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ABSTRACT

Presented is a review of the radiative properties of ice clouds from three perspectives: light scattering simulations, remote
sensing applications, and broadband radiation parameterizations appropriate for numerical models. On the subject of light
scattering simulations, several classical computational approaches are reviewed, including the conventional geometric-optics
method and its improved forms, the finite-difference time domain technique, the pseudo-spectral time domain technique, the
discrete dipole approximation method, and the TTT -matrix method, with specific applications to the computation of the single-
scattering properties of individual ice crystals. The strengths and weaknesses associated with each approach are discussed.
With reference to remote sensing, operational retrieval algorithms are reviewed for retrieving cloud optical depth and effective
particle size based on solar or thermal infrared (IR) bands. To illustrate the performance of the current solar- and IR-based
retrievals, two case studies are presented based on spaceborne observations. The need for a more realistic ice cloud optical
model to obtain spectrally consistent retrievals is demonstrated. Furthermore, to complement ice cloud property studies based
on passive radiometric measurements, the advantage of incorporating lidar and/or polarimetric measurements is discussed.
The performance of ice cloud models based on the use of different ice habits to represent ice particles is illustrated by
comparing model results with satellite observations. A summary is provided of a number of parameterization schemes for
ice cloud radiative properties that were developed for application to broadband radiative transfer submodels within general
circulation models (GCMs). The availability of the single-scattering properties of complex ice habits has led to more accurate
radiation parameterizations. In conclusion, the importance of using nonspherical ice particle models in GCM simulations for
climate studies is proven.
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1. Introduction
Ice clouds, consisting of various kinds of nonspherical ice

crystals and frequently occurring in the upper troposphere
and into the lower stratosphere, play an important role in
various physical processes in the Earth’s atmosphere (Liou,
1986; Stephens et al., 1990; Liou et al., 2000, 2001; Lynch et
al., 2002; Baran, 2012). For example, by reflecting solar radi-
ation and absorbing thermal infrared emission from the lower
atmosphere and the surface, ice clouds regulate the radiation
budget of the Earth–atmosphere system, and thus affect the
atmospheric cooling/heating profile. In comparison with wa-
ter clouds, which consist of spherical liquid water droplets
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(Slingo, 1989), the current level of understanding of the mi-
crophysical and optical properties of ice clouds is relatively
low; in particular, substantial uncertainties remain in the rep-
resentation of ice clouds in radiative transfer models used
for a variety of applications. To improve our understand-
ing of the bulk optical properties of ice clouds, we review
three lines of ice cloud studies including: (a) the simulation
of the single-scattering properties of individual ice crystals;
(b) the use of the ice cloud bulk scattering properties to in-
fer ice cloud parameters from observations made by an array
of passive and active satellite sensors that measure different
parts of the electromagnetic spectrum, particularly the solar
and thermal infrared bands; and (c) the ice cloud radiation
parameterizations for use in weather and climate models on
the basis of microphysical data obtained from numerous field
campaigns.
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With respect to the representation of ice clouds in broad-
band radiative transfer models, the transition from the use of
ice spheres (e.g., Houghton and Hunt, 1971; Ramaswamy and
Detwiler, 1986) and infinitely-long circular cylinders (Liou,
1972a, 1972b; Stephens, 1980a, 1980b) to more realistic
hexagonal habits, which occur in the Earth’s atmosphere, be-
gan after the seminal study presented by Takano and Liou
(1989a, 1989b). The availability of the scattering and ab-
sorption properties of hexagonal columns and plates led to
attempts to incorporate these properties into broadband radi-
ation parameterization models (e.g., Ebert and Curry, 1992,
1993; Fu and Liou, 1993; Fu, 1996, 2007; Mitchell et al.,
2006; Baran, 2012). Moreover, the phase function for hexag-
onal ice particles has been extensively utilized to support
satellite remote sensing of cirrus clouds (e.g., Minnis et al.,
1993a, 1993b; Sun and Shine, 1995). The optical proper-
ties of complex ice habits (Macke, 1993; Macke et al., 1996,
1998; Takano and Liou, 1995; Iaquinta et al., 1995; Yang
and Liou, 1998) have also been reported for remote sensing
application and radiation parameterization (Key et al., 2002;
McFarquhar et al., 2002; Platnick et al., 2003; King et al.,
2004; Hong et al., 2009a; Zhang et al., 2015).

Further insight into the microphysical and optical proper-
ties of ice particles has been obtained based on data collected
during a number of field campaigns focused on cirrus clouds
(e.g., Heymsfield et al., 1990; Francis, 1995; Heymsfield et
al., 2002; Gayet et al., 2004, 2006). Initially, field campaigns
were designed to facilitate ice cloud in situ measurements to
support satellite retrievals of the spatial distribution and op-
tical depth of cirrus clouds from the International Satellite
Cloud Climatology Project (ISCCP) (Starr and Wylie, 1990;
Rossow and Schiffer, 1999), but subsequent field campaigns
have been designed to study ice clouds worldwide (Heyms-
field et al., 2013). A number of issues have been discovered
with regard to aircraft-based in situ measurements. For ex-
ample, a high percentage of the small ice particle concen-
tration measured from aircraft could be artificially produced
by the shattering of large ice particles that occur at the inlets
of the 2D-C probes (e.g., Field et al., 2006; Lawson, 2011;
Korolev et al., 2011, 2013a, 2013b). Jackson and McFar-
quhar (2014) investigated the impact of potential ice particle
shattering on the bulk scattering properties inferred from par-
ticle size distributions and showed that shattering increases
the number concentration, but has much less impact on the
properties of higher order moments such as the asymmetry
parameter or the single-scattering albedo. Other important
issues for the single-scattering properties of ice particles are
related to their intricate and complex morphologies such as
aggregation, fractures, embedded aerosol particles (e.g., soot
particles) or air bubbles, as well as surface roughness. These
imperfections alter the scattering and absorption properties of
individual ice particles as well as their bulk radiative proper-
ties (Macke et al., 1996; Yang and Liou, 1998; C.-Labonnote
et al., 2001; Shcherbakov et al., 2006; Ulanowski et al., 2006;
Nousiainen and Muinonen, 2007; Yang et al., 2008; Baum et
al., 2010; Neshyba et al., 2013; Yang et al., 2013; Ulanowski
et al., 2014).

The strengths and weaknesses of global satellite-based
ice cloud property retrievals need to be well characterized,
including the uncertainties resulting from radiometric noise,
use of ancillary data, algorithms, and choices made to fil-
ter and aggregate the data into global datasets. The resulting
global ice cloud properties in turn provide crucial constraints
on the parameterization of various cloud microphysical pro-
cesses and cloud–radiation interactions. To this end, another
line of investigation has been conducted to improve the in-
ference of ice cloud properties from satellite sensors, includ-
ing both polar-orbiting and geostationary imagers. To work
with satellite sensors in an operational environment, radiative
transfer (RT) models have been used to generate look-up ta-
bles (LUTs) of reflectivity and transmissivity (and other prop-
erties) as functions of optical depth, effective particle size,
and viewing geometry (solar zenith, viewing zenith, and rel-
ative azimuth angles). The datasets of the optical properties
of individual ice crystals and models of spectral or narrow-
band bulk single-scattering properties developed for various
remote sensing applications have been reported for solar, in-
frared, far-infrared, and microwave portions of the electro-
magnetic spectrum (Hess and Wiegner, 1994; Hess et al.,
1998; Yang et al., 2000; Yang et al., 2003; Yang et al., 2005;
Baum et al., 2005a, 2005b; Kim, 2006; Baum et al., 2007;
Liu, 2008; Hong et al., 2009b; Petty and Huang, 2010; Baum
et al., 2012; Yang et al., 2013; Baum et al., 2014; and ref-
erences cited therein). To improve the representation of ice
clouds in RT models of varying complexity across a wide
range of wavelengths, the incorporation of an adequate rep-
resentation of ice cloud radiative properties is critical. Baran
(2009) provided a review of issues similar to those discussed
in this paper, and articulated the use of polarization measure-
ments to provide further insight into the remote sensing of
ice clouds. In this paper, we review the latest advances in the
preceding research areas.

This review paper is organized into five sections. Section
2 reviews several widely used light-scattering computational
techniques, including the improved geometric optics, finite-
difference time domain (FDTD), pseudo-spectral time do-
main (PSTD), discrete dipole approximation (DDA), and the
TTT -matrix methods, and presents pertinent numerical exam-
ples of the single-scattering properties of ice crystals. Section
3 gives a brief overview of the satellite remote sensing of ice
cloud properties and discusses several operational retrieval
algorithms to infer cloud optical depth, effective ice crystal
size and habit, and cloud top pressure. Two case studies are
presented to illustrate both the capabilities and shortcomings
of the current retrieval algorithms. With advanced sensors
being launched or under development, new approaches and
algorithms are needed to interpret the available data. Fur-
thermore, by combining data from multiple instruments that
encompass a broad range of spectral channels as well as po-
larization capabilities, a more complete and accurate quan-
tification of ice clouds can be determined. Section 4 reviews
the parameterization of ice cloud bulk single-scattering prop-
erties for broadband models that can be used in global and
regional numerical models, and includes the presentation of



34 RADIATIVE PROPERTIES OF ICE CLOUDS VOLUME 32

a number of relevant results. Section 5 summarizes the re-
view.

2. Numerical capabilities for simulating light
scattering by ice crystals

Simulation of electromagnetic scattering is an interdis-
ciplinary area between applied physics and computational
mathematics. The most famous problem on this subject may
be the scattering of light by a sphere, which is formulated as
the Lorenz–Mie theory and is explained in detail in a num-
ber of texts (e.g., van de Hulst, 1957; Bohren and Huff-
man, 1983; Liou, 2002; Wendisch and Yang, 2012). Numer-
ically robust computer codes based on the Lorenz–Mie the-
ory have been developed and widely used (e.g., Wiscombe,
1980). The rich history of the study of the optical properties
of spheres was thoroughly reviewed by Logan (1965). Al-
though the Lorenz–Mie theory facilitates efficient computa-
tion of the optical properties of a sphere, many particles (e.g.,
ice crystals within cirrus clouds) are highly nonspherical.
In the past three decades, the electromagnetic scattering re-
search community has devoted significant effort to the study
of the single-scattering properties (namely, the extinction ef-
ficiency, single-scattering albedo, and complete phase ma-
trix) of nonspherical/inhomogeneous particles, from which
various analytical formalisms and numerical techniques have
been developed. Interested readers are referred to several ex-
cellent monographs and review articles (Mishchenko et al.,
2000, 2002; Kahnert, 2003; Doicu et al., 2006; Borghese et
al., 2007; Wriedt, 2009). Here, we review several methods
that have often been utilized to simulate the scattering of light
by ice crystals.

2.1. Geometric optics approximations and improvements

Geometric optics principles can be used to calculate the
single-scattering properties of particles much larger than the
wavelength of incident light. When an electromagnetic plane

wave impinges on a particle, the wave front blocked by the
particle’s cross section is considered to consist of idealized
narrow beams referred to as rays. Each ray propagates along
a straight-line path until it impinges on the particle-medium
(i.e., the ambient medium surrounding the particle) interface
where reflected and refracted rays emerge in new directions.
Over the course of successive reflections and refractions, a
hierarchy of rays is generated and an angular distribution of
the electric field associated with the scattered light is obtained
by tracing the electric field vectors associated with the rays.
In addition to the angular scattering pattern associated with
the ray-tracing procedure, according to Huygens’s principle,
the blocking of the incident wave front also causes the scat-
tering of the incident light. In other words, the incomplete
wave front (the original wave front minus the blocked wave
front) contributes to the scattering of the incident light, a phe-
nomenon known as diffraction. Hence, the total scattered
light can be obtained by a direct superposition of the scattered
fields produced by diffraction and reflected/refracted rays.

The angular distribution of the scattered light associated
with diffraction is dependent on a particle’s geometric cross
section and, once the particle shape is defined, can be com-
puted by means of the Fraunhofer diffraction theory or the
Kirchhoff formula (e.g., van de Hulst, 1957; Cai and Liou,
1982; Macke, 1993; Macke et al., 1996; Yang and Liou,
1998; Bi et al., 2011a; Takano et al., 2012). The scattered
field generated by ray tracing is dependent on the particle ge-
ometry as well as the refractive index. The directions of the
reflected and refracted rays can be determined by Snell’s law,
while the amplitude change and phase of the electric field
vector associated with each ray can then be computed in a
ray-tracing process according to the Fresnel formulae and the
accumulated ray path-length. With modifications, the ray-
tracing technique can be applied to various nonspherical par-
ticles. As an example, Fig. 1a shows the application of a
Monte Carlo approach to initializing random ray-tracing pro-
cesses for a hexagonal ice crystal. Each point on the particle
surface facing the direction of the incident light represents

 

Fig. 1. (a) Incident points for initial rays. (b) Schematic diagram illustrating
the ray-tracing process involving a hexagonal ice crystal.
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an incoming ray localized on the incident wave front. Figure
1b is a schematic diagram showing the ray-tracing process
involving a hexagonal particle. The scattered field consists
of the superposition of the fields from all externally reflected
rays and refracted rays from the particle to the medium.

Application of the ray-tracing procedure to quantitatively
compute the phase function of ice crystals can be traced
back to Jacobowitz (1971) in whose calculations a hexago-
nal prism with an infinite length was assumed. Jacobowitz’s
results quantitatively produced the 22◦ halo and illustrated
the inadequacy of the Lorenz–Mie theory for simulating the
optical properties of large ice crystals. Wendling et al. (1979)
applied the same principle to a finite hexagonal prism and
quantitatively depicted the 46◦ halo pattern. Both Jacobowitz
(1971) and Wendling et al. (1979) focused on the intensity
distributions of the scattered light and neglected the potential
interference among scattered rays and the polarization state.
In a later development, Cai and Liou (1982) included the po-
larization configuration into the ray-tracing process and de-
termined the scattering properties of the full phase matrix el-
ements for randomly orientated columns and plates. Takano
and Liou (1989a) incorporated ice crystal size distribution
and the ice birefringence effect into the ray-tracing process by
splitting refracted rays into ordinary and extraordinary com-
ponents. Moreover, for large absorbing particles, Yang and
Liou (1995, 2009a, 2009b) addressed the nature of inhomo-
geneous waves (Born and Wolf, 1959; Bohren and Huffman,
1983) in the ray-tracing process, and thus derived an effective
refractive index and generalized Fresnel’s formulae.

The ray-tracing approach has been widely used in mod-
eling light scattering by various nonspherical ice crystals
(e.g., Macke, 1993; Macke et al., 1996; Muinonen et al.,
1996; Nousiainen and McFarquhar, 2004; Um and McFar-
quhar, 2007). However, the range of validity for this approach
has not been precisely defined, particularly for particles with
moderate values of the size parameter (defined as π times the
ratio of the particle’s circumference dimension to the inci-
dent wavelength). As the wavelength increases in relation to
the particle size, the size parameter decreases. For this rea-
son, much work has focused on the accuracy of ray tracing
for small-to-moderate size parameters. For example, com-
parison of the ray-tracing solution with an analytic solution
based on the exact Lorenz–Mie theory (Liou and Hansen,
1971) revealed that the geometric-optics solution is reason-
ably accurate for poly-disperse spheres when the size param-
eter is larger than 100. Similar findings have been reported in
the cases of spheroids and cylinders, for which the solutions
can be rigorously obtained from the TTT -matrix method (Macke
et al., 1995; Yang et al., 2007; Bi et al., 2013a, 2013b). Note
that spheres, spheroids, and the side surfaces of circular cylin-
ders have both smooth and rounded surfaces, but realistic ice
crystals are faceted. For ice particles that have flat local sur-
faces, the cross section of a ray does not diverge after trans-
mitting through or being reflected by two parallel surfaces,
leading to caustics in the far-field region. For this reason, pro-
nounced singularities in the phase function may be caused for
ice particles with a fixed orientation. Furthermore, even for

randomly oriented ice crystals, the ray-tracing approach pro-
duces unrealistic delta-transmission peaks in the 0◦ forward
and 180◦ backward directions related to the interactions be-
tween rays and the parallel facets of ice crystals (Takano and
Liou, 1989a; Mishchenko and Macke, 1998).

To circumvent the aforementioned shortcomings, im-
provements have been suggested to incorporate fundamental
electromagnetic theories into ray propagation from the near-
field zone to the far-field zone. In these improvements, ray
tracing is only applied to compute the near field within the
particle’s interior or on the particle’s external surface. The
single-scattering properties of an ice crystal can then be com-
puted according to exact electromagnetic integral equations.
Specifically, the scattered electric field EEEsca at the position rrr
when rrr → ∞ can be related to the internal electric field EEE as
(Saxon, 1973)

EEEsca(rrr) =
k2 exp(ikrrr)

4πrrr

∫∫∫
v
[ε(rrr′)−1]{EEE(rrr′)−

r̂rr[r̂rr ·EEE(rrr′)]}exp(−ikr̂rr · rrr′)dddrrr′ , (1)

where the integration domain v is the volume occupied by the
particle, r̂rr is a unit vector pointing along rrr, k is the wavenum-
ber and ε is the permittivity, and the extinction and absorption
cross sections can be obtained from the following equations
(Hage et al., 1991):

σext = Im
[

k
|EEE inc|2

∫∫∫
V
(ε −1)EEE∗

inc(rrr
′) ·EEE(rrr′)d3rrr′

]
, (2)

σabs =
k

|EEE inc|2
∫∫∫

V
Im(ε)EEE∗(rrr′) ·EEE(rrr′)d3rrr′ , (3)

where EEE inc is the incident electric field. An alternative
method to compute the scattered field is to integrate the tan-
gent components of the electric field EEE and magnetic field HHH
on the particle surface as follows (Jackson, 1975):

EEEsca(rrr) =
k2 exp(ikrrr)
−ikrrr4π

r̂rr×
∫∫

{n̂nns ×EEE(rrr′)− r̂rr×
[n̂nns ×HHH(rrr′)]}exp(−ikr̂rr · rrr′)ddd2rrr , (4)

where n̂nns is a unit vector that is locally normal to the particle
surface. Muinonen (1989) pioneered the application of Eq.
(4) to ice crystal optics by considering the spreading effect
of scattered rays. Yang and Liou (1996b, 1997) systemati-
cally developed approaches by mapping the near field com-
puted from geometric optics to the far field through Eqs. (1)
to (4). Another conceptual advance employs a broad-beam
tracing technique to compute the near field for non-absorbing
ice crystals (Popov, 1996; Borovoi and Grishin, 2003) instead
of mapping a group of individual rays. As a follow up to
Yang and Liou (1997), Bi et al. (2011b) proposed a new com-
putational approach to simulate the scattering and absorptive
properties of ice crystals by accounting for the inhomogene-
ity of electric field amplitude over the beam cross-section for
absorptive particles on the basis of Eq. (1).

The method of combining the Fraunhofer diffraction and
the angular distribution computed by ray tracing is termed as
the conventional geometric optics method (CGOM). Figure 2
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Fig. 2. Comparison of the asymmetry factor, the extinction efficiency, P11 (phase function), and
P12/P11 and P22/P11 computed from the CGOM and the IGOM with the exact solutions (Bi and
Yang, 2014a). Note that the IGOM used in the simulation is implemented on the basis of Eqs.
(1) to (3) for mapping the near field computed with geometric optics to the corresponding far
field.

shows a comparison of the asymmetry factor, the extinction
efficiency, and three phase matrix elements (P11, P12/P11,
and P22/P11) computed from the CGOM and the improved
geometric-optics method (IGOM) based on an electromag-
netic volume-integral relation, i.e., Eq. (1) (Yang and Liou,
1997; Bi et al., 2011b), which incorporated the use of funda-
mental electromagnetic theories for the mapping of the elec-
tric vector within a particle’s interior to the far field described
previously. Note, the IGOM can also be implemented on the
basis of an electromagnetic surface-integral relation, i.e., Eq.
(4). The IGOM results in Fig. 2 are computed with the al-
gorithm reported in Bi et al. (2011b). The CGOM asymme-
try factor differs substantially from that obtained from the
IGOM when the particle size parameters are on the order of
20–50. Furthermore, a significant difference between the two
approaches is revealed in computing the extinction efficiency.
As articulated by van de Hulst (1957), the CGOM extinction
efficiency is given by a value of 2 as a result of the energy
equivalence between the contributions of diffraction and ray
reflections/refractions. However, when complementary elec-
tromagnetic theories are incorporated in the ray-tracing anal-
ysis, interferences between diffraction and optical rays occur,
leading to oscillations of the scattered field and producing
fluctuations in the results of the asymmetry factor and extinc-
tion efficiency.

The conventional CGOM halos were found to be inde-
pendent of ice crystal size based on the phase function re-
sults. Results from IGOM, however, illustrate that halo pat-
terns (22◦ and 46◦) become broad and eventually disappear
as the size parameter decreases in association with the ray-

spreading effect for the light beams with finite cross sections.
Subtle oscillations occurring in P12/P11 and P22/P11 are pro-
duced by the interference among scattered rays, and large
differences in P22/P11 are shown in the backscattering direc-
tions.

The geometric ray-tracing approach is based on the con-
cept of the localization principle, which does not account for
rays tangential to the particle’s surfaces and those traveling
around the particle, whose optical effect is referred to as the
edge effect. This complicated effect and the related surface
waves are beyond the scope of geometric-optics applicabil-
ity. For example, the geometric ray tracing can be used to
explain rainbows and rainbow-type features produced by the
scattering of light by spherical raindrops; however, the ap-
proach fails to generate the glory feature that occurs in the
180◦ backscattering direction (van de Hulst, 1957).

Nussenzveig (1979, 1992) and Nussenzveig and Wis-
combe (1980) developed the complex angular momentum
theory, a mathematical analysis based on the asymptotic
behavior of the exact Lorenz–Mie solution for the phys-
ical explanation of glory and rainbow features. Liou et
al. (2010) followed the edge effect formulations given in
Nussenzveig and Wiscombe (1980) and incorporated the con-
tribution into a volume-integral-based IGOM (Yang et al.,
1997), the geometric-optics surface-wave (GOS) approach,
the single-scattering results of which illustrate close agree-
ment with those computed from the exact Lorenz–Mie the-
ory. Moreover, Liou et al. (2011) applied the GOS approach
to nonspherical particles by developing a correction factor
using a nondimensional volume parameter of 1 for spheres
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and 0 for elongated particles. By using this principle, the ex-
tinction coefficient, single-scattering albedo, and asymmetry
factor results for randomly oriented columns and plates com-
pare reasonably well with those computed from the numerical
methods that solve Maxwell’s equations (Liou et al., 2011).
Bi et al. (2010) and Bi and Yang (2014b) have discussed the
importance of the edge effect in the cases of circular cylin-
ders and spheroids. For spheroids, Bi and Yang (2014b) ex-
tended the extinction formula obtained from the complex an-
gular momentum theory (Nussenzveig and Wiscombe, 1980)
from spheres to spheroids by modifying the divergence factor
of the central ray and the radius of curvature in the compu-
tation of the edge effect. In comparison with the TTT -matrix
results, the extended formula is reasonably accurate when the
size parameter is larger than ∼ 20 and can even be accurate
up to three or four decimal points when the size parameter is
larger than ∼ 200. Moreover, Takano et al. (2013) demon-
strated that by employing the Rayleigh–Gans–Debye (RGD)
adjustment, which includes a form factor developed by De-
bye (1915), the GOS approach could be efficiently applied
to the computation of the optical properties of black carbon
aggregates.

In summary, within the last 30 years a spectrum of
geometric-optics approximations has been developed with re-
spect to the size parameter range, including the conventional
geometric-optics method (CGOM, geometric ray tracing plus
diffraction), the improved geometric-optics method (IGOM,
the mapping of the ray-tracing results for the near field within
the particle’s interior or on the particle’s surface to the far
field based on the exact volume or surface electromagnetic
integrals), and a form of the IGOM with the inclusion of the
edge effects. In the developments of the aforementioned ap-
proximate methods based on physical principles and ratio-
nale, the results computed by other more rigorous and accu-
rate methods were utilized, which are applicable for certain
size parameter ranges discussed in the following sub-section.

2.2. Finite-difference time-domain, pseudo-spectral time-
domain, and discrete dipole approximation methods

The part reflections and refractions play within the con-
text of geometric optics is based on the principle of localiza-
tion, i.e., optical rays can be identified on the incident wave-
length. However, it should be noted that the localization prin-
ciple is valid only in the case of particles much larger than the
incident wavelength. van de Hulst (1957) articulated “A pen-
cil of light of length l can exist only if its width at its base is
large compared to

√
λ l” where λ is the incident wavelength.

Thus, based on the limited applicability of the localization
principle postulated by van de Hulst (1957), the conventional
geometric-optics method may not be applicable to the scat-
tering of light by a particle if the size parameter is less than
approximately 20. For particles of moderate size parame-
ters in the range of κ = 20–50, the accuracy of geometric-
optics solutions was checked with the following three nu-
merical approaches, which provide “numerically exact” so-
lutions: the finite-difference time domain (FDTD) method
(Yee, 1966; Yang and Liou, 1995; Yang and Liou, 1996a; Sun

et al., 1999), pseudo-spectral time-domain (PSTD) method
(Liu, 1997; Chen et al., 2008; Liu et al., 2012a), and dis-
crete dipole-approximation (DDA) method (Purcell and Pen-
nypacker, 1973; Draine and Flatau, 1994; Yurkin and Hoek-
stra, 2007).

Pioneered by Yee (1966), the FDTD first solves Maxwell’s
equations in the time domain as follows:

∇×HHH(rrr, t) =
ε(rrr)

c
∂EEE(rrr, t)

∂ t
, (5)

∇×EEE(rrr, t) = −μ(rrr)
c

∂HHH(rrr, t)
∂ t

, (6)

where E and H denote electric and magnetic vectors, respec-
tively; μ is the permeability; and c is the speed of light in a
vacuum. The total field can be obtained by the superposition
of incident and scattered fields given by

∇×HHHsca(rrr, t) =
Re[ε(rrr)]

c
∂EEEsca(rrr, t)

∂ t
+

kIm[ε(rrr)]EEEsca(rrr, t)+SSS(rrr, t) , (7)

∇×EEEsca(rrr, t) = −1
c

∂HHHsca(rrr, t)
∂ t

, (8)

SSS(rrr, t) =
[1−Re(ε)]

c
∂EEE inc(rrr, t)

∂ t
−

kIm(ε)EEE inc(rrr, t) , (9)

where SSS represents the source function. Note, the permeabil-
ity is assumed to be unity in Eq. (8), a reasonable assumption
for ice particles. The solution of these equations requires that
the computational space domain be finite so that simulations
can be implemented numerically. Figure 3a depicts a concep-
tual diagram to illustrate the principle of the FDTD technique
developed by Yee (1966).

First, an absorbing boundary box is designed to enclose
the particle such that any wave incident on the boundary
can be absorbed without reflection. A number of absorbing
boundary conditions have been reviewed in Yang and Liou
(2000). The space between the particle and absorbing bound-
ary layer is called “white space”. The electric and magnetic
fields within the particle and white space are the same as
those in an unbounded scattering medium.

Second, Eqs. (7) to (9) must be discretized for numeri-
cal implementation by assigning the electromagnetic field on
Cartesian grid cells in the computational domain. Each grid
cell is called a Yee cell, as shown in Fig. 3b, where the elec-
tric field is assigned at the cube edges, while the magnetic
field is defined at the center of the faces. In order to compute
the derivative of electric and magnetic fields with respect to
the space, the FDTD employs a finite-difference technique,
while the PSTD (Liu, 1997; Panetta et al., 2013) adopts the
spectrum method. For example,

FDTD : [∇×EEEsca(rrri+1/2, j,k, t)]x

=
1

Δz
{EEEsca,y(rrri+1/2, j,k+1/2, t)−EEEsca,y(rrri+1/2, j,k−1/2, t)}+

1
Δy

{EEEsca,z(rrri+1/2, j+1/2,k, t)−EEEsca,z(rrri+1/2, j−1/2,k, t)} , (10)
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Fig. 3. (a) Conceptual FDTD diagram for the computation of
the near field for the scattering of an electromagnetic wave by
a nonspherical bullet rosette ice crystal. (b) Configuration for
the electric and magnetic fields on a grid cell used in the Yee
algorithm (Yee, 1966).

PSTD : [∇×EEEsca(rrri+1/2, j,k, t)]x

=FFF−1{−ikzFFF [EEEsca,y(rrr, t)]}−FFF−1{−ikyFFF [EEEsca,z(rrr, t)]} , (11)

where FFF and FFF−1 indicate forward and inverse Fourier trans-
formations, respectively.

Third, the FDTD/PSTD derives direct solutions of the
near field in the time domain. The electric and magnetic field
in the frequency domain is obtained by applying the discrete
Fourier transform. Having the near field defined, the optical
properties are subsequently computed from Eqs. (1) to (4)
by means of numerical integrations. The computational ca-
pabilities of the PSTD to model the optical properties of ice
crystals have been described in Liu et al. (2012a, 2012b) and
Panetta et al. (2013).

Different from the FDTD/PSTD, the DDA directly solves
field equations in the frequency domain such that the compu-
tational domain is the particle volume. Similar to the FDTD,
the DDA, in principle, is applicable to arbitrarily shaped par-
ticles, including those without rotational symmetry or having
inhomogeneous chemical composition. Purcell and Penny-

packer (1973) introduced the DDA to study the optical prop-
erties of interstellar dust particles. However, the basic idea
of the DDA can be traced to the work of DeVoe (1964), who
studied the optical properties of molecular aggregates. As
shown in Fig. 4a, the DDA assumes a particle to be a finite
array of dipoles. With an incident plane wave, each dipole
responds to the incident wave, then immediately emits radi-
ation that interacts with the other dipoles (an example of a
three-dipole system is displayed in Fig. 4b) until the local
field for each dipole, which includes the incident field plus
the fields produced by other dipoles, is stable. Consider the
ith dipole having an electric dipole moment PPPi, and its con-
tribution to the radiation field at the position of the jth dipole
is given by (Jackson, 1975)

EEE(RRR = rrr j − rrri) =
{

k2(R̂RR×PPPi)× R̂RR+[3R̂RR(R̂RR ·PPPi)−PPPi]×(
1

RRR2 − ik
RRR

)}
eikRRR

RRR
, (12)

where R̂RR is a unit vector pointing along position vector RRR.
The vector PPPi is proportional to the local field, leading to a
self-consistent equation as follows:

PPPi = αiEEEi = αi

(
EEE inc,i + ∑

i�= j
AAAi j ·PPP j

)
, (13)

where αi is polarizability and AAAi j is implicitly defined by
comparing Eqs. (12) and (13) with an explicit form given
by

AAA(RRR = rrr− rrr′) =
k2 exp(ikR)

R

[(
III − RRRRRR

R2

)
−

1− ikR
(kR)2

(
III − 3RRRRRR

(kR)2

)]
, (14)

where III is the identity dyad. The polarizability is related to
the refractive index m̃ through the Clausius–Mossotti relation
(Jackson, 1975) in the form

α = d3 3
4π

m̃2 −1
m̃2 +2

, (15)

where m̃ is the complex refractive index, and d is the dipole
length. Once the amplitudes of dipole moments denoted in
Eq. (13) are solved, the extinction and absorption cross sec-
tions can be obtained from volume integrals given by Eqs. (2)
and (3) as follows (Draine and Flatau, 1994):

σext =
4πk

|EEE inc|2
N

∑
j=1

Im(EEE∗
inc, j ·PPP j) , (16)

σabs =
4πk

|EEE inc|2
N

∑
j=1

{Im(EEE∗
j ·PPP j)} . (17)

According to Eq. (1), the scattered far field is given by

EEEsca(rrr)|r→∞ =
exp(ikrrr)
−ikrrr

(−ik3)(III − r̂rr · r̂rr) ·∑
j

PPP j exp(ikrrr j · r̂rr) .

(18)
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Fig. 4. (a) Schematic geometry to illustrate the approximation of a bullet rosette
in terms of discretized dipoles. (b) An example illustrating the interactions of
three dipoles.

As shown in Purcell and Pennypacker (1973), Eq. (13) is de-
rived on the basis of physical rationale rather than rigorous
mathematical analysis. In later developments, however, the
DDA was more rigorously refined by starting from an elec-
tric volume-integral equation in the form

EEE(rrr) = EEE0(rrr)+
∫

V
k2(ε −1)GGG(rrr− rrr′) ·EEE(rrr)dv , (19)

where GGG is the dyadic Green’s function satisfying the follow-
ing differential equation:

∇×∇×GGG(rrr− rrr′)− k2GGG(rrr− rrr′) = IIIδ (rrr− rrr′) , (20)

where δ (rrr− rrr′) is the Dirac delta function. The solution of
the dyadic Green’s function is given by

GGG(RRR = rrr− rrr′) =
[

III +
∇∇
k2

]
exp(ikRRR)

4πRRR
=

AAA(RRR = rrr− rrr′)
4πk2 .

(21)
The dyadic Green’s function in the source region has a sin-
gularity problem associated with the 1/R3 dependence term
defined by

GGG(RRR = rrr− rrr′) =
1

4πk2 ∇∇
1
R

=
1

4πR

[
− 1

k2R2 − R̂RRR̂RR
3

k2R2

]
.

(22)
To facilitate numerical calculations, the electric field is as-
sumed to be constant within a small volume so that Eq. (19)
can be written as (Yurkin and Hoekstra, 2007)

EEE(rrr) = EEE0(rrr)+
∫

V−Vε
k2(ε −1)GGG(rrr− rrr′) ·EEE(rrr′)dv+

(ε −1)[MMM(rrr)+LLL(rrr)] ·EEE(rrr), (23)

where

MMM(rrr) = k2
{∫

Vε
[GGG(rrr− rrr′)−GGG

s
(rrr− rrr′)]d3rrr′

}
, (24)

LLL(rrr) = k2
{∫

Vε
GGG

s
(rrr− rrr′)d3rrr′

}
. (25)

Based on the divergence theorem (Morse and Feshbach,
1953), Eq. (25) is equivalent to

LLL = − 1
4π

∫
s

n̂nnR̂RR
R2 ds , (26)

where s is the surface of an elementary volume Vε . If the el-
ementary volume is a cube or a sphere, it can be shown that
LLL = −III/3. According to Eq. (23), the source of the field (or
the exciting field) at the position rrr (i.e., the contribution from
incident and scattered fields from the remaining volume) is
given by

EEEexc(rrr) = [III − (ε −1)(MMM +LLL)] ·EEE(rrr) . (27)

The amplitude of the dipole moment associated with the vol-
ume VVV ε is governed by

PPP =
Vε(ε −1)

4π[III − (ε −1)(MMM +LLL)]
EEEexc(rrr) . (28)

The polarizability can now be defined as:

α =
V (ε −1)

4π[III − (ε −1)(MMM +LLL)]
. (29)

Lakhtakia (1992) proposed strong and weak forms of the
DDA to distinguish the treatment of a singularity problem
in the dyadic Green function. The weak form corresponds
to the Clausius–Mossotti relation (i.e., MMM = 0), whereas the
strong form considers nonzero MMM. For the strong form of
DDA, several polarizability relations (Yurkin et al., 2007) are
formulated replacing the simple Clausius–Mossotti relation-
ship, leading to different approximations for MMM. Polarizabil-
ity relations based on different physical postulations are also
discussed in Yurkin et al. (2007).

The DDA can be used to efficiently determine the scatter-
ing and absorption properties when κ <∼ 20. The computa-
tional resources (such as memory and the number of proces-
sors) increase dramatically with increasing the size parame-
ter. However, with the development of state-of-the-art com-
puting clusters, the optical properties for moderate-to-large
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size parameters can be obtained by means of parallel compu-
tations. For example, the optical properties of a sphere with
a size parameter of 320 and a refractive index of 1.05 have
been obtained by using the DDA with 512 processors and
698 Gb memory (Yurkin and Hoekstra, 2011). Due to the
existing shape errors and the approximate nature of polariz-
ability relations, the DDA is often viewed as an approximate
or semi-exact method. The accuracy of the DDA method has
been assessed (Penttila et al., 2007) through the comparison
of DDA results with those computed from analytical or semi-
analytical methods; e.g., the Lorenz–Mie theory for spheres,
and the extended boundary condition method (EBCM) for
spheroids and circular cylinders (Mishchenko et al., 2002).

The FDTD/PSTD and DDA have comparable accuracy.
As an example, Fig. 5 shows a comparison of the six phase
matrix elements of randomly oriented bullet rosette ice crys-
tals computed with the PSTD and DDA. The refractive in-
dex used in the simulation is 1.3078 + i10−6 and the size
parameter, defined with respect to the dimension of the cir-
cumscribed sphere, is 30. The two different numerical meth-
ods show quite similar numerical results. The slight differ-
ences may result from different numerical implementations
and shape errors associated with particle geometry discretiza-
tion.

However, the computational efficiencies of the FDTD/
PSTD and DDA are quite different, particularly for large size
parameters with large refractive indices. Yurkin et al. (2007)
reported a comparison of the DDA and FDTD in the case of

spheres with the refractive index values ranging from 1.02 to
2 and the size parameters up to 80. The DDA was found to
be faster than the FDTD when the refractive index is smaller
than 1.4. The PSTD technique has the advantage over the
FDTD because of coarse spatial resolution in particle dis-
cretization. Liu et al. (2012b) and Podowitz et al. (2014)
reported a comparison between the numerical performance
of the DDA and PSTD techniques. Their studies show that,
for a fixed size parameter, a critical value of the refractive
index exists above which the PSTD is faster than the DDA.
Figure 6 shows a comparison of the computational efficiency
of the PSTD and DDA based on the data presented in Liu et
al. (2012b). The DDA fails to produce convergent results in
the case of very large refractive indices. For a fixed refractive
index the ratio of computational time of the DDA over that of
the PSTD was found to increase with respect to size param-
eter. From the aforementioned comparison studies, the time
domain methods are more powerful than the DDA with ref-
erence to the handling of optically dense particles. Because
of slow convergence or failure to converge, the DDA had not
been used in the past when the refractive index was larger
than 2. An attempt to extend the application of DDA to large
refractive indices (> 2) can be found in Yurkin et al. (2010).

2.3. T-matrix method
The TTT -matrix method was first introduced by Water-

man (1965, 1971) for solving acoustic and electromagnetic
scattering problems. The method has been further improved

 

Fig. 5. Comparison of the phase matrix of randomly oriented bullet rosette ice crystals computed with the PSTD
and the DDA.
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Fig. 6. Ratio of the computational time required by the PSTD
to that by the DDA for various refractive indices.

and numerically implemented by a number of researchers
(e.g., Wiscombe and Mugnai, 1986; Barber and Hill, 1990;
Lakhtakia et al., 1984; Mackowski and Mishchenko, 1996;
Mishchenko et al., 1996; Mishchenko and Macke, 1998;
Doicu et al., 2006; Baran et al., 2001a, 2001b). In particular,
Mishchenko (1991) proved that the TTT -matrix is independent
of the orientation of the scattering particle with respect to the
direction of the incident light, and this feature provides an
exact and efficient approach to averaging the single-scattering
properties of nonspherical particles over particle orientations.
In the following, we briefly summarize the formalism of the
TTT -matrix method.

Within the framework of the TTT -matrix method, the inci-
dent and scattered fields are expanded in terms of suitable
vector spherical wave functions in the forms (Mishchenko et
al., 2002)

EEE inc =
∞

∑
l=1

alRgMMMl(krrr)+blRgNNNl(krrr) , (30)

EEEsca =
∞

∑
l=1

plMMMl(krrr)+qlNNNl(krrr) , (31)

where RgMMMl and RgNNNl are regular vector spherical functions,
and MMMl and NNNl are irregular vector spherical functions. In
Eqs. (30) and (31), l is an index defined to combine two
indices m1 and m2 via m1(m1 + 1)+ m2, where m1 is the to-
tal angular momentum (m1 = 1,∞) and m2 is the projected
angular momentum (m2 � m1). Because of the linearity of
Maxwell’s equations and electromagnetic boundary condi-
tions, the expansion coefficients of the scattered and incident
fields are related by means of a transition matrix, called the
TTT -matrix (symbolically) in the form[

ppp
qqq

]
= TTT

[
aaa
bbb

]
. (32)

If the TTT -matrix is known for an arbitrary incident field,

the corresponding scattered field can be directly obtained
through a matrix product. Thus, the TTT -matrix contains all re-
quired information associated with scattering and absorption,
from which the commonly defined single-scattering proper-
ties, including phase matrix, extinction efficiency and single-
scattering albedo, can be derived in a relatively straightfor-
ward manner.

A critical component of the TTT -matrix algorithm for com-
puting the optical properties of particles is the numerical ca-
pability to obtain the TTT -matrix from Maxwell’s equations
or their mathematical equivalents. Although the extended
boundary condition method (EBCM) is a pioneering method
for computing the TTT -matrix of a single homogeneous non-
spherical particle, a number of alternative techniques have
been suggested for different applications. In the simplest
case of a sphere, the TTT -matrix is a diagonal matrix whose
elements can be obtained from the method of separation of
variables (i.e., the Lorenz–Mie theory). The TTT -matrix for a
cluster of spheres can be obtained from the TTT -matrices of in-
dividual spheres by employing the addition theorem of vec-
tor spherical wave functions to account for mutual interac-
tions among the spheres (Peterson and Ström, 1973; Mack-
owski and Mishchenko, 1996). An alternative approach for
computing the TTT -matrix is the invariant imbedding TTT -matrix
(II-TM) method (Johnson, 1988), which is stable and effi-
cient for arbitrarily shaped homogeneous or inhomogeneous
particles (Bi et al., 2013a, 2013b; Bi and Yang, 2014a). In
particular, the II-TM can be combined with the separation
of variables method, the EBCM, or the superposition princi-
ple to improve its computational efficiency, and the choice of
a specific combination scheme depends on the particle ge-
ometry. Other methods for TTT -matrix calculations include
the null-field method with discrete sources (e.g., Doicu et
al., 2006), the EBCM assisted with group theory (Kahn-
ert, 2013), the generalized point-matching method (Niem-
inen et al., 2003), the superposition method (Mackowski
and Mishchenko, 1996, 2011), the discrete-dipole moment
method (Mackowski, 2002), the iterative EBCM (Lakhtakia
et al., 1984), and the many-body TTT -matrix for a single particle
with a large aspect ratio (Yan et al., 2008; Sun et al., 2013).
In the following, we briefly highlight the EBCM and the II-
TM and focus on demonstrating the II-TM’s applicability to
the simulation of the optical properties of ice crystals.

The EBCM computes the TTT -matrix through integral equa-
tions over the particle’s surface in the forms (Mishchenko et
al., 2002)

EEEsca(rrr)|rrr∈medium =
∮

ds(rrr′)
[

iωμ
c

(n̂+ ×HHH(rrr′)) ·GGG(rrr′,rrr)+

(n̂+ ×EEE(rrr′)) · (∇×GGG(rrr′,rrr))
]

, (33)

EEE inc(rrr)|rrr∈particle =−
∮

ds(rrr′)
[

iωμ
c

(n̂nn+×HHH(rrr′)) ·GGG(rrr′,rrr)+

(n̂nn+ ×EEE(rrr′)) · (∇×GGG(rrr′,rrr))
]

, (34)

where n̂nn+ is the outward normal directions of the particle sur-
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faces. The unknown surface fields are defined through bound-
ary conditions to provide a connection to the internal field,
which is expanded with respect to vector spherical functions
as follows:

EEE int =
∞

∑
l=1

clRgMMMl(m̃krrr)+dlRgNl(m̃krrr) , (35)

where m̃ is the refractive index. The dyadic Green’s function
can be formulated with respect to the vector spherical func-
tions. According to Eqs. (33) to (35), the relation between (a,
b) and (p, q) can be established through the TTT -matrix equa-
tion in the form

TTT = −RgQQQ ·QQQ−1 , (36)

where RgQQQ and QQQ are defined by[
aaa
bbb

]
= RgQQQ

[
ccc
ddd

]
, (37)[

ppp
qqq

]
= −QQQ

[
ccc
ddd

]
. (38)

The EBCM has been shown to be an efficient method
for the computation of randomly oriented axially symmet-
ric particles, such as spheroids, circular cylinders, bispheres
and Chebyshev particles (Mishchenko et al., 2002). Unlike
the purely numerical methods (e.g. FDTD and DDA), the
EBCM is semi-analytical and provides an efficient and sta-
ble algorithm for axially symmetric particles. Due to its
high accuracy, the specific TTT -matrix method is often em-
ployed as an accurate reference to validate numerical meth-
ods and geometric-optics approximations and to examine the
numerical performance. For example, the TTT -matrix method
is employed to study the accuracy of the DDA with differ-
ent numerical implementations (Penttila et al., 2007). Yang
et al. (2007) employed the TTT -matrix program developed by
Mishchenko and Macke (1998) to study the accuracy of
the IGOM for the single-scattering properties of randomly
oriented spheroids with size parameters from the Rayleigh
regime to the lower end (κ = 50) of the geometric optics
regime. However, employing the EBCM to compute the op-
tical properties of complex ice particles is challenging be-
cause of the ill-conditioned problem inherent in numerical
algorithms involving complicated particle geometries.

Different from the EBCM, the II-TM computes the TTT -
matrix through Eq. (19) representing an electromagnetic
volume-integral equation; see the pioneering work presented
in Johnson (1988). In principle, the computational procedure
of determining the TTT -matrix within the II-TM framework can
be summarized as: (1) the nonspherical particle is assumed to
be an inhomogeneous sphere circumscribing the nonspheri-
cal particle (note, the portion of the inhomogeneous sphere,
exterior to the nonspherical particle, is empty, i.e., with a re-
fractive index of 1—see the schematic diagram shown in Fig.
7a); (2) the inhomogeneous sphere in Fig. 7a is discretized
into a number of thin layers (see Fig. 7b); and (3) the TTT -
matrix of the particle can be obtained from inner spherical
layers to outer spherical layers through an iterative procedure

 

Fig. 7. (a) A nonspherical particle circumscribed by an imagi-
nary inhomogeneous sphere. The portion of the sphere, exterior
to the nonspherical particle, is empty, i.e., the corresponding
refractive index is 1. (b) Discretization of the inhomogeneous
sphere into multi-layers. (c) Intersection of one spherical layer
with a hexagonal ice crystal. (d) Hexagonal ice crystal repre-
sented as an inhomogeneous sphere.

based on the following equation (Johnson, 1988; Bi et al.,
2013a, 2013b):

TTT (rp) = QQQ11(rp)+ [III +QQQ12(rp)][1−
TTT (rp−1)QQQ22(rp)]−1TTT (rp−1)[III +QQQ21(rp)] , (39)

where III indicates the identity matrix, TTT (rp−1) represents the
TTT -matrix for the layer with a radius of rp−1, and the QQQi j ma-
trices are computed from surface integrals over the rp spher-
ical layer. Note, for a given spherical layer, only the por-
tion associated with a non-unity refractive index contributes
to the aforementioned integrals. Figures 7c and d schemat-
ically illustrate the II-TM iterative procedure for computing
the TTT -matrix for a hexagonal particle. Figure 7c shows the
intersection of a spherical layer and the hexagonal particle
in the process of iteratively computing the TTT -matrix, start-
ing from a sphere inscribed by the hexagonal particle to the
nonspherical particle geometry of interest (Fig. 7d).

To illustrate the accuracy of the II-TM method, Fig. 8
shows a comparison of six non-zero phase matrix elements
of a randomly oriented circular cylinder computed from the
EBCM and the II-TM. The EBCM TTT -matrix code developed
by Mishchenko and Macke (1998) and the II-TM code de-
veloped by Bi et al. (2013a) are used in this study. For the
results in Fig. 8, the size parameter defined with respect
to the particle length or the diameter (note, L/2a = 1 for
the particle) is 60. The refractive index is assumed to be
1.3078 + i1.66 × 10−8. The results from the two methods
are virtually the same.
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Fig. 8. Comparison of the phase matrix elements of randomly oriented circular cylinders computed with the
EBCM and the II-TM.

To illustrate the numerical applicability of the II-TM to
the simulation of the optical properties of complex ice crys-
tals, Fig. 9 shows the phase matrix elements of an aggregate
ice crystal consisting of eight columns under the random-
orientation condition. The II-TM code developed by Bi and
Yang (2014a) is used in this study. The wavelength is as-
sumed to be 0.66 μm and the particle maximum dimension
is 6 μm. The κ defined in terms of the maximum dimension
is approximately 57. The results from the two methods agree
with slight differences due to numerical errors. In the DDA
simulation, 128α angles, 33β angles, and 32γ angles are used
to average over the random orientations of the particle, where
α,β , and γ are Euler angles defined according to the z-y-
z convention. The ADDA code developed by Yurkin et al.
(2007) is used in this study. Because the TTT -matrix method
is more efficient than the FDTD/PSTD and DDA in perform-
ing the average of the optical properties over particle orienta-
tions, the TTT -matrix method is more computationally efficient
in modeling randomly oriented ice particles.

3. Satellite remote sensing of ice clouds
The term “remote sensing” refers to the use of the mea-

surement of electromagnetic radiation based on passive (e.g.,
satellite imager) or active (e.g., radar) sensors to infer the
physical properties of a remote object of interest. The sensors
can take satellite-, aircraft-, or ground-based measurements.
The inference of cloud parameters, such as cloud height or
ice water path, is made based on the measurements. In gen-

eral, retrieval approaches make use of radiative transfer sim-
ulations based on the atmospheric state and the bulk single-
scattering properties of liquid or ice clouds. In other words,
remote sensing of ice cloud characteristics can be viewed
as an inverse problem to convert radiometric or polarimet-
ric measurements into ice cloud properties. To accomplish
this, one needs to incorporate fundamental light scattering
and radiative transfer simulations into the inversion process
(Minnis et al., 1993a, 1993b; Liou et al., 2000; Rolland et al.,
2000; Rolland and Liou, 2001; Platnick et al., 2003; King et
al., 2004; Li et al., 2005; Baum et al., 2005b; Minnis et al.,
2011; Baum et al., 2014). Ice cloud properties that yield the
best agreement between the numerical simulations and mea-
surements are generally accepted as the retrieved properties.

To determine and understand ice cloud properties over
large spatial and temporal scales, remote sensing based on
satellite observations is the only practical choice. The pa-
rameters necessary to describe ice clouds include cloud top
height/pressure/temperature and ice water path, which is ob-
tained from the inferred optical thickness and particle effec-
tive size. These quantities play an essential role in determin-
ing the role of ice clouds in the hydrological cycle and on the
Earth’s energy budget. The analysis of satellite data gener-
ally begins with identifying those pixels (or fields of view)
that are cloudy, and in particular clouds composed primarily
of ice, which means that one must infer the cloud thermo-
dynamic phase. Once an ice cloud is identified, the height
of the cloud is determined, followed by estimating the ice
water path (i.e., the cloud optical thickness and effective par-
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Fig. 9. Comparison of six phase matrix elements of an aggregate consisting of eight solid columns computed
with the DDA and the II-TM under randomly oriented conditions.

ticle size). King et al. (2004) presented some concise, yet
insightful, flow-charts for retrieving cloud properties from
high-altitude airborne observations, which are applicable to
satellite-based retrievals as well. In this article, we concen-
trate on discussing the process to infer the ice water path that
most closely uses the scattering models described.

A variety of methods have been reported in the literature
to infer cloud optical thickness and particle size from satel-
lite measurements. The most comprehensive satellite record
is provided by the series of Advanced Very High Resolution
Radiometer (AVHRR) imagers, which have been in continu-
ous orbit on NOAA polar-orbiting platforms since 1978. The
AVHRR sensors provide measurements at solar wavelengths
and in infrared windows. Based on the AVHRR sensors,
decadal records of the ice cloud properties are now available
(Walther and Heidinger, 2012; Foster and Heidinger, 2013;
Karlsson et al., 2013; Stengel et al., 2014). The most famil-
iar polar-orbiting imagers are the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) (King et al., 1992; Platnick
et al., 2003; Minnis et al., 2011; Baum et al., 2012) and the
Visible Infrared Imaging Radiometer Suite (VIIRS), although
others exist. Decades of measurements from geostationary
imagers are also available (e.g., Rossow and Schiffer, 1999;
Roebeling et al., 2006). Currently several space-borne IR
spectrometers provide hyper-spectral information useful for
ice cloud analyses (Huang et al., 2004; Li et al., 2005; Yue
et al., 2007; Wang et al., 2011; Kahn et al., 2014). In addi-
tion, narrow-band infrared measurements have been used to
retrieve ice cloud properties (Chiriaco et al., 2004; Garnier et
al., 2012, 2013; Iwabuchi et al., 2014). Furthermore, satellite

observations with polarization properties also show great po-
tential for inferring ice cloud properties compared with those
only measuring the intensity (Chepfer et al., 1998, 2001; C.-
Labonnote et al., 2001; van Diedenhoven et al., 2012, 2013;
Cole et al., 2013, 2014). What each of these retrieval stud-
ies has in common is the necessity for accurate light scat-
tering calculations in support of the remote sensing of ice
cloud properties. The critical need for consistent ice habit
scattering properties over wide wavelength and large parti-
cle size ranges has provided impetus for much of the recent
development in light scattering methodology. The solar-band
bulk scattering properties used in remote sensing applications
(Baum et al., 2011) are given by:

〈Qext〉=
∫ λmax

λmin

∫ rmax
rmin

[Qext(λ ,r)A(r)F(λ )S(λ )n(r)]drdλ∫ λmax
λmin

∫ rmax
rmin

[A(r)F(λ )S(λ )n(r)]drdλ
, (40)

〈Qsca〉=
∫ λmax

λmin

∫ rmax
rmin

[Qsca(λ ,r)A(r)F(λ )S(λ )n(r)]drdλ∫ λmax
λmin

∫ rmax
rmin

[A(r)F(λ )S(λ )n(r)]drdλ
, (41)

〈ϖ〉= 〈Qsca〉
Qext

, (42)

〈g〉=
∫ λmax

λmin

∫ rmax
rmin

[g(λ ,r)AQsca(λ ,r)(r)F(λ)S(λ)n(r)]drdλ∫ λmax
λmin

∫ rmax
rmin

[Qsca(λ ,r)A(r)F(λ)S(λ)n(r)]drdλ
,

(43)

〈P(θ)〉=
∫ λmax

λmin

∫ rmax
rmin

[P(θ ,λ ,r)Qsca(λ ,r)A(r)F(λ)S(λ)n(r)]drdλ∫ λmax
λmin

∫ rmax
rmin

[Qsca(λ ,r)A(r)F(λ)S(λ)n(r)]drdλ
,

(44)
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where λmax and λmin are the upper and lower wavelength lim-
its of a given channel of the satellite instrument; Qext and Qsca
are the extinction and scattering efficiencies; ϖ is the single
scattering albedo; g is the asymmetry factor; P is the phase
matrix; n(r) is the particle size distribution; F(λ ) is the re-
sponse function of the instrument; S(λ ) is the solar spectrum;
and, A is the projected area. For IR-band remote sensing ap-
plications, S(λ ) in the preceding equations needs to be re-
placed by the Planck function. Furthermore, for a given par-
ticle size distribution, the effective particle radius reff (note,
the effective particle diameter is given by Deff = 2reff) is de-
fined as (Foot, 1988):

reff =
3
2

ΣM
h=1[

∫ rmax
rmin

Vh(r) fh(r)n(r)dr]

ΣM
h=1[

∫ rmax
rmin

Ah(r) fh(r)n(r)dr]
, (45)

where M is the number of ice crystal habits; Vh and Ah are the
volume and area of an ice crystal with the habit h; and fh is
the habit fraction of habit h.

In the following, we review the development of satellite-
based remote sensing on ice clouds and introduce some well-
established algorithms to infer cloud properties such as cloud
top height/pressure, optical thickness, effective particle size,
and particle shape. The retrievals based on solar-band and
IR-band observations as well as those considering the polar-
ization properties are discussed in detail.

3.1. Solar-band-based technique
The inference of cloud optical thickness and/or effec-

tive particle size (effective diameter, or Deff) from solar
wavelengths was suggested by Hansen and Pollack (1970),
and further developed for application to aircraft measure-
ments (e.g., Twomey and Cocks, 1982; King, 1987). The use
of reflected intensity measurements at absorbing and non-
absorbing wavelengths was reported by Twomey and Cocks
(1989) and implemented as a bi-spectral algorithm by Naka-
jima and King (1990). The approach has been widely adopted
for operational retrievals based on satellite imager measure-
ments to infer ice cloud optical thickness and effective par-
ticle size. The approach uses a weakly absorbing, visible or
near-infrared window band (VIS/NIR) and a moderately ab-
sorbing shortwave IR band (SWIR). The non-absorbing chan-
nel is mainly a function of optical thickness, but the latter
is sensitive to both the effective particle size and the optical
thickness. Operational retrievals make use of look-up tables
(LUTs) that contain the transmission and absorption charac-
teristics associated with a wide range of optical thickness and
effective particle size values. With the LUTs, the cloud opti-
cal thickness and effective size are determined in the solution
space under the constraint that the simulations most closely
agree with the measurements. This assumes, of course, that
the solution space does not permit multiple solutions for a
given set of measurements.

Figure 10 shows an example of reflectivity LUTs for a
pair of bands at 0.87 and 2.25 μm from the VIIRS (Lee et
al., 2010; Hillger et al., 2013). The ice cloud bulk single-
scattering properties used are similar to those used to derive

Fig. 10. Reflectivity look-up tables for ice clouds at the VIIRS
0.87- and 2.25-μm bands. Surface albedo is 0.05 for both bands,
and solar and viewing zenith angles are 60◦ and 0◦. Solid curves
are isolines of specified particle effective size (Deff), and dashed
curves are isolines with constant optical thickness (τ).

the MODIS Collection 6 cloud product, i.e., the ice habit
model assumes solely the use of ice crystal aggregates, each
of which consists of eight solid columns (Baum et al., 2014).
The solid curves represent the reflectivity values for specified
values of effective particle size, and the dashed curves illus-
trate those of given values of cloud optical thickness. The
reflectivity at 0.86 μm (the non-absorptive band) is clearly a
strong function of optical thickness with little dependence on
the effective particle size, whereas the reflectivity at 2.25 μm,
in contrast, is sensitive to both the parameters at low values of
the optical thickness, but primarily a function of the particle
size for larger values of the optical thickness.

Because solar bands are available on many satellite im-
agers, the solar reflectivity algorithms have been widely
employed for ice cloud property retrievals. Examples in-
clude MODIS (Platnick et al., 2003; Minnis et al., 2011),
AVHRR (Heidinger et al., 2005), Spinning Enhanced Visible
and Infrared Imager (SEVIRI) (Roebeling et al., 2006), and
Polarization and Directionality of the Earth’s Reflectances
(POLDER) (Buriez et al., 2005).

However, there are limitations to the solar reflectivity ap-
proach. As illustrated in Fig. 10, the isolines converge as
clouds become optically thin (optical thickness less than 1),
and the reflectivity becomes sensitive to the surface condi-
tions (i.e., surface reflection characteristics), which indicates
that the method becomes less robust for optically thin clouds.
The single-scattering properties of ice clouds in the solar
bands are sensitive to particle microphysical properties, e.g.,
particle size, shape, and surface texture (i.e., the degree of
particle surface roughness). The technique is limited to day-
time measurements and uncertainties increase at high solar
zenith angles and over bright surfaces (non-vegetated sur-
faces such as desert, snow, and ice). Further uncertainties
are introduced by shadows resulting from 3D cloud effects
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where a cloud may have bright (i.e., illuminated) and shad-
owed sides if the sun is not directly overhead. Furthermore,
the vertical variations of ice crystal habit and size may signif-
icantly complicate the retrievals of ice cloud properties (Yang
et al., 2001).

A case study is performed to illustrate the performance
and sensitivity of the solar reflectivity approach. MODIS
measurements, i.e., reflectivities for bands 2 and 7 (with cen-
tral wavelengths at 0.86 and 2.13 μm, respectively), are used
to retrieve ice cloud optical thickness and effective diameter.
An Aqua MODIS granule (5 min of data) recorded at 0820
UTC 10 December 2013 is used for the case study. Figure
11 shows the true color image for the scene over the Indian
Ocean, which is mostly covered by ice clouds. The retrievals
are carried out for pixels over the ocean and identified as ice
clouds in the MODIS Level 2 Collection 5.1 cloud product
(MYD06).

Figure 12 illustrates the retrieved cloud optical thickness
and particle effective diameter based on the single-scattering
properties assuming the sole use of either ice spheres or
hexagonal solid columns. The hexagonal column model scat-
tering properties used in this study are taken from Bi et al.
(2014). The upper panels are the results based on the ice
sphere model, and the lower panels are those from the hexag-
onal column model. The use of ice spheres results in the
retrieval of larger cloud optical thickness values than those
from hexagonal columns, but the opposite is true for the ef-
fective diameters. The results based on the two models are
quite different.

To better interpret the results in Fig. 12, Fig. 13 shows
the histograms of occurrence, on a logarithmic scale, for
retrievals based on the two different ice habit (sphere and
hexagon) models, with red indicating the highest frequen-
cies of occurrence. The black 1:1 lines are included to ease
interpretation of the results. The sphere model is shown to
systematically give larger optical thickness values compared
with those from the hexagonal solid column model. The
comparison of the effective diameters is less straightforward,
and provides both under- and overestimates compared with
the results from the solid columns. The results clearly show
the importance of the assumed ice habits and their scatter-
ing properties on inferring cloud properties using the solar
band retrievals, and thus indicates the importance of devel-
oping more accurate and practical ice crystal habit models to
determine the corresponding ice cloud optical properties.

In addition to the aforementioned retrieval algorithms and
related bands, we wish to briefly elaborate on the usefulness
of a near-infrared band. Specifically, the 1.38-μm water-
vapor-absorbing band is unique and quite useful for detecting
clouds located high in the atmosphere (Gao et al., 1993;
Gao and Kaufman, 1995; Gao et al., 1998; Roskovensky
and Liou, 2003a, 2003b). An operational algorithm has been
developed to infer cirrus cloud reflectivity with the MODIS
1.38-μm channel (Gao et al., 2002). The MODIS 1.38-μm
channel measurements have been used to estimate the spa-
tial distribution and optical/radiative properties of thin cirrus
clouds (Dessler and Yang, 2003; Meyer et al., 2007a, 2007b;

Fig. 11. Aqua MODIS granule over the Indian Ocean at 0820
UTC 10 December 2013.

Lee et al., 2009; Sun et al., 2011). Because of strong wa-
ter vapor absorption at this wavelength, little outgoing ra-
diance from either low clouds or the surface reaches the
satellite, whereas radiance reflected by the high-level clouds,
above which there is little water vapor, experiences little at-
tenuation. Furthermore, the wavelength is long enough that
Rayleigh scattering from the atmosphere is negligible. Gao
et al. (2004) used a combination of the 1.38- and 1.88-μm
bands to infer the optical thickness and particle effective size.
Roskovensky et al. (2004) and Roskovensky and Liou (2005)
used the 1.38-μm channel to study co-existing aerosol (e.g.,
airborne dust) and cirrus cloud. Wang et al. (2012) used the
1.24- and 1.38-μm bands to study cloud top height using
MODIS observations, and more recently, Wang et al. (2014)
used the 1.38-μm channel to infer the phase function of ice
clouds.

3.2. IR-band-based technique
Considering the temporal and spatial limitation of solar-

band-based retrievals, the use of IR bands can provide com-
plementary information on ice clouds that is independent of
solar illumination. In the IR, the influence of any individ-
ual habit is reduced over that in the shortwave because of in-
creased absorption within the particles (e.g., Wendisch et al.,
2007; Baum et al., 2014), which increases the benefit of using
IR channels. The split-window method (Inoue, 1985; Parol et
al., 1991; Giraud et al., 1997; Chiriaco et al., 2004) exploits
the difference in ice absorption in the IR window bands (i.e.,
8.5, 11, and 12 μm), and has been applied to Infrared In-
terferometer Spectrometer (IRIS) (Prabhakara et al., 1988),
AVHRR (Heidinger and Pavolonis, 2009), and MODIS ob-
servations (Wang et al., 2011). Note, the 11-μm band is lo-
cated within one of the Christian bands of the refractive index
of ice, where the extinction of light by ice crystals is predom-
inately due to absorption rather than scattering (Arnott et al.,
1995; Yang et al., 1997). The primary limitation is that the IR
radiances become saturated as the ice cloud optical thickness
becomes larger than about 6. Nevertheless, the method can
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Fig. 12. Retrieved cloud optical thickness (COT) and particle effective diameter (Deff) based on
the scattering properties calculated using the sphere (upper panels) and hexagon (lower panels)
models.
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Fig. 13. Comparison of retrieved ice cloud optical thicknesses and particle effective diameters
based on the scattering properties calculated using the sphere and hexagon models.

provide a very useful complement to solar-band retrievals.
To illustrate how the split-window method works, Fig. 14

shows the relationship between the simulated brightness tem-
perature (BT) of three VIIRS IR-window bands with central
wavelengths of approximately 8.5, 11, and 12 μm, and the as-
sociated brightness temperature differences (BTD) between
two of the channels. The simulations are based on the US
standard atmosphere containing ice clouds based on differ-
ent optical thickness and effective particle diameter values,
and the clear-sky and cloud top temperatures are 288 K and

223 K, respectively. A viewing zenith angle of 20◦ is as-
sumed. The solid curves are isolines of specified effective
particle size, and the dashed curves are isolines of constant
optical thickness. The BTs are mainly dependent on optical
thickness, whereas the BTDs are sensitive to both the optical
thickness and the effective particle size. The figure indicates
that the split-window method is more sensitive to optically
thin clouds (optical thickness between 0.5 and ∼ 6) with rel-
atively small particle sizes (effective diameter less than ∼ 50
μm). As the optical thickness becomes larger than 10, the
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Fig. 14. Relationships between simulated brightness temperature (BT) and brightness
temperature difference (BTD) with respect to the VIIRS 8.5-, 11-, and 12-μm bands.

isolines converge, and the method is not applicable in prac-
tice.

A case study of the IR-band-based retrieval is performed
on the same MODIS granule as that used for the solar-band
retrieval, and Fig. 15 is similar to Fig. 12 but for retrieval re-
sults based on three MODIS IR bands (i.e., bands 29, 31, and
32 with central wavelengths at 8.5, 11, and 12 μm). For the
IR retrieval, only optically thin pixels (with optical thickness
inferred by the MOD06 product of less than 10) are selected.
The same hexagonal column and sphere models are used for
the retrievals. Note that the IR bands infer most pixels to be
optically thin, i.e., optical thicknesses less than 5, and the par-
ticle effective diameters are smaller than those given by the
solar-band-based retrievals. Furthermore, different from the
solar-band-based retrievals, the IR retrievals given by the two
models show not only similar overall patterns but also ampli-
tude, which indicate that the IR-band-based retrieval is less
sensitive to the optical properties of the ice models.

For a better interpretation of the IR-band-based retrieval,
Fig. 16 compares the retrieved optical thickness and particle
effective diameter values based on the hexagon and sphere
models, and the figure is organized in the same form as Fig.
13. The optical thicknesses given by the two models are
clearly shown to agree much better than those derived with
the solar-band-based retrievals, and the spherical model gives
optical thicknesses slightly smaller than those associated with
the hexagonal model. The retrieved effective particle size is
distributed over a much wider range, which is similar to the

solar-band-based retrievals.
Previous comparisons focus on retrievals based on ei-

ther solar or IR bands but different ice cloud models, and
Fig. 17 compares the occurrence of thin ice cloud pixels re-
trieved based on the solar and IR bands. The x-axis is for
the optical thickness given by the solar-band retrieval, and
the y-axis is for the corresponding IR-band retrieval with the
same ice model. The red color corresponds to the high fre-
quency of occurrence. Although the same ice cloud model
is used for the solar- or IR-band-bases retrievals, the solar-
band retrieved optical thicknesses are higher than those from
the IR-band retrievals based on either the hexagon model or
the sphere model. The difference between the optical thick-
nesses retrieved from different wavelengths further demon-
strates a pressing need to develop more realistic and robust
ice cloud models and, subsequently, to retrieve consistent
corresponding single-scattering property results derived from
different spectral methods. To this end, Liu et al. (2014) de-
veloped a novel two-habit ice crystal habit model for the opti-
cal properties of ice clouds, which leads to spectrally consis-
tent retrievals between the visible/near-infrared method and
the thermal infrared method.

Furthermore, in the cloud retrieval community, imple-
menting an optimal estimation approach (e.g., Rodgers,
2000) to infer different parameters is becoming increasingly
common. A primary benefit of the optimal estimation ap-
proach is providing an estimate of the retrieval uncertainties
as part of the retrieval process. The process provides a mea-
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Fig. 15. As in Fig. 12 but for retrieval results based on an IR-band-based algorithm.
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Fig. 16. As in Fig. 13 but for retrieval results based on an IR-band-based algorithm.

sure of the simulations to fit the measurements through min-
imization of a cost function, and uses error estimates of the
various algorithm input parameters. The optimal estimation
approach has been applied to different sensors, such as the
AVHRR (Heidinger and Pavolonis, 2009), the Along Track
Scanning Radiometer (ATSR) (Poulsen et al., 2012), the SE-
VIRI (Watts et al., 2011), and MODIS (Iwabuchi et al., 2014).

3.3. Polarization-based techniques
This sub-section briefly discusses the benefits of lidar and

polarimetry, both of which measure ice cloud polarization
properties. One limitation of passive satellite sensors is their

limited ability to infer the vertical structure in an atmospheric
column that contains multiple cloud layers. Active remote
sensing by lidar offers a unique capability to observe a verti-
cal profile of the atmosphere. The Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) is on board the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) (Winker et al., 2009) platform. CALIOP is a
dual-wavelength backscatter lidar (0.532 and 1.064 μm) and
is the first polarization (perpendicular and parallel at 0.532
μm) sensor to provide global high-resolution vertical profiles
of aerosols and clouds. Energy backscattered from the atmo-
sphere is received for the 0.532 μm perpendicular and parallel
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Fig. 17. Comparisons of ice cloud optical thicknesses retrieved from the solar-band-based and
IR-band-based algorithms. The results are based on the single hexagonal column model (left
panel) and the sphere model (right panel).

bands and the 1.064 μm band, and the attenuated backscat-
ter and depolarization ratio are calibrated for aerosol/cloud
detection, scene classification, and various cloud and aerosol
parameters. Of pertinence to this article, Hu et al. (2009)
found a relationship between the depolarization ratio and the
backscatter coefficient to discriminate between randomly ori-
ented and horizontally oriented planar ice crystals. Ice clouds
containing even a small fraction of horizontally oriented ice
crystals tend to have small values of the depolarization ratio
but large values of backscatter. Following Hu et al. (2009),
several studies were conducted to use the relationship be-
tween layer-integrated depolarization ratio and backscatter to
investigate cloud thermodynamic phase and the percentage
of horizontally oriented ice plates in cirrus clouds (Cho et al.,
2008; Noel and Chepfer, 2010; Zhou et al., 2012, 2013). Fur-
thermore, the observations by active sensors provide an ef-
fective way to validate the retrievals based on passive sensor
observations (e.g., Cho et al., 2009).

As another unique instrument in the NASA A-Train satel-
lite constellation, the POLDER on board the Polarization and
Anisotropy of Reflectances for Atmospheric Sciences cou-
pled with Observations from a Lidar (PARASOL) is a pas-
sive optical imaging radiometer and polarimeter that mea-
sures I, Q, and U components of the Stokes parameter at
three wavelengths with up to 16 viewing angles for each pixel
(Deschamps et al., 1994). The normalized polarized reflec-
tivity, which is specified by observed linearly polarized radi-
ance and satellite-viewing geometry, is used to represent the
polarization properties of the target. Chepfer et al. (1998,
2001) showed that polarized reflectivities from an ice cloud
have some sensitivity to the ice habit, and simulations based
on various ice habits were tested to fit the measured polar-
ized reflectivities from the POLDER observations. Based on
POLDER, the polarized reflectivity measurements have be-
come an important tool to guide ice cloud scattering models
(C.-Labonnote et al., 2001; Baran and C.-Labonnote, 2006;
Cole et al., 2013, 2014).

Polarized reflectivities become saturated for ice clouds
with optical thickness values larger than 5, at which point the
scattering properties are only sensitive to the ice habit. Cole
et al. (2014) used the polarization measurements to infer the
ice cloud habit and surface texture (i.e., surface roughness)
by minimizing the difference between the observed polarized
reflectivities from POLDER and the simulations. Based on
the methodology used in Labonnote et al. (2001), Fig. 18
shows the behavior of different ice habits on modeling the
polarization properties of ice clouds. The color contours in
the figure represent the frequency of occurrence of observed
polarized reflectivities from the POLDER 0.86 μm band for
ice cloud pixels on 1 August 2007. Superimposed on the
color contours are 3000 black dots in each panel that indi-
cate the modeled values for a randomly chosen set of solar-
viewing geometries provided in the POLDER data. The scat-
tering properties of four ice habits (i.e. sphere, smooth-faced
hexagonal solid column, severely roughened hexagonal solid
column, and severely roughened aggregate of solid columns)
are used, and the same effective diameter of 50 μm is as-
sumed for the four models. For the two smooth (i.e., non-
roughened) models, the simulations show significant oscilla-
tions over the entire range of the scattering angles (especially
for the spherical model), which are quite different from the
observations. When the severely roughened ice habits are
used, the modeled polarized reflectivity becomes a relatively
smooth function of the scattering angle, and tends to agree
more closely with the observations. However, neither the
roughened column nor the aggregate model can match the ob-
servations over the entire scattering angle range from 60◦ to
180◦. The results in Fig. 18 demonstrate a need for improve-
ment with regards to the ability of the models to represent
the polarization properties of ice clouds from global satellite
observations. For example, the two-habit ice cloud micro-
physical property (habit/shape) model developed by Liu et al.
(2014) overcomes the aforementioned problem in the polar-
ized radiative transfer simulations involving ice clouds. Fur-
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Fig. 18. Comparison of normalized polarized reflectivities obtained from one day of PARA-
SOL data over ocean in the color contour to numerical results based on different ice crystal
habit models: (a) sphere; (b) smooth hexagonal column; (c) roughened hexagonal column; and
(d) roughened aggregate.

thermore, accounting for the polarization state is important
in the forward light scattering and radiative transfer simula-
tions (i.e., the generation of LUTs) involved in cloud property
retrievals using passive radiometric measurements (Yi et al.,
2014).

4. Ice cloud optical property parameterization
and modeling application

Fast, efficient, and accurate parameterizations for ice
cloud microphysical and optical properties are employed in
broadband radiative transfer models, generally for use in nu-
merical weather prediction (NWP) and general circulation
models (GCMs). Advances in the development of efficient
ice cloud parameterizations are possible because of the im-
provement in the light scattering calculations that account for
complexities in particle size and shape in a wide spectral re-
gion (e.g., from ultraviolet to far-IR), as well as the increasing
knowledge about ice cloud microphysical properties (i.e., ice
particle size and habit distributions) derived from in situ ob-
servations. As noted in the introduction, broadband param-
eterization progress tends to occur sporadically rather than
from a concerted effort.

4.1. The evolution of parameterization schemes for ice
cloud optical properties

To derive a parameterization for the ice cloud bulk opti-
cal properties, some prognostic variables in the model must

be related. For example, Platt and Harshvardhan (1988) de-
veloped a parameterization in which the cirrus optical prop-
erties depend solely on ice cloud temperature, based on some
observational evidence that ice water content and ice particle
size increase with temperature. But such a parameterization
apparently fails to reflect the ice particle size dependence of
the optical properties on ice particle size.

At one time, GCMs treated ice clouds as being composed
of spherical ice particles. For example, HadAM3 (Hadley
Centre Coupled Model, version 3) (Pope et al., 2000) as-
sumed a spherical ice particle model with an effective radius
of 30 μm to represent ice clouds. However, the use of ice
spheres introduces significant errors in both the flux and heat-
ing/cooling rate simulations, thus causing errors in assessing
the ice cloud radiative forcing.

After Slingo (1989) established a new GCM parameteri-
zation for water cloud radiative properties, Ebert and Curry
(1992) adopted the same idea and first proposed the use of
ice water content and the ice particle effective radius in pa-
rameterizing the shortwave ice cloud mass extinction coeffi-
cient, single-scattering albedo, asymmetry factor, and long-
wave ice cloud mass absorption coefficients. The parame-
terization was used in the National Center for Atmospheric
Research (NCAR) Community Climate Model, Version 3
(CCM3) (Kiehl et al., 1998). Ebert and Curry (1992) used
the ice scattering properties of randomly oriented hexago-
nal particles (Takano and Liou, 1989a). The parameteriza-
tion scheme developed by Fu (1996) and the subsequent up-
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dates (Fu, 2007; Fu et al., 1999) successfully incorporated the
scattering properties of hexagonal ice crystals and the delta-
four-stream approximation into the Fu–Liou radiative trans-
fer model (Fu, 1996). With a similar methodology, an im-
proved parameterization scheme for the ice cloud bulk radia-
tive properties was implemented in the UCLA (University of
California, Los Angles) general circulation model (Gu et al.,
2003) and the Weather and Research Forecast (WRF) model
(Gu et al., 2011). Key et al. (2002) and Chou et al. (2002) pa-
rameterized the ice cloud optical properties assuming either
different individual ice particle habit or habit mixtures, and
found large differences in the simulated ice cloud fluxes. Ed-
wards et al. (2007) adopted an ice aggregate model (Baran
and Francis, 2004) that additionally considered the rough-
ened surface textures of ice crystals for the parameterization
in the Met Office’s GCM. Parameterizations using other par-
ticle shape assumptions (i.e., Chebyshev particles) also ex-
hibit their applicability in different modeling studies (McFar-
quhar et al., 2002; 2003). Note, substantial discrepancies may
exist in radiative flux calculations based on different param-
eterization schemes for the radiative properties of ice clouds
(e.g., Zhang et al., 2015).

Furthermore, it is worth noting that Mitchell et al. (1996,
2006) developed a parameterization for the NCAR CESM
(Community Earth System Model) based, in part, on the
modified anomalous diffraction approximation (MADA) and
the database of Yang et al. (2000). The MADA method pro-
vides approximate solutions for the extinction and absorption
efficiencies of ice crystals, but does not provide solutions for
the scattering phase matrix or the asymmetry factor. Thus,
the MADA method must be combined with other more rig-
orous methods to provide complete single-scattering proper-
ties. Note, inconsistencies in the optical properties calculated
with different methods cause additional uncertainties in the
parameterization.

But how much complexity in the ice habits should be built
into a parameterization that will be used for global radiance
calculations? Some research teams prefer the use of a sin-
gle habit, with the observation that the actual microphysical
properties of the habit are not as important for this application
as the scattering properties. However, a variety of ice habits
are found in field campaign observations, and different habits
have been shown to have quite distinctive scattering proper-
ties. Additionally, finding any individual habit whose polar-
ization properties match closely with POLDER/PARASOL
measurements is difficult. The adoption of a single habit or
a mixture of habits to develop a broadband property parame-
terization is currently a significant topic of discussion in the
research community.

Yang et al. (2005) studied and parameterized the long-
wave scattering properties of ice clouds using the ice habit
mixture model employed in the MODIS Collection 4 satel-
lite cloud retrievals. Hong et al. (2009a) revisited and im-
proved the ice cloud optical property parameterization for
the shortwave and longwave spectrum using an updated ice
single-scattering property database with 6 ice particle habits,
but also incorporated new information regarding ice particle

habit and size distributions. In this study, ice cloud radiative
forcing simulations displayed large differences in the short-
wave for optically thick clouds and in the longwave for small
effective diameters.

Except for the parameterization scheme developed by
Edwards et al. (2007), ice particles were assumed to have
smooth surfaces in the studies described previously, although
increasing observational evidence indicates roughened par-
ticles (e.g., Shcherbakov et al., 2006; Ulanowski et al.,
2006; Nousiainen and Muinonen, 2007; Neshyba et al., 2013;
Ulanowski et al., 2014). With the update to a new ice scat-
tering property database (Yang et al., 2013), which contains
nine ice habits and three degrees of surface roughening with
the particle size range of 2–10 000 μm and the spectral wave-
length range of 0.2–100 μm, Yi et al. (2013) investigated the
influence of ice particle surface roughening on the ice cloud
radiative effects simulated by the Rapid Radiative Transfer
Model GCM version (RRTMG) (Iacono et al., 2008) and
the Fu–Liou single-column radiative transfer models. These
broadband simulations were performed assuming either com-
pletely smooth or severely roughened ice cloud models with a
general habit mixture (Baum et al., 2014), and used ice cloud
particle size distributions (over 14 000) from 11 field cam-
paigns.

Based on the same principles as the Fu scheme (Fu and
Liou, 1993; Fu, 1996; Fu et al., 1999; Fu, 2007), van Dieden-
hoven et al. (2014) presented a flexible parameterization to
accommodate the derivation of ice cloud optical properties
with any combination of volume, projected area, aspect ra-
tio, and distortion parameter at any shortwave wavelength,
unlike the conventional schemes which were restricted to ap-
plications in certain preselected spectral bands. However, the
parameterization used the CGOM rather than the IGOM, and
thus the calculations did not account for some advances in
light scattering reported earlier in this article. A separate
study concerning the problem was reported in Bi et al. (2014),
and focused on the assessment of the CGOM’s applicability
to remote sensing and radiation parameterization involving
ice clouds.

Baran (2012) discussed and pointed out the deficien-
cies of the traditional parameterization techniques based on
a relationship with the effective particle size. Baran et al.
(2014) developed a new, coupled parameterization based on
a weighted ice habit mixture model, with the bulk optical
properties parameterized as functions of wavelength and ice
water content (IWC). Basically, the approach couples the ice
cloud bulk optical properties to the IWC, and has been im-
plemented in the Met Office Unified Model Global Atmo-
sphere 5.0 (GA5). The parameterization was tested in a 20-
year simulation, with the result that a tropical troposphere
cold temperature bias was reduced, while the southern mid-
latitudes were warmed by approximately 0.5 K. Furthermore,
we wish to point out that ice clouds induced by human activ-
ities, such as contrails, have a non-negligible impact on the
radiation budget, particularly in air-traffic corridors. Con-
trails are generally treated as natural cirrus clouds contain-
ing primarily small particles. Xie et al. (2012) employed the
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depolarization ratio derived from space-borne lidar measure-
ments to develop an appropriate contrail particle model con-
sisting of a variety of ice habits. A contrail optical property
parameterization was also developed and used in the RRTMG
and tested using the CAM5 atmospheric general circulation
model (AGCM) to estimate the regional and global contrail
radiative forcing (Yi et al., 2012).

4.2. Differences in ice cloud radiative effects due to the
spherical and nonspherical ice particle habit assump-
tions

The differences in ice cloud radiative effects based on the
spherical and nonspherical ice cloud particle habit models are
quantified with the NCAR CAM5 AGCM. Two sets of pa-
rameterization schemes are employed: one developed using
the Lorenz–Mie theory assuming spherical ice cloud parti-
cles, and the other developed using II-TM+IGOM (Invariant
Imbedding TTT -matrix method and the Improved Geometric-
Optics Method) (Yang and Liou, 1996b; Bi and Yang, 2014a)
assuming ice clouds consisting of solid hexagonal column
ice aggregates with severely roughened surfaces. Both the
cases use particle size distributions that follow the modified
Gamma size distribution with a mean effective variance of
0.1. Following the formulae given in Yi et al. (2013), the ice
cloud optical properties, i.e., mass extinction and absorption
coefficients, single-scattering albedo, and asymmetry factor,
are parameterized as functions of the effective diameter for
each of the shortwave and longwave radiation bands of the
RRTMG. The fitting equations for the parameterized bulk ra-

diative properties are:〈
βe

IWC

〉
=

a0 +a1D−1
eff

1+a2D−1
eff +a3D−2

eff
, (46)

〈
βa

IWC

〉
=

b0 +b1D−1
eff

1+b2D−1
eff +b3D−2

eff
, (47)

1−〈ϖ〉 =
n=4

∑
n=0

cnDn
eff , (48)

〈g〉 =
n=4

∑
n=0

dnDn
eff , (49)

where βe/IWC and βa/IWC are the mass extinction and mass
absorption coefficients; ϖ is the single-scattering albedo; g is
the asymmetry parameter; and, a,b,c, and d are the fitting
coefficients.

The two parameterization schemes are respectively im-
plemented in the NCAR Community Atmosphere Model ver-
sion 5 (which uses RRTMG) for a 10-year modeled climatol-
ogy of the cloud radiative effect. The AGCM model horizon-
tal resolution is 1.9◦ (lat) × 2.5◦ (lon), and has 30 vertical
layers. Figure 19 shows the comparison of bulk ice cloud
optical properties calculated with the II-TM and the Lorenz–
Mie theory for selected bands. Little impact is found in the
mass extinction coefficient and single-scattering albedo, but
apparent differences exist in the asymmetry factor. The dif-
ferences in the asymmetry factor are the most significant for
shorter wavelength bands and smaller effective particle diam-
eters, and can range from 0.05–0.1.

 

Fig. 19. Ice cloud optical properties parameterized as functions of effective diameter based on the II-TM+IGOM (upper
panels) and the Lorenz–Mie theory (lower panels) calculations for selected bands of RRTMG.
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Figure 20 shows the differences (Lorenz–Mie theory case
minus II-TM+IGOM case) in the shortwave, longwave, and
net (shortwave + longwave) cloud radiative effects (CREs) at
the top of the atmosphere (TOA) between the cases with II-
TM+IGOM and Lorenz-Mie theory optical property parame-
terizations. The shortwave CRE differences are mostly pos-
itive and are larger than the longwave CRE differences. The
results indicate that the shortwave cloud radiative effect is un-
derestimated, whereas the longwave cloud radiative effect is
overestimated. The global averaged CRE difference is 2.41
W m−2 for the shortwave and 1.13 W m−2 for the longwave.
Thus, the net CRE difference can be up to 3.54 W m−2 glob-
ally, and ∼ 18 W m−2 regionally (i.e., in the tropical warm
pool).

Figure 21 shows the simulated difference in the surface
temperature using the ice cloud optical properties from the

Fig. 20. The differences in simulated cloud radiative effect
between the cases with the Lorenz–Mie theory and the II-
TM+IGOM ice optical properties: (a) shortwave cloud radia-
tive effect (SWCRE) difference; (b) longwave cloud radiative
effect (LWCRE) difference; and (c) net cloud radiative effect
(NTCRE) difference. Units: W m−2.

Fig. 21. (a) 10-year averaged surface temperature simulated
with the II-TM+IGOM ice optical properties. (b) Difference
in simulated surface temperature between the cases with the
Lorenz–Mie theory and the II-TM+IGOM ice optical proper-
ties. Units: K.

Lorenz–Mie theory and II-TM+IGOM. Given the facts that
the shortwave TOA CRE of the Lorenz–Mie theory case is
weaker and the longwave CRE is stronger, it is not surprising
that the Lorenz–Mie theory case simulates a warmer climate.
The warmer regions mostly exist in the middle and high lati-
tudes over land.

The simulated shortwave and longwave heating rates in
the vertical direction are also affected. Figure 22 shows
the zonal average of shortwave and longwave heating rates
during the 10-year simulation, as well as the correspond-
ing differences between the Lorenz–Mie theory case and II-
TM+IGOM case. The Lorenz–Mie theory case contributes
to both a weaker heating rate for the shortwave and a weaker
cooling rate for the longwave than the II-TM+IGOM case.
This study illustrates well the importance of the improve-
ments to the ice cloud optical properties for better simulating
the global cloud radiative forcing and atmospheric radiation
budget.

5. Summary
Electromagnetic scattering by dielectric particles is a ma-

ture branch of physics. Although the scattering of light by
homogeneous spheres was formulated (commonly known as
the Lorenz–Mie or Mie theory) more than 100 years ago,
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Fig. 22. 10-year zonally averaged vertical sections of (a) shortwave heating rate, (b) shortwave heating rate
difference between the Lorenz–Mie theory and the II-TM+IGOM cases, (c) longwave heating rate, and (d)
longwave heating rate difference between the Lorenz–Mie theory and the II-TM+IGOM cases. Units: K d−1.

the single-scattering properties of more complex nonspher-
ical and inhomogeneous particles remain a significant chal-
lenge in applied and computational physics. Within the
past 30 years, incremental progress has been made to de-
velop numerical methods and approximations to derive the
single-scattering properties of nonspherical particles. In this
paper, we review the application of the geometric-optics,
FDTD/PSTD, DDA, and TTT -matrix methods to the computa-
tion of the extinction efficiency, single-scattering albedo, and
full phase matrix of various nonspherical ice crystals. With
the current state of computational capability, the numerically
rigorous methods, in practice, are still confined to a limited
range of size parameters. The current approach for calcu-
lating ice particle optical properties, by combining numeri-
cally exact methods with geometric-optics approximations,
is unlikely to change in the near future. To bridge the gap
between rigorous solutions and geometric-optics approxima-
tions, there is a pressing need to develop computationally ef-
ficient capabilities for the semi-classical region, where the
diffraction effects, including edge effects and surface waves,

cannot be taken into account in the geometric-optics approx-
imations from first principles.

We also review various ice cloud retrieval algorithms de-
veloped for satellite sensor measurements of ice clouds at dif-
ferent wavelengths and present some case studies using the
MODIS and POLDER sensors to illustrate the current capa-
bilities of inferring ice cloud properties. The ice cloud macro-
physical and microphysical properties inferred from satel-
lite remote sensing include cloud top pressure/height, opti-
cal thickness, particle effective diameter, and particle habit.
Many research teams use a bi-spectral method that employs
two solar bands (one non-absorbing and one moderately ab-
sorbing band) to infer cloud optical thickness and particle ef-
fective diameter. The retrievals are limited to only daytime
measurements, and the related uncertainties increase at high
solar zenith angles, at low optical thicknesses, and over bright
surfaces. However, in simulating the single-scattering prop-
erties, uncertainties tend to decrease if the ice crystal surfaces
are assumed to be rough. Furthermore, the comparison be-
tween the retrieved results based on spherical and hexagonal
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models indicates that the algorithm is very sensitive to the
scattering properties of the assumed ice particle habit model.

In comparison, the IR-band-based retrievals, which are
based on the IR emissions directly from the atmosphere and
the cloud, can be applied to both daytime and nighttime ob-
servations. IR-based retrievals are best for ice clouds of lower
optical thickness, making this approach somewhat comple-
mentary to solar-based methods. However, there is some sen-
sitivity to surface emissivity, while there is little sensitivity
to the assumed ice habit or particle roughness. A case study
based on three MODIS IR bands confirms that the IR-band-
based retrieval is insensitive to the assumption of ice cloud
habits. Note that the IR-band-based retrievals are insensitive
to optically thick clouds, and are only applicable to thin ice
clouds.

A comparison between the solar-band and IR-band re-
trievals indicates some inconsistencies in the inferred optical
thickness between the two approaches, suggesting the neces-
sity for further improvement of the ice cloud models. We
also illustrate the unique capabilities of using polarization
observations to infer ice cloud properties. Most current re-
trieval techniques have limitations that reduce the consistency
of the results retrieved from different algorithms and sen-
sors. With the increasing number of sensors flown on aircraft
and in space, and considering the sensors under development,
more accurate and robust retrieval algorithms and more rep-
resentative ice cloud models are greatly needed to better infer
the ice cloud microphysical properties. Consistency may be
achieved through combinations of multiple spectral channels,
multiple instruments, and polarimetric observations.

From the review of the parameterizations of ice cloud
optical properties proposed over the past few decades, we
can see that improvements are driven by the continuous ad-
vances in the capabilities of calculating light-scattering prop-
erties of ice particles with a wide range of sizes, complex
habits, and various surface roughness features, as well as the
increasing observational evidence made possible by aircraft
in-situ measurements. Early parameterizations were based
on rather limited theoretical calculations, and show the limi-
tations and drawbacks of assuming spherical ice particles or
solely hexagonal column models. The early parameteriza-
tions assumed dependence of ice cloud optical properties on
a single variable (particularly temperature). At this time, the
parameterization scheme assuming a randomly oriented sin-
gle hexagonal ice particle with optical properties parameter-
ized as functions of ice water content and effective particle
radius is the most widely used approach. There is, at the time
of writing, some controversy over whether to adopt a single
habit or a habit mixture to represent ice clouds for retrievals
and parameterizations. Other complexities, such as the ice
cloud particle surface roughness features, have been found
to be critical for radiative transfer simulations of ice clouds.
The importance of better representing ice cloud optical prop-
erties in modeling studies is illustrated through a comparison
between two 10-year GCM simulations using spherical and
nonspherical ice particle assumptions.

Although new ice cloud optical property parameteriza-

tions have been proposed, some open questions are still to
be addressed. First, a more suitable variable is needed to es-
tablish the parameterization. The effective radius/diameter is
commonly used, but is not a direct output of the cloud mi-
crophysical modules of many GCMs, while ice water content
may be a more appropriate surrogate. Second, ice habits that
are physically constrained by observations should be used to
facilitate the validation and comparison of modeling results
with observations. We suggest that a worthwhile goal is to
work towards a uniform ice cloud model that would be con-
sistent for both satellite remote sensing implementations and
weather/climate modeling applications.
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