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Abstract: The representation of mixed-phase cloud optical properties in models is a critical problem
in cloud modeling studies. Ice and liquid water co-existing in a cloud layer result in significantly
different cloud optical properties from those of liquid water and ice clouds. However, it is not
clear as to how mixed-phase cloud optical properties are affected by various microphysical factors,
including the effective particle size, ice volume fraction, and ice particle shape. In this paper, the
optical properties (extinction efficiency, scattering efficiency, single scattering albedo, and asymmetry
factor) of mixed-phase cloud were calculated assuming externally and internally mixed cloud particle
models in a broad spectral range of 0.2–100 µm at various effective particle diameters and ice volume
fraction conditions. The influences of various microphysical factors on optical properties were
comprehensively examined. For the externally mixed cloud particles, the shapes of ice crystals
were found to become more important as the ice volume fraction increases. Compared with the
mixed-phase cloud with larger effective diameter, the shape of ice crystals has a greater impact on
the optical properties of the mixed-phase cloud with a smaller effective diameter (<20 µm). The
optical properties calculated by internally and externally mixed models are similar in the longwave
spectrum, while the optical properties of the externally mixed model are more sensitive to variations
in ice volume fraction in the solar spectral region. The bulk scattering phase functions were also
examined and compared. The results indicate that more in-depth analysis is needed to explore the
radiative properties and impacts of mixed-phase clouds.

Keywords: mixed-phase clouds; optical properties; ice crystal habits

1. Introduction

Clouds are fundamentally important in the Earth’s radiation budget and climate
change [1–3]. The macrophysical and microphysical properties of clouds affect their
capability to absorb and scatter radiation. Clouds can be classified as ice cloud, liquid
water cloud, and mixed-phase cloud according to the thermal phase of water in clouds. The
mixed-phase state has a great influence on cloud albedo [4]. Yan et al. [5] analyzed satellite
retrieval data from active remote sensors and found that mixed-phase clouds have a strong
warming effect in the Arctic during the boreal cold season (September to May), while a
strong cooling effect was found on the Tibetan Plateau in boreal summer. The presence
of mixed-phase as compared to ice clouds may also significantly affect the structure of
the boundary layer and large-scale dynamics through cloud-top radiative cooling [6]. It
is evident that mixed-phase clouds have distinct radiative impacts when compared with
single-phase clouds but their optical properties have not been well understood. Thus, it is
necessary to reasonably represent mixed-phase clouds in the numerical models for weather
forecasting and climate prediction [7].
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Mixed-phase clouds are commonly found in the troposphere and occur at all lati-
tudes [8]. In climate modeling studies, the presence of ice in clouds below cirrus is often
ignored [9]. For the temperature range where liquid water and ice can co-exist, precise
measurements of the bulk liquid fraction of clouds are required before the single scattering
properties of mixed-phase cloud can be applied to large-scale models [10]. When cloud
temperature is between −40 and 0 ◦C, mixed-phase cloud consisting of ice crystals and
liquid droplets is common in the earth’s atmosphere [11,12]. Among the clouds collected
by the First International Satellite Cloud Climatology Project Regional Experiment (FIRE)
Arctic Clouds Experiment, 33% of clouds were identified as mixed-phase, and 16% and
51% of clouds were identified as liquid and ice phase, respectively [10]. In the Arctic mixed-
phase cloud experiment and the Arctic environmental change study, the mixed-phase
clouds appeared in 4% to 26% of the observation period, depending on the season and
location [13]. At −10 to 0 ◦C, mixed-phase clouds constitute 17–37% of in situ airborne
observations over the Southern Ocean [14].

The amount of ice in mixed-phase cloud is fundamentally important to determine the
radiative properties. Sassen [15] pointed out that adding a small amount of supercooled
liquid water to high cumulus clouds could greatly increase cloud albedo. Ice fraction in
mixed-phase cloud remarkably influences the cloud optical depth [16]. Cober et al. [17] and
Vidaurre and Hallett [18] found the ice volume fraction in mixed-phase clouds is mostly
less than 0.1 or greater than 0.8. For mixed-phase clouds sampled in situ during FIRE Arctic
clouds experiment, more than 87% of the clouds contain over 90% of supercooled water
droplets [10,19]. Analysis showed that if the cloud is assumed to be in a pure liquid/ice
phase, the effective diameter and the corresponding optical thickness of the cloud could
be overestimated/underestimated [20]. Sassen et al. [21] confirmed that the radiative
characteristics and radar backscattering characteristics of clouds were determined by the
relative amount of liquid water droplets and ice crystals in cloud by numerical experiments
using an explicit cloud microphysical model. Given the sensitivity of equilibrium climate
to cloud phase feedback under the 2xCO2 climate scenario, the supercooled liquid fraction
of mixed-phase clouds needs to be accurately expressed in the global climate models [22].

The mixture model of mixed-phase cloud can seriously affect the single scattering
albedo, thus affecting the radiative heating profile of cloud and the temporal evolution of
cloud systems [10]. Cloud albedo and the rate of albedo change with ice fraction depend
remarkably on the mixture model [16]. It is commonly assumed that the ice crystals and
liquid water droplets in mixed-phase cloud are in the externally mixed state [23]. Liquid
water droplets and ice crystals can also be mixed inhomogeneously in the form of single-
phase clusters [8]. Sikand et al. [24] used a cloud model assuming adjacent layers of liquid
droplets and ice crystals from top to bottom to simulate mixed-phase cloud layer based on
the images taken by the cloud particle imager.

Ice crystal shapes are also important for the microphysical and radiative properties
of Arctic clouds, especially for mixed-phase clouds with small ice crystals and large ice
volume fractions [25]. Surface net fluxes and cloud absorption may vary by up to 15 W/m2,
depending on the ice crystal shapes [26]. In early radiative transfer models, ice crystals
are described as spheres [27], while in later studies ice crystals are regarded as long
cylinders [28] or smooth solid hexagonal columns [29]. The microphysical data of the
mixed-phase clouds collected by aircraft measurements showed various ice crystal habits
including regular spheres, plates, columns, bullet rosettes, and irregular aggregates [30–33].
Different computational methods are implemented to study the optical properties of
irregular ice crystals with simple and complex geometries such as multi-shape ice mixture
models [34–38]. Chen and Zhang [39] further showed the selection of weights of different
ice crystal shapes in multi-shape model has a great influence on longwave band-averaged
volume extinction coefficient, single scattering albedo, and asymmetry factor of ice clouds.
However, similar studies for mixed-phase cloud are scarce.

In this study, we closely examined the sensitivity of the optical properties of mixed-
phase clouds to various factors including effective particle diameter, ice volume fraction,
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ice crystal shape, and the mixture model. This study also features the optical properties
of mixed-phase cloud over a broad spectral range from 0.2 to 100 µm, which is of great
importance for retrieving the optical properties of mixed-phase clouds by satellites and
for modeling the radiative impacts of mixed-phase clouds in earth system models. The
externally mixed model and the internally mixed model are introduced to calculate the
optical properties of the mixed-phase cloud and the computed results based on these two
models are compared. In Section 2, data and models used are illustrated and the methods
to derive the optical properties of different cloud models are introduced. In Section 3, the
sensitivity of mixed-phase cloud optical property to different models are summarized. The
influence of various factors on the optical properties of mixed-phase cloud is also discussed.
Summary and conclusions are given in Section 4.

2. Models and Methods
2.1. Particle Size Distributions

In real clouds, cloud particles have various sizes and follow certain size distributions.
The particle size distribution (PSD) is often specified with respect to the maximum dimen-
sion D of individual particles [35]. Typically, cloud particle size distributions follow lognor-
mal distributions [40], gamma distributions [41–43], and exponential distributions [44]. We
employ the gamma distribution [41] PSD in the form of:

N(D) = N0Dµ exp(−ΛD) = N0D(1−3ve f f )/ve f f exp(− D
Deve f f

), (1)

where N0, µ, and Λ are the intercept parameter, shape parameter, and slope parameter,
respectively. De is the effective diameter and veff is the effective variance. Note the effective
variance of PSD could vary depending on the study case.

2.2. Mixed-Phase Cloud Particle Models

Externally and internally mixed particle models are both evaluated in this study.
For the externally mixed model, ice crystals and liquid water droplets are assumed to be
independent in the process of radiation transmission. Spherical liquid water droplets and
non-spherical ice crystals are assumed to be uniformly mixed. However, it should be noted
that liquid water droplets and ice crystals are not always homogeneously mixed in real
clouds. The effective diameter of the externally mixed cloud is used to represent the bulk
measure of particle size for the cloud system. For independently scattering particles of
mixed-phase cloud with a certain PSD, the effective diameter De can be expressed as the
weighted sum of the effective diameters of ice crystals and liquid water droplets [23]:

De =
3
2

∫ Dmax
Dmin

Vi(D)Ni(D)dD +
∫ Dmax

Dmin
Vw(D)Nw(D)dD∫ Dmax

Dmin
Ai(D)Ni(D)dD +

∫ Dmax
Dmin

Aw(D)Nw(D)dD
, (2)

where Dmin and Dmax describe the lower and upper limits of individual particle size, and
A and V are the projected area and volume of an individual particle. The subscripts i and
w indicate ice crystal and liquid water, respectively.

The coated sphere model, which is a simplified and effective model for internally
mixed cases, is used to improve the calculation efficiency. Using coated sphere model to
specify internally mixed aerosol properties in previous studies is a common practice [45–47].
Wang et al. [48] used a two-layer model to study the heterogeneity of sea salt aerosols and
found that the optical properties of wet sea salt aerosols simulated by the coated sphere
model and the coated non-sphere model are very close. However, cloud particles have
much larger sizes than those of aerosol particles and are highly non-spherical in shape. It is
necessary to know whether the coated sphere model is a reasonable replacement of coated
non-sphere model for mixed-phase clouds.
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A set of comparisons was carried out between the coated sphere and coated non-
sphere models at a few selected wavelengths and particle sizes. Ice sphere and single
hexagonal ice column with identical volume are designated as inner cores. The inner cores
were coated with liquid water shell with the same diameter. Cases with various sizes
of inner cores were also tested. The computed optical properties of mixed-phase cloud
particles with size parameters of 25 and 50 are shown in Tables 1 and 2, respectively. It is
evident that the results of coated sphere and coated non-sphere cases are very similar. The
scattering phase functions of the coated sphere model and the coated non-sphere model are
given in Appendix A to show their high level of consistency. Thus, it is deemed reasonable
to use the coated sphere model to represent the internally mixed-phase cloud model. Note
the size parameter of mixed-phase cloud particle examined here (a maximum of 50) was
not quite large, especially for shortwave, and the difference between coated non-sphere
and coated sphere models could become larger as the size parameter increases.

Table 1. Extinction efficiency (Qext), scattering efficiency (Qsca), and asymmetry factor (g) of coated
sphere and coated non-sphere models with various size parameters of core (xcore) at four representa-
tive wavelengths (λ). The size parameter of shell is 25.

Coated Sphere Model Coated Non-Sphere Model

λ (µm) xcore Qext Qsca g xcore Qext Qsca g

0.65
5 2.5071 2.5040 0.8584 5.9 2.5040 2.5040 0.8589
15 2.2612 2.3267 0.8535 17.7 2.3267 2.3267 0.7798

1.6
5 2.1252 2.1291 0.8468 5.9 2.1291 2.1291 0.8473
15 1.8730 1.8998 0.8317 17.7 1.8998 1.8998 0.8330

8
5 1.1306 1.1291 0.9584 5.9 1.1291 1.1291 0.9526
15 1.1190 1.1330 0.9573 17.7 1.1330 1.1330 0.9581

30
5 1.1695 1.1689 0.9324 5.9 1.1689 1.1689 0.9328
10 1.1695 1.1689 0.9324 12.6 1.1689 1.1689 0.9328

Table 2. Same as Table 1, except that the size parameter of shell is 50.

Coated Sphere Model Coated Non-Sphere Model

λ (µm) xcore Qext Qsca g xcore Qext Qsca g

0.65
15 1.9072 1.9072 0.8470 17.7 1.9119 1.9119 0.8477
30 2.0378 2.0378 0.8620 35.4 2.0621 2.0621 0.8626

1.6
15 2.2958 2.2773 0.8808 17.7 2.2695 2.2511 0.8789
30 2.3068 2.2805 0.8846 35.4 2.2890 2.2645 0.8824

8
15 2.1452 1.1021 0.9749 17.7 2.1438 1.1005 0.9750
30 2.1454 1.1018 0.9749 35.4 2.1455 1.1018 0.9750

30
15 2.1378 1.1609 0.9361 23.2 2.1379 1.1603 0.9365
20 2.1378 1.1609 0.9361 35.7 2.1379 1.1603 0.9365

In this study, the coated sphere model is used to characterize the internally mixed-
phase cloud. We only consider the case having spherical ice core coated with liquid water.
The maximum dimension L of coated sphere model is the diameter of the shell, and the
effective diameter Dcs for a given PSD is defined as:

DCS =
3
2

∫ Lmax
Lmin

Vcs(L)N(L)dL∫ Lmax
Lmin

Acs(L)N(L)dL
, (3)

where Acs and Vcs are the projected area and volume of coated sphere model, respectively.

2.3. Formulation of Optical Properties

The key optical properties for cloud scattering calculations include extinction effi-
ciency, scattering efficiency, single scattering albedo, and asymmetry factor. The invariant
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imbedding T-matrix method [49–52] is used to calculate the single scattering properties
of the internally mixed cloud model. The shape of liquid water droplet can be regarded
as a homogeneous sphere and their optical properties are calculated by the Lorenz-Mie
theory [53]. The ice particle scattering property database [36,54] is employed to supply
the ice scattering properties of various non-spherical ice particles over a broad spectrum
ranging from 0.2 to 100 µm. The particle size in this database is from 2 to 10,000 µm.
Nine ice particle shapes, which include droxtal, hexagonal column, plate, hollow col-
umn, hollow bullet rosette (HBR), solid bullet rosette (SBR), 8-element column aggregate
(8-column), 5-element plate aggregate (5-plate), and 10-element plate aggregate (10-plate)
are selected to provide a comprehensive examination of the impacts of ice particle shape on
mixed-phase cloud properties. For optical calculations, we adopt the ice complex refractive
indices from Warren and Brandt [55], which are also used for constructing the ice optics
database [36,54]. The liquid water cloud complex refractive indices measured by Hale and
Querry [56], Palmer and Williams [57], and Downing and Williams [58] are used.

At a specific wavelength λ, the bulk extinction efficiency Qext is the extinction cross
section divided by the total projected area over a given PSD [59] in the form of:

Qext(λ) =

∫ Dmax
Dmin

Qext(D, λ)A(D)N(D)dD∫ Dmax
Dmin

A(D)N(D)dD
, (4)

where Qext is the extinction efficiency of an individual ice or liquid water particle. Simi-
larly, the bulk scattering efficiency, asymmetry factor, and single scattering albedo can be
derived as:

Qsca(λ) =

∫ Dmax
Dmin

Qsca(D, λ)A(D)N(D)dD∫ Dmax
Dmin

A(D)N(D)dD
, (5)

g(λ) =

∫ Dmax
Dmin

g(D, λ)Qsca(D, λ)A(D)N(D)dD∫ Dmax
Dmin

Qsca(D, λ)A(D)N(D)dD
, (6)

ω(λ) =
Qsca(λ)

Qext(λ)
, (7)

where Qsca(λ), ω(λ), and g(λ) are the scattering efficiency, single scattering albedo, and
asymmetry factor of an individual ice or liquid water particle. Qsca(λ), g(λ), andω(λ) are
the bulk scattering efficiency, asymmetry factor, and single scattering albedo for clouds
with a given PSD, respectively.

The bulk scattering phase function p(θ, λ) is given by:

p(θ, λ) =

∫ Dmax
Dmin

p(θ, D, λ)Qsca(D, λ)A(D)N(D)dD∫ Dmax
Dmin

Qsca(D, λ)A(D)N(D)dD
, (8)

where p(θ,D,λ) is the phase function of each individual particle.
The equations for calculating the optical properties of externally mixed cloud model

are derived following those of Yang et al. [23], which are formulated on the basis of
fundamental physics instead of a linear weighting of the contribution of ice and water
properties. It is worth noting that the ice mass fraction used in the formula in Yang et al. [23]
is replaced by ice volume fraction in this study. The equations for the bulk extinction
efficiency Qe,ext(λ), scattering efficiency Qe,sca(λ), asymmetry factor ge(λ), single scattering
albedo ωe(λ), and scattering phase function pe(θ, λ) of the mixed-phase cloud in externally
mixed state at a specific wavelength are given as:

Qe,ext(λ) = Qext, i(λ)
De

De,i
φ+ Qext,w(λ)

De

De,w
(1 −φ), (9)
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Qe,sca(λ) = Qsca,i(λ)
De

De,i
φ+ Qsca,w(λ)

De

De,w
(1 −φ), (10)

ge(λ) = gi(λ)
Qsca,i(λ)

Qe,sca(λ)

De

De,i
φ+ gw(λ)

Qsca,w(λ)

Qe,sca(λ)

De

De,w
(1 −φ), (11)

ωe(λ) = ωi(λ)
Qext,i(λ)

Qe,ext(λ)

De

De,i
φ+ωw(λ)

Qext,w(λ)

Qe,ext(λ)

De

De,w
(1 −φ), (12)

pe(θ, λ) = pi(θ, λ)
Qsca,i

Qe,sca

De

De,i
φ+ pw(θ, λ)

Qsca,w

Qe,sca

De

De,w
(1 −φ), (13)

where the first subscript e of Qe,ext(λ), Qe,sca(λ), ωe(λ), ge(λ), and pe(θ, λ) indicates the
externally mixed model. φ is the volume fraction of ice in the mixed-phase cloud. De,i and
De,w are the effective diameters of ice cloud and liquid water cloud, respectively. From the
above formulation, the mixed-phase cloud properties can be derived using existing ice and
liquid water cloud bulk optical properties [23].

In this study, the ice volume fraction φ is defined as:

φ =

∫ Dmax
Dmin

Vi(D)Ni(D)dD∫ Dmax
Dmin

Vi(D)Ni(D)dD +
∫ Dmax

Dmin
Vw(D)Nw(D)dD

(14)

An important aspect of defining the mixed-phase cloud is how to distinguish the
liquid phase, the mixed-phase, and the ice phase of the cloud according to the φ value. At
present, there is no physical explanation for the selection of φ value. According to the study
by Korolev et al. [8], 0 ≤ φ ≤ 0.1 corresponds to liquid phase, 0.1 < φ < 0.9 corresponds to
mixed-phase, and 0.9 ≤ φ ≤ 1 corresponds to ice phase.

3. Results and Discussions

The sensitivity of mixed-phase cloud optical properties to various microphysical
factors is analyzed in more details below. Note that the externally mixed case with spherical
liquid water droplets and single column ice particles is selected to represent the externally
mixed model in Section 3.1, Section 3.2, and Section 3.4.

3.1. Effective Diameter

Figure 1 shows the spectral characteristics of optical properties of externally and
internally mixed models at various effective diameters with an ice volume fraction of 0.7.
The scattering properties calculated with the externally and internally mixed cloud models
are generally comparable and similar trends of variation with effective particle sizes and
wavelengths are found except that the latter exhibits stronger variations with wavelength.
Similar to a previous study [23], larger particles typically exhibit smaller variations in
optical properties across the spectrum. More sharper variations in extinction efficiency,
scattering efficiency, and asymmetry factor are found at the near- to mid-infrared spectral
regions of 3–20 µm. Since the ice volume fraction is relatively high (0.7) in this case, the
spectral features of ice can be clearly found. For example, a lower bulk extinction efficiency
and single scattering albedo appear at the wavelength of 10 µm, which is referred to as the
Christian effect [60]. The bulk asymmetry factors of externally and internally mixed cases
are also similar, while the latter exhibits stronger sensitivity to effective particle size at the
longwave region.

3.2. Ice Volume Fraction

The influence of ice volume fraction on the optical properties of the internally and
externally mixed models are both examined in Figure 2, where the bulk optical properties
across the spectrum are shown as the ice volume fraction varies. It is noted that the ice
volume fractions induce different spectral signature changes of the bulk extinction and
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scattering efficiencies in the internally and externally mixed models. For the internally
mixed model, the affected spectral region mainly resides in the mid- to far-infrared spectral
regions. Meanwhile, for the externally mixed model, the optical properties in the visible
and near-infrared regions are also significantly perturbed by the ice volume fraction. The
extinction and scattering efficiencies mostly decrease as the ice volume fraction increases
across the whole spectrum except that the variation trend reverses at the spectral window
of 10–25 µm and at a small window around 50 µm. However, both particle models
show similar variations in single scattering albedo with respect to the ice volume fraction
although the scattering and extinction efficiencies are perturbed differently. It can be
seen that the variation of single scattering albedo associated with the ice volume fraction
changes can be up to 0.3 at the wavelength around 23 µm.
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factor. The ice volume fraction is 0.7. For De = 5 µm, De,i = 5.98 µm, De,w = 3.55 µm; For De = 10 µm,
De,i = 12.56 µm, De,w = 6.66 µm; For De = 20 µm, De,i = 25.2 µm, De,w = 13.38 µm; For De = 50 µm,
De,i = 62.6 µm, De,w = 33.5 µm.

Different features of the asymmetry factor variation are identified for externally and
internally mixed models. Larger ice volume fraction signifies smaller bulk asymmetry
factor for the wavelengths below 3 µm, while the opposite is true for the wavelengths above
3 µm for the externally mixed model. The internally mixed counterpart however shows
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much lower sensitivity to the ice volume fraction. The asymmetry factor of the externally
mixed model of mixed-phase cloud is lower than that of liquid water cloud and is higher
than that of ice cloud in the visible spectrum [10]. As is mentioned in a previous study,
even with the inclusion of a small fraction of liquid water droplets, the optical properties
of the mixed-phase cloud are quite different from those of pure ice clouds [23]. This feature
can also be similarly found in both models, but more evident changes are found in the
external model.
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(b,f) bulk scattering efficiency; (c,g) bulk single scattering albedo; (d,h) bulk asymmetry factor.
Dcs = 20 µm, De = 20 µm, and φ = 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0. When φ = 0.1, De,i = 27.2 µm,
De,w = 19.3 µm; When φ = 0.3, De,i = 27.5 µm, De,w = 17.8 µm; When φ = 0.5, De,i = 26.6 µm,
De,w = 16 µm; When φ = 0.7, De,i = 25.2 µm, De,w = 13.4 µm; When φ = 0.9, De,i = 22.6 µm,
De,w = 9.2 µm.

When the externally and internally mixed models are compared in Figure 2, it should
be noted that the impacts of ice particle shape on the cloud properties become more obvious
as the ice volume fraction increases. When the ice volume fraction reaches 1, it is the single
column ice particle and spherical ice particle that are compared. The detail analysis of the
influence of ice crystal shape is given in Section 3.3.

Figure 3 shows the bulk scattering phase functions of the internally and externally
mixed models with different ice volume fractions at the wavelength of 8 µm. In the
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internally mixed model, the ice volume fraction has little effect on the forward scattering
phase function while stronger backscattering is found for higher ice volume fraction case.
However, in the externally mixed model, the forward and backward scattering peaks are
both stronger when the ice volume fraction increases. It is found that the variations in
scattering phase functions with ice volume fraction changes correspond well with those of
the bulk asymmetry factor (Figure 2d,h) at the other wavelengths (figures not shown).
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Figure 3. Bulk scattering phase function of (a) externally and (b) internally mixed models for
scattering angles between 0◦ and 180◦ at the wavelength of 8 µm where Dcs = 20 and De = 20 µm.
The De,i and De,w corresponding to each φ value are the same as those described in the caption of
Figure 2.

3.3. Shapes of Ice Crystals

Since the optical properties of ice crystals with different shapes can be remarkably
different, the ice crystal habits in the mixed-phase cloud are also found to be an important
modulator of mixed-phase cloud optical properties [25]. Nine ice crystal habits from a
comprehensive ice optical property database [36,54] were selected to study the influence
of ice morphology on the optical properties of the externally mixed-phase cloud. Figure 4
shows the bulk extinction efficiency, scattering efficiency, single scattering albedo, and
asymmetry factor of the externally mixed model consisting of ice crystals with different
shapes and spherical liquid water droplets in the 0.2–100 µm spectral range. The optical
properties of mixed-phase clouds in the whole spectrum are obviously affected by the
shapes of ice crystals except for a few strong absorbing bands such as 3 and 10 µm.
Although the bulk extinction efficiency and scattering efficiency are different for various ice
crystal shapes, Figure 4c shows that the bulk single scattering albedo is mostly not affected
by the shapes of ice crystal in the shortwave to near-infrared spectral range. Contrary to
the extinction and scattering efficiencies, more apparent changes in the single-scattering
albedo are found at longer wavelengths (>50 µm). The bulk asymmetry factor in the whole
spectral range is sensitive to the ice crystal shapes except for the wavelengths around
3 µm. The externally mixed model with the inclusion of ice plate aggregates (5-plate and
10-plate) exhibits the largest asymmetry factor while the counterparts with inclusion of
column aggregate (8-column) and droxtal show the lowest asymmetry factors in the visible
to near-infrared and mid- to far-infrared regions, respectively. This feature is consistent
with the results found for pure ice crystals [36].
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Figure 4. Bulk optical properties of the externally mixed model with nine different ice crystal habits:
(a) bulk extinction efficiency; (b) bulk scattering efficiency; (c) bulk single scattering albedo; (d) bulk
asymmetry factor, where the effective diameters of ice crystal (De,i) and liquid droplet (De,w) are both
10 µm. The ice volume fraction is 0.7.

The influence of ice crystal shapes also varies with the effective particle diameter.
Figure 5 shows the optical properties as a function of the effective diameter for the externally
mixed model assuming different ice crystal shapes at the wavelength of 8 µm. It can be
seen that the ice shape effect is most prominent when the effective diameters are relatively
small. When the mixed-phase cloud effective sizes are sufficiently large, the ice shape
impacts gradually diminish. For the case shown in Figure 5, the mixture of spherical water
droplets and droxtal ice particles has the largest bulk extinction efficiency and scattering
efficiency when the effective particle diameter is within 5–20 µm. In contrast, the mixture
of spherical liquid water droplets and HBR ice particles has the smallest bulk extinction
efficiency and scattering efficiency. As a result of the changes in scattering and extinction
efficiencies, the impacts of ice habit on bulk single scattering albedo are more evident at the
effective diameter range of 15–35 µm (Figure 5c). The bulk asymmetry factor is lowest for
the mixture containing droxtal and is highest for the mixture containing 10-plate aggregate.
As the effective particle diameter of mixed-phase cloud increases to about 15 µm, the bulk
extinction efficiency and scattering efficiency of the mixed-phase cloud exhibit the largest
influence by ice crystal shape. However, the impact of ice habit on asymmetry factor is
largest at the lowest effective diameter and gradually reduces when the effective diameter
increases. When the effective particle diameter increases to more than 35 µm, the effect of
ice crystal shape on the mixed-phase cloud optical properties become negligible. Note the
above analysis and results may be different when the wavelength of interest is changed.

3.4. Mixture Models

To illustrate the rationality of the internally mixed model for simulating the optical
properties of the mixed-phase cloud, the internally and externally mixed models are
thoroughly compared. As different definitions of effective diameters are used for externally
and internally mixed-phase cloud models, we carry out the comparison by considering
equal ice volume in externally and internally mixed cases. For the externally mixed model,
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the mixture case with ice column particle is considered as the control case to facilitate
comparisons with previous studies.
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Figure 5. Bulk optical properties of the externally mixed model with nine different ice crystal habits
at the wavelength of 8 µm as a function of the effective diameter, where the effective diameter of
ice crystal (De,i) varies from 5 to 100 µm and the effective diameter of liquid water (De,w) is fixed at
15 µm: (a) bulk extinction efficiency; (b) bulk scattering efficiency; (c) bulk single scattering albedo;
and (d) bulk asymmetry factor. The ice volume fraction is 0.7.

Figure 6 shows the comparison of optical properties of the internally mixed model
with those of the externally mixed model in the spectral range of 0.2–100 µm. In the
0.2–60 µm spectral region, the bulk extinction efficiency and scattering efficiency of the
internally mixed model are apparently greater than those of the external model, while the
single scattering albedo in the internal case is basically lower. The bulk asymmetry factors
of the internally mixed model are slightly larger than those of the external model in the
0.2–3 µm spectral region, while the reverse is true for the 3–100 µm range.

Figure 7 shows the bulk optical properties of the internally and externally mixed
models as a function of ice volume fraction for mixed-phase cloud effective diameter of
15 µm at the wavelength of 1.6 µm. With the increase of ice volume fraction, the volume of
liquid water droplets decreases while the volume of ice crystals increases. Thus, the effect
of ice crystal shape on the bulk extinction efficiency, scattering efficiency, and asymmetry
factor of the mixed-phase cloud particles becomes more obvious as the ice volume fraction
increases. The bulk extinction efficiency and bulk scattering efficiency of the internally
mixed model are the largest among those of the externally mixed model, but they exhibit
little sensitivities to the ice volume fraction. A slight decrease in bulk single scattering
albedo with the increase of ice volume fraction is similarly found for both internally and
externally mixed models. However, the bulk asymmetry factor shows very different trends
of variation with respect to the ice volume fraction depending on the shape of ice crystals.
External mixtures containing 10-plate and 5-plate aggregates of ice crystals both exhibit
an increase of asymmetry factor as the ice volume fraction increases. Almost no change
of asymmetry factor is found for the internal mixture as well as for the externally mixed
case including ice plates. The other external mixture cases all show a decreasing trend of
asymmetry factor with the increase of ice volume fraction. From the above comparison, it
is found that the key optical properties of the internally mixed model mostly fall within
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the uncertainty range of the counterparts induced by ice crystal shapes in the externally
mixed model.
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Figure 7. Variation of optical properties of externally and internally mixed model with ice volume
fraction where the effective diameter is 15 µm at the wavelength of 1.6 µm: (a) bulk extinction
efficiency; (b) bulk scattering efficiency; (c) bulk single scattering albedo; (d) bulk asymmetry factor.
De,i = 15 µm and De,w = 15 µm.
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Different from the ice clouds and liquid water clouds, the optical properties of mixed-
phase cloud particles may not be regarded as only a function of effective particle size [23].
The variation of optical properties of mixed-phase cloud in different spectral regions is
complex and is under the influences of effective particle size and ice volume fraction. We
further investigate the optical properties of mixed-phase cloud under the internally and
externally mixed assumptions at four representative wavelengths.

Figures 8–11 show the optical properties as functions of effective particle size and
ice volume fraction for externally and internally mixed models as well as the difference
between them at various wavelength. At the wavelength of 0.65 µm, very different trends
of variation are found for internally and externally mixed cloud properties (Figure 8).
Comparatively, the internally mixed model is much less sensitive to the ice volume fraction
and the scattering and extinction efficiencies are more dependent on the effective particle
size. As a result, the corresponding differences between external and internal models
are most prominent when the effective particle size is small, and gradually decrease as
the effective diameter increases. The bulk single scattering albedo is not affected by the
effective particle size, ice volume fraction, and mixing model, and maintains a constant
value of 1 at the shortwave region. For asymmetry factor, ice volume fraction and effective
diameter are equally important for the external model but not for the internal model. The
differences in asymmetry factor between the two models show apparent relationship with
the ice volume fraction (Figure 8l).
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Figure 8. Bulk optical properties of externally (left panels) and internally (middle panels) mixed
model and their differences (externally minus internally mixed model) (right panels) as functions
of effective particle diameter and ice volume fraction at the wavelength of 0.65 µm: (a,e,i) bulk
extinction efficiency; (b,f,j) bulk scattering efficiency; (c,g,k) bulk single scattering albedo; (d,h,l) bulk
asymmetry factor.
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At the wavelength of 1.6 µm in the near-infrared region, the bulk extinction efficiency
and scattering efficiency of both mixed-phase cloud particle models mostly follow the
same trend of variation with effective particle diameter and ice volume fraction as those
of the visible part (Figure 9). With the increase in effective particle diameter, the bulk
single scattering albedo slightly decreases. The asymmetry factor similarly increases as the
effective diameter (>10 µm) increases for both internally and externally mixed cases, while
the increasing ice volume fraction brings about stronger impacts for the externally mixed
cases than for the internally mixed cases.

At the wavelength of 8 µm in the infrared region, the differences in extinction and
scattering efficiencies between the two mixed models become larger (Figure 10). With the
increase in absorption of ice and liquid water, the single scattering albedo significantly
changes with effective particle diameter where the differences between the two mixed
cloud models also become larger. It is interesting to find that the trend of variation of
asymmetry factor in both mixed-phase cloud models becomes less sensitive to the ice
volume fraction in the infrared region.

As the wavelength increases to 30 µm, the difference of bulk extinction and scattering
efficiencies between internally and externally mixed models increases (Figure 11). The
single scattering albedo of mixed-phase clouds with smaller effective diameters (<20 µm)
have little sensitivity to ice volume fraction, while the single scattering albedo increases
remarkably as the ice volume fraction increases for larger sizes (>20 µm). Compared with
the other cases at the shorter wavelengths, the asymmetry factor also tends to vary only
with effective particle diameter.

As a brief summary, the internally and externally mixed cloud models show different
trends of variations in bulk optical properties with effective particle diameters and ice
volume fractions at various wavelengths. The differences of bulk extinction efficiency
and scattering efficiency between the two mixed-phase cloud models grow larger as the
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wavelengths increase from visible and near-infrared to the mid- and far-infrared. Unlike
the internally mixed model which constantly shows less sensitivity to ice volume fraction,
the externally mixed model exhibits strong modulation of optical properties by the ice
volume fraction. It is important that the bulk optical properties should be sufficiently
examined before either mixed-phase cloud model is applied.

Figures 12 and 13 show the bulk scattering phase function for the internally and
externally mixed models at the wavelengths of 8 and 0.65 µm, respectively. The bulk
scattering phase function of the internally mixed model in the forward direction is lower
than those of the external mixtures while having stronger side and back scattering. Overall,
the phase function is close to those of the external mixture consisting of spherical water
droplets and single hexagonal column ice crystals at the wavelength of 8 µm (Figure 12).
Comparatively, more apparent differences in the side scattering directions are discerned
at the wavelength of 0.65 µm (Figure 13). For the externally mixed cases, the forward
scattering peaks are related with the shape of ice crystals, where the case consisting of 10-
plate ice aggregates and liquid water droplets has the largest forward scattering. Compared
with the results in the shortwave spectral region, the side scattering and backscattering
calculated in the infrared spectral region are essentially featureless, which is caused by
the strong ice absorption in the infrared spectral region [35]. The side scattering and
backscattering of the internal model are very close to those of the externally mixed model at
the mid-infrared wavelength. In the shortwave spectral region, the forward scattering peak
of the mixed-phase cloud particle is stronger, and the difference in the bulk scattering phase
function between the internally and externally mixed models well reflects the contribution
of particle morphology (Figure 13).
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We further examine a case where spherical liquid water droplet, single hexagonal
column ice crystal, and the coated sphere cloud model co-exist (referred as co-exist model)
to illustrate the influence of external and internal mixing. The equations to derive the
optical properties of the co-exist model are given in Appendix B. Figures 14 and 15 show
the bulk optical properties and scattering phase function of the internally mixed model,
the externally mixed model, and the co-exist model, respectively. In the co-exist model
case, the volume ratios of the spherical water droplet, single column ice crystal, and coated
sphere model are designated as 15%, 35%, and 50%, respectively. The optical properties
and scattering phase function of the co-exist mixed-phase cloud model fall within the range
of the internally and externally mixed models. This example illustrates the possibility of
considering complex mixing conditions within mixed-phase cloud.
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4. Conclusions

In this study, the optical properties of mixed-phase cloud were examined by assuming
two cloud particle models, including the externally and internally mixed-phase cloud
models. The computations are based on the latest advances in light scattering calculation
technique (the invariant imbedding T-matrix method) and an available comprehensive
ice scattering property database [36,54]. We follow the physical derivations conducted by
Yang et al. [23] to calculate the optical properties of mixed-phase clouds. Analysis of the
impacts of different ice particle morphologies and different cloud particle models over a
broad wavelength range of 0.2 to 100 µm is the main feature of this study.

With respect to the variations in mixed-phase cloud optical properties over the spec-
trum, similar patterns are found for the externally and internally mixed models when
the same effective particle size is specified. However, the internally mixed model shows
stronger variations in optical properties as the wavelength increases. Therefore, it is an-
ticipated that the internally mixed cloud model could be potentially useful for radiative
transfer modeling applications at certain wavelength ranges.

When the ice volume fraction is considered as the varying factor, it is shown that the
ice volume fraction affects the internally and externally mixed cloud models differently,
although similar variations in spectral optical properties can still be found. In particular, the
spectral regions where ice volume fraction induces the largest perturbations are inconsistent
in both models. This is especially true for variables such as asymmetry factor and extinction
efficiency. Thus, the ice volume fraction is a key issue when the internally mixed model is
used as a surrogate to calculate mixed-phase cloud properties.

Ice crystal habits are found to be a prominent factor that contribute to the differences
among the optical properties of externally mixed-phase cloud particles where nine different
ice habits are mixed with spherical liquid water droplets. Except for some strong absorbing
bands, the extinction efficiency and asymmetry factor are sensitive to the ice habits. The
largest differences in bulk asymmetry factors occurred in the mixture of spherical water
droplet and 10-plate ice particles, as compared with the counterpart with spherical water
droplet and 8-column ice aggregate mixture. In addition, the shape of ice crystal has a
greater influence on the optical properties of the mixed-phase cloud when the effective
diameter of ice crystals is smaller than 20 µm.

The ice volume fraction also affects the difference in the optical properties of the mixed-
phase cloud induced by the shape of ice crystal. With the increase of ice volume fraction, the
shape of ice crystals has more obvious influence on the bulk extinction efficiency, scattering
efficiency, and asymmetry factor of the mixed-phase cloud particles. It is interesting to
confirm that a small fraction of inclusion of ice in the liquid water cloud (or vice versa)
could induce significant changes in optical properties.

The internally mixed models (namely, the concentric spherical core–shell models) were
also thoroughly examined in terms of the variations in their optical properties as compared
to the externally mixed models. For the internally mixed model, the spectral region affected
by the ice volume fraction mainly resides in the mid- to far-infrared spectral regions. It
is also found that the calculated single scattering albedo of internally mixed-phase cloud
show some agreements with the externally mixed counterpart in visible and near-infrared
spectral band. However, the optical properties of the internally mixed model are much
less sensitive to the changes in ice volume fraction than those in the externally mixed
model. The results imply the necessity to examine the various factors before application is
carried out.
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In terms of the bulk scattering phase function, the side and backscattering of the inter-
nally mixed model are also close to those of the externally mixed model at the longwave
spectrum, although the phase function generally shows sphere-like features and weaker
forward scattering peak. For the shortwave wavelengths, the difference in phase function
becomes larger. The features found in phase functions correspond well with the variations
in the asymmetry factors.

From the above discussions, it is evident that the optical properties of mixed-phase
clouds depend on the relative amount of ice crystals and spherical water droplets, the effec-
tive diameter, the mixing mode, and the shape of ice crystals. The internally mixed model
shows comparable optical properties with those of the conventional external model at
some wavelengths. However, it is still important that detailed examination and testing are
implemented before specific applications are carried out. Due to the limited observations
of the mixed-phase cloud properties, it is hard to verify which of the mixed-phase cloud
models is the optimal choice at this point. Advances in the observational techniques using
active remote sensors could shed some light on this problem [61–63]. We only focus on
analyzing the sensitivities of mixed-phase cloud properties to various microphysical factors
in this study, and we only consider randomly oriented ice particles here, while prevalent
oriented ice crystals in clouds are found and their optical properties are unique [38,64,65].
Further studies about the radiative effects caused by the different factors are under work
and will be presented in the future.
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Appendix A

Figure A1 shows the comparison result of the scattering phase function of the coated
sphere model and the coated non-sphere model with various size parameters of shell and
core at the wavelength of 0.65 and 8 µm. The results illustrate that the shape of the core
has little effect on the scattering phase function of mixed-phase cloud.
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Figure A1. The scattering phase matrix of the coated sphere model and coated non-sphere model with various size
parameters of shell and core at the wavelength of 0.65 µm (left panels) and 8 µm (right panels). (a,d) The size parameter
of shell is 25. The size parameter of the core of the coated sphere model and coated non-sphere model is 15 and 17.7,
respectively; (b,e) The size parameter of shell is 50. The size parameter of the core of the coated sphere model and coated
non-sphere model is 15 and 17.7, respectively; (c,f) The size parameter of shell is 50. The size parameter of the core of the
coated sphere model and coated non-sphere model is 30 and 35.4, respectively.

Appendix B

When the liquid water droplet, ice crystal, and coated sphere model co-exists in the
mixed-phase cloud, the following equation is used to calculate the bulk extinction efficiency
of the mixed-phase cloud (the other variables follow similar equations):

Qext(λ) =
fw

∫ Dmax
Dmin

Qext,w(D,λ)Aw(D)Nw(D)dD+ fi
∫ Dmax

Dmin
Qext,i(D,λ)Ai(D)Ni(D)dD

fw
∫ Dmax

Dmin
Aw(D)Nw(D)dD+ fi

∫ Dmax
Dmin

Ai(D)Ni(D)dD+ fcs
∫ Dmax

Dmin
Acs(D)Ncs(D)dD

+

fcs
∫ Dmax

Dmin
Qext,cs(D,λ)Acs(D)Ncs(D)dD

fw
∫ Dmax

Dmin
Aw(D)Nw(D)dD+ fi

∫ Dmax
Dmin

Ai(D)Ni(D)dD+ fcs
∫ Dmax

Dmin
Acs(D)Ncs(D)dD

,
(A1)

where fi, fw, and fcs are the volume ratio of ice crystal, spherical water droplet, and
core–shell model, respectively.

fw =

∫ Dmax
Dmin

Vw(D)Nw(D)dD∫ Dmax
Dmin

Vi(D)Ni(D)dD +
∫ Dmax

Dmin
Vw(D)Nw(D)dD +

∫ Dmax
Dmin

Vcs(D)Ncs(D)dD
, (A2)
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fi =

∫ Dmax
Dmin

Vi(D)Ni(D)dD∫ Dmax
Dmin

Vi(D)Ni(D)dD +
∫ Dmax

Dmin
Vw(D)Nw(D)dD +

∫ Dmax
Dmin

Vcs(D)Ncs(D)dD
, (A3)

fcs =

∫ Dmax
Dmin

Vcs(D)Ncs(D)dD∫ Dmax
Dmin

Vi(D)Ni(D)dD +
∫ Dmax

Dmin
Vw(D)Nw(D)dD +

∫ Dmax
Dmin

Vcs(D)Ncs(D)dD
. (A4)
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