numerical models. Since ice clouds can
consist of very different mixtures of shapes and sizes
of ice crystals, it is possible that different schemes are
suitable for clouds in different geographical regions or
different formation mechanisms (e.g., convective versus
nonconvective). The models of B01 and M96 may also
be more suitable for some types of clouds than for other
types depending on the mixture of ice crystals. Further
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FIG. 14. Asymmetry parameter as function of re. Solid line represents new parameterization developed here, other line types represent
relationships for different crystal habits that were used to develop the parameterization.

studies using different mixtures of crystal shapes will
help resolve these differences. Comparisons of calcu-
lated asymmetry parameters using observed sizes and
distributions of ice crystals, with asymmetry parameters
directly observed in situ are also required to resolve
some of these differences.

6. Discussion and summary

New parameterizations of single scattering properties
(i.e., v0, g, and Qext) for distributions of ice crystals
observed in tropical anvils have been developed as func-
tions of re by combining cloud in situ measurements
with the results of detailed radiative transfer codes, and
are suitable for use in large-scale and cloud resolving
models. These parameterizations offer improvements
over past parameterizations in that they explicitly ac-
count for the characteristics of tropical clouds, are based
on observed numbers and shapes of ice crystals smaller

than 100 mm, are based on observed mixtures of dif-
ferent crystal habits, and offer uncertainty estimates in
the fit coefficients. The principal findings of this study
are summarized below.
1) For a given IWC, there can be substantial scatter in

the total mass of small crystals and in the represen-
tation of the small crystal size distribution predicted
by MH97. This scatter needs to be considered in the
calculation of the distributions of microphysical and
radiative properties.

2) Because over 90% of ice crystals smaller than 100
mm were identified as spherical or ‘‘quasi-spherical’’
in shape, their radiative properties are derived from
the radiative properties of deformed spheres that are
represented by eighth-order Chebyshev polynomials,
whose projected area matches the projected area of
the observed crystals. These radiative properties dif-
fer from those of spherical crystals calculated with
Mie theory.
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FIG. 15. Comparison of g–re relationships that have been previously used in large-scale and cloud resolving models. Parameterization
developed here represented by solid line.

3) The scattering phase functions, calculated by inte-
grating phase functions for individual ice crystals
over distributions of observed mixtures of shapes
and sizes of ice crystal, are rather featureless. This
replicates the basic structure of other models that
have been proposed to describe ice crystal radiative
properties based on mixtures of ice crystals.

4) The values of g, v0, and Qext can be parameterized
in terms of re only by either linear or exponential
functions depending on l. Neither g, v0, nor Qext

depend on temperature or IWC in a statistically
meaningful manner for the dataset analyzed.

5) Ellipses or ellipsoids in the phase space of fit co-
efficients are derived from a nonlinear least squared
technique to define a surface of possible realizable
solutions in fit space. Application of coefficients ran-
domly chosen from this surface shows that there is

a possible spread in g of about 0.02 and of v0 of
about 0.04 depending on l.

6) Sensitivity studies with different representations of
the deformed spheres shows that, although repre-
sentations affect the calculated radiative properties,
the differences are not as large as differences from
preexisting parameterizations, or differences asso-
ciated with choices of different crystal habits. Fur-
ther, increasing the numbers of small crystals beyond
some threshold does not have a substantial effect on
the parameterizations of g and v0.

7) Although v0 does not depend significantly on the
choice of pristine habit for large crystals or on the
choice of deformed sphere for small quasi-spherical
particles, there are substantial differences in v0 be-
tween the deformed spheres and the large pristine
ice crystals.
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FIG. 16. Comparison of g–re relationships derived for hexagonal columns using different radiative modeling techniques. Solid line
represents the parameterization developed here.

8) There are differences in the parameterizations de-
veloped here from other methods designed to ac-
count for mixtures of ice crystal shapes and sizes.
It cannot be currently resolved which model best
represents tropical ice cloud radiative properties.

As with all parameterizations, caution must be taken
if it is to be applied under conditions that differ from
those under which the original data were collected.
Since the data were collected at multiple levels in anvils
associated with deep convection in maritime regions, it
can be questioned whether the parameterization can be
applied at the top of convective updrafts or for large
cirrus shields. Only future studies can determine wheth-
er these parameterizations can be extended to other
cloud systems; additional measurements of the sizes and
shapes of small crystals are also sorely needed as well
as better idealized habits characterizing crystals ob-
served in situ. Despite this limitation, this study makes

an important contribution to microphysical–radiative
modeling by using a database larger than those used in
previous studies to develop the parameterizations. For
example, the EC92 parameterization was based on only
four representative ice crystal size distributions obtained
in midlatitude cirrus. Future comparisons with angular
radiance measurements in the Tropics, might also help
resolve some of these issues; although bidirectional
measurements are possible with POLDER in the Trop-
ics, rigorous tests of the scattering phase function re-
quires up to 14 different viewing directions, conditions
that are only met at midlatitudes and not in the Tropics.
Other studies should also concentrate on the develop-
ment of consistent parameterizations for longwave ra-
diation and on tests using these parameterizations in
climate and cloud resolving models.

This study represents an important next step in better
defining tropical anvil radiative properties. It also sug-
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FIG. 17. As in Fig. 14, except for v0–re relationships.

FIG. 18. As in Fig. 15, except for v0–re relationships.

gests that some a priori information about size and habit
distributions of ice crystals is required to simulate and
retrieve ice cloud properties.
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