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Abstract.
Climate models and satellite remote sensing applications require accurate descriptions of ice cloud optical and radiative
properties through parameterization of their scattering properties. While abundant irregularly shaped ice particle habits
present a challenge for modelling ice clouds. An irregularly shaped ice particle habit (Voronoi model) has been developed
and recently suggested to be effective in inferring the microphysical and radiative properties of ice clouds from Himawari-8
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and GCOM-C satellite measurements. As a continuation of previous work by Letu et al. (2016), in this study, we develop a
broadband ice cloud scheme based on the Voronoi model through parameterization for use in the Community Atmosphere
Model, Version 5 (CAM5). With single scattering properties of Voronoi model, ice cloud bulk scattering properties are
integrate over particle size distributions of 11 field campaigns and are parameterized over particle effective diameter. The
new ice cloud scheme is compared with four ice cloud schemes (the Yi, Mitchell, Baum-yang and Fu scheme), and is

25

evaluated through the General circulation model version of the Rapid Radiative Transfer Model (RRTMG), and simulations
of the top of atmosphere (TOA) shortwave and longwave cloud forcing (SWCF and LWCF) in CAM5. The Clouds and the
Earth's Radiant Energy System (CERES) satellite data was selected as validation data. Results indicated that the Voronoi
scheme can minimize differences between the satellite-based measurements and CAM5 simulations of global TOA SWCF
compared to other four schemes, but performance is not significant for TOA LWCF. For tropical ice clouds, Voronoi scheme
1
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has advantages of ice cloud modelling capabilities for shortwave (SW) and longwave (LW) spectrum over other four
schemes. In general, it is found that the Voronoi model has advantages over conventional ice cloud schemes and is sufficient
for ice cloud modelling in climate simulations with CAM5.

1 Introduction
The role of ice clouds is very important for Earth-atmosphere energy balance determination through parameterization in
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remote sensing applications and climate models. A number of field observations, such as the First International Satellite
Cloud Climatology Project (ISCCP) Regional Experiment (FIRE-I) from October-November 1986, have shown that ice
clouds contain a large variety of particle habits, sizes and complexities (Liou, 1992), as also shown by the following
observational studies (Heymsfield et al., 2017; Yang et al., 2018; Lawson et al., 2019). Substantial studies have shown that
ice cloud parameterization scheme uncertainties are mainly related to ice particle habits, sizes and microphysical properties,
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which can lead to substantial radiative discrepancies between satellite measurements and climate model simulations (Zhang
et al., 2005). Optimal choice of representative ice particle habit is still difficult to determine.
The single-scattering properties of the ice particle models and ice cloud parameterization are important for remote sensing
applications and climate model simulations of ice cloud radiative properties. The ice cloud parameterization accuracy is
mainly determined by the single-scattering properties of the ice particle models. Furthermore, the single-scattering properties
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of the ice particle model mainly depend on the assumption of ice particle habits and the light-scattering numerical calculation
methods. Early studies assumed ice particles to be spherical models, and their single-scattering properties can be accurately
determined by the Lorenz-Mie theory (Hulst, 1957). These models were found to be inadequate approximations for the
treatment of ice clouds because many aircraft observation measurements have shown that ice clouds are mainly composed of
the nonspherical ice particles (Macke et al., 1996; Heymsfield et al., 2002; Heymsfield et al., 2013). In the last few decades,
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a series of light-scattering computational methods have been developed, including the conventional geometric-optics method
(CGOM) (Cai and Liou, 1982), the improved geometric-optics method (IGOM) (Yang and Liou, 1995, 1996a; Bi et al.,
2011), the finite-difference time domain (FDTD) method (Yang and Liou, 1996b), pseudo-spectral time domain (PSTD)
method (Liu, 1997; Chen et al., 2008), discrete dipole-approximation (DDA) method (Draine and Flatau, 1994; Yurkin and
2
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Hoekstra, 2007), the T-matrix method (Macke et al., 1995; Havemann and Baran, 2001) along with the invariant imbedding
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T-matrix (II-TM) method (Bi et al., 2013a; Bi et al., 2013b; Bi and Yang, 2014), and the boundary element method has been
more recently applied to complex ice particle shapes without approximating the geometry of the particle (Groth et al., 2015).
With these computational techniques, the research community has made significant progress towards calculating singlescattering properties (namely, the extinction efficiency, asymmetry factor, single-scattering albedo, and complete phase
matrix) of nonspherical ice particles. For example, the single-scattering properties of seven ice particle habits at wavelengths
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from 3 to 100 µm have been computed (Yang et al., 2005) using FDTD (Yang and Liou, 1996b; Sun et al., 1999) and IGOM
(Yang and Liou, 1996a). The disadvantages of the data libraries developed by (Yang et al., 2005) are several inconsistencies
in the spectral region caused by differences of particle habits and computational methodologies. A spectrally consistent
database including 11 ice particle habits at wavelengths from 0.2 to 100 µm, were published by (Yang et al., 2013) based on
a composite method of the Amsterdam discrete dipole approximation (ADDA) (Yurkin and Hoekstra, 2007, 2011), the T-

65

matrix (Yang et al., 2007; Bi et al., 2013a, 2013b) and the IGOM method including the edge effect (Baran and Havemann,
1999). Furthermore, features including air bubbles or aerosol, various habit ensembles, and surface roughness were added
into ice particles. For example, randomly oriented hexagonal ice particles containing spherical air bubbles (inhomogeneous
hexagonal monocrystals) (IHMs) (Labonnote et al., 2001) were developed for use in the ice cloud parameter retrievals from
the French satellite Polarization and Directionality of the Earth’s Reflectances (POLDER) measurements (Deschamps et al.,
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1994). An ensemble ice particle model made of hexagonal column ice particles, was developed by (Baran and Labonnote,
2007; Baran et al., 2014b) for cirrus.
With the developments of light scattering computations, increasing ice cloud parameterization schemes have been developed
for ice cloud remote sensing application and climate model simulations based on above ice scattering models. Fu (1996)
established an ice cloud parameterization (named Fu hereafter) based on the hexagonal ice particle to the four-stream
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approximation of the Fu-Liou radiative transfer models (Fu et al., 1998; Fu, 2007). Baum et al. (2005b) form a new
parameterization scheme (named Baum-yang hereafter) based on nine ice particle habits from a library of Yang et al. (2013)
and applied it to the development of ice cloud products in MODIS Collection 5. Yi et al. (2013) developed a
parameterization (named Yi hereafter) based on a general habit mixture model that includes nine pristine habits of varying

3
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roughness (Yang et al., 2013). Baran et al. (2014a) presented a new coupled cloud physics-radiation parameterization and
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implemented it into the Met Office Unified Model Global Atmosphere 5.0 (GA5) configuration based on the optical
properties developed by (Baran et al., 2014b). Baran et al. (2016) developed an improved ice cloud optical property
parameterization between the model prognostic variable ice water content (IWC) and the environmental temperature. This
parameterization is now implemented in the Met Office’s latest Earth System model, which is described in (Walters et al.,
2019). In the Community Earth System Model version 1.2.1 (CESM1.2.1) developed by the USA National Center for
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Atmospheric Research (NCAR) (Hurrell et al., 2013), the atmosphere component model is the Community Atmosphere
Model version 5 (CAM5) (Neale et al., 2010). In CAM5, the ice cloud parameterization scheme developed by (Mitchell et al.,
1996a; Mitchell et al., 1996b) (named Mitchell hereafter) is utilized for ice cloud optical and radiative properties. Habits of
ice particles used for the Mitchell scheme are hexagonal, irregular ice particles, quasi-spherical and 3-D bullet rosettes
calculated from the modified anomalous diffraction approximation (MADA) (Mitchell et al., 2006). Based on CESM1.2.1
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(Hurrell et al., 2013), the Community Integrated Earth System Model (CIESM) was developed by Tsinghua University (Lin
Y L, 2020). CAM5 in CIESM was modified with several new schemes, but it still uses the Mitchell scheme for ice cloud
properties. Different ice cloud parameterization can result in significant differences in radiative properties. Ice particle habits
is one of the most important influencing factors of ice cloud radiative properties. Zhao et al. (2018) compared three ice cloud
parameterizations in CAM5, and results showed that the difference of downward longwave flux can cause the changes of
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overall temperature by around 3°C. Yi et al. (2013) found that the effects of ice particle surface roughness on the global
shortwave (SW) and longwave (LW) cloud radiative effects (CRE) can reach 1-2 W/m2 and 0.37 W/m2, respectively.
The optimal choice of ice particle habit is needed to develop the ice cloud parameterization scheme as accurately as possible
and is also significant for cloud-aerosol interactions (Liu et al., 2019; Yan and Wang, 2020). Microphysical measurements
showed that a high proportion of irregularly shaped ice particles generated in convective clouds due to collision and
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aggregation process (Heymsfield et al., 2002). An irregularly shaped Voronoi model was developed by (Ishimoto et al., 2012)
based upon in situ microphysical measurements. Letu et al. (2016) compared five representative ice particle models using the
spherical albedo difference (SAD) method, and the results indicated that the irregularly shaped Voronoi model has
advantages over the conventional general habitat mixture (GHM) (Baum et al., 2011), IHM (Labonnote et al., 2001), 5-plate

4
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aggregate (Baum et al., 2005a; Baum et al., 2011), apart from the ensemble ice particle model (Baran and Labonnote, 2007),
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which gave similar results to the Voronoi model. To date, Voronoi model has been adopted in remote sensing studies of
official ice cloud products for the Second Generation Global Imager (SGLI)/Global Change Observation Mission-Climate
(GCOM-C) (Letu et al., 2012; Letu et al., 2016; Nakajima et al., 2019), the AHI/Himawari-8 (Letu et al., 2018) and MultiSpectral Imager (MSI)/Earth Cloud Aerosol and Radiation Explorer (EarthCARE) satellite programs (Illingworth et al.,
2015), which will be launched in 2023 and has proven to be efficient in the remote sensing retrieval of ice cloud products
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(Letu et al., 2020). To build on the work of (Letu et al., 2016), this study aims to develop an ice cloud parameterization
scheme (named Voronoi hereafter) based on the single-scattering properties of the Voronoi model and evaluate it through
AGCM simulations of the CIESM. This study focuses on reducing uncertainties in ice cloud radiative properties and studies
the influence of irregularly shaped ice particle habits on cloud radiative properties.
The current work is presented as follows. Sections 2 and 3 introduce the data and methodology used in this study. Section 4
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demonstrates the influence of the Voronoi model on the cloud radiative properties through radiative transfer model and
AGCM multiyear simulations. Section 5 presents the summary and conclusion of this study.

2 Single-scattering properties of the Voronoi model database
In this study, the single-scattering properties of the Voronoi model, developed by (Ishimoto et al., 2012; Letu et al., 2016),
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are utilized in the ice cloud parameterization. The wavelength range is from 0.2 μm to 15 μm, and the particle maximum

dimensions (L) of ice particles ranges from approximately 0.5 μm to 716 μm. The single-scattering properties utilized in this
study mainly include the extinction efficiency (

), single-scattering albedo (SSA), absorption efficiency (

), asymmetry

factor (g) and the scattering phase function. The refractive indices of this ice crystal habit are derived from the newest library
provided by (Warren and Brandt, 2008). The database of single-scattering properties were calculated using a composite
approach combining FDTD, geometric optics integral equation (GOIE) (Yang and Liou, 1996a) and GOM methods (Macke
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et al., 1996). Figure 1 shows the single-scattering properties of ice particles that vary with different size parameters (SZPs) at
a fixed wavelength of 0.64 μm (Figure 1 a1-a3) and 2.21 μm (Figure 1 b1-b3), respectively. The SZP is positively correlated
with L and negatively correlated with wavelength, which is shown by equation (1). Note that the FDTD and GOIE methods
5
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are used for small (SZP < 40) and moderate particles (SZP < 300), and the GOM method is used for larger particles (SZP >
300). By treating well particle edge effects (Ishimoto et al., 2012), scattering efficiency calculated by a combination of
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FDTD, GOIE and GOM method is coherent. The extinction efficiency at both wavelengths of 0.64 μm (Figure 1 a1) and
2.21 μm (Figure 1 b1) has a peak value when the SZP is equal to 10 and tends to be a constant value of 2 with an increasing

SZP larger than 100. The minimum extinction efficiency tends to 0 with a decreasing SZP smaller than 10 at a wavelength of
2.21μm. The scattering efficiency at both wavelengths of 0.64 μm (Figure 1 a2) and 2.21 μm (Figure 1 b2) is strong, and

thus, the absorption efficiency is weak, which is related to the imaginary value in the refractive index. The asymmetry factor

135

tends to decrease with increasing SZP at a wavelength of 0.64μm (Figure 1 a3). At a wavelength of 2.21μm (Figure 1 b3),
there is an increasing asymmetry factor for the SZPs smaller than 10 and larger than 300, leading to an increasing proportion
of forward scattering.
=

,

(1)

3 Methodology
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The main flowchart of this study is described in Figure 2. Aircraft field campaigns from (Heymsfield et al., 2013) are used to
determine particle size distributions (PSDs) in the form of the gamma distribution (Mitchell et al., 1996a) (see equation (2)).
Based on the single-scattering properties of the Voronoi model and PSDs, the effective diameter (De) (see equation (7)) and
the spectral bulk scattering properties of ice clouds, including spectral mass-averaged extinction coefficients (m2/g)
(
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�

( ) ) (see equation (8)), spectral single-scattering albedo ( ( ) ) (see equation (9)) and spectral asymmetry factor

( ( )) (see equation (10)) are calculated for all PSDs. Then, band-averaged bulk scattering properties (see equation (11-13))
are integrated over band intervals appropriate in the General circulation model version of the Rapid Radiative Transfer
Model (RRTMG) (Clough et al., 2005; Morcrette et al., 2008) and CAM5. For the SW bands, the solar constant is utilized
from the solar spectrum (( ( )) provided by (Chance and Kurucz, 2010). For the LW bands,

is replaced with the Planck

function. Then, the coefficients of the polynomial expressions of the ice cloud bulk scattering properties as functions of De
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are determined in each band to develop Voronoi scheme for SW and LW spectrum. To assess the ice cloud modeling
capabilities of Voronoi scheme, four typical ice cloud schemes (Details are in section 1), including the Fu (Fu et al., 1998),
6
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Baum-yang (Baum et al., 2005b), Yi (Yi et al., 2013) and Mitchell scheme (Mitchell et al., 1996a; Mitchell et al., 1996b), are
introduced for comparisons through RRTMG and CAM5 simulations. Relevant coefficients in the fitting of extinction
coefficients, single-scattering albedo and asymmetry factor for above four schemes can be found in their cited literature. The
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Clouds and the Earth's Radiant Energy System (CERES) satellite level 3 CERES_SYN1deg_Ed4A products (name
SYN1deg hereafter) (Draine and Flatau, 1994; Doelling et al., 2016) is considered to be efficient in many studies (Yi et al.,
2013; Zhao et al., 2018). We utilize SYN1deg 1° monthly observed TOA fluxes to validate the cloud radiative properties
simulated by five schemes from the CAM5.
3.1 Parameterization of ice cloud optical properties

160

To better understand the ice cloud modelling capabilities of the Voronoi model in the CAM5 and explain how ice clouds
play a role in the climate system, it is necessary to introduce the main scattering parameters to evaluate the ice particle model
through ice cloud parameterization. To describe the PSDs and calculate particle concentration per unit volume, we utilize
14408 groups of microphysical data (mainly including slope (N0), intercept (μ), and dispersion ( ) of PSDs) derived from
aircraft measurements obtained in 11 field campaigns (Heymsfield et al., 2013) to determine ice particle number density (n
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(L)) in the form of the gamma distribution (see equation (2)), where L is the ice particle maximum dimensions defined by
equation (1). Detailed descriptions can be found in (Heymsfield et al., 2013). Assume that the extinction and scattering cross
section is known as

,

, and the absorption cross section can be given by

=

−

. The extinction, scattering and

absorption coefficients can be calculated by equation (3). The single-scattering albedo and co-albedo can be defined as the
ratio of the scattering and absorption coefficients to the extinction coefficient in the form of equation (4), respectively. Let
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the phase function corresponding to a volume of ice particles be P. Thus, P (μ, φ; μ’, φ’) denotes the redirection of the
incoming intensity defined by (μ’, φ’) to the outgoing intensity defined by (μ, φ). The optical depth can be defined by
equation (5). In plane-parallel atmospheres, changes in the diffuse intensity penetrating from below the layer considering
multiple scattering processes is given by equation (6).
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where I indicate the total (direct plus diffuse) radiance, B indicates Planck’s function associated with thermal emissions, and
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Θ is the scattering angle. Obviously, extinction coefficients, single-scattering albedo and phase function, along with solar
zenith angle are fundamental driving parameters within the transfer of diffuse intensity. Hence, to assess the effectiveness of
the Voronoi ice particles model for application in the CAM5, it is necessary to develop polynomial expressions of the
extinction coefficients, the single-scattering albedo and the asymmetry factor as functions of the effective diameter De.
=
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3.2 The RRTMG and CAM5 simulations
To clarify the radiative effects resulting from five different scheme, we utilize the RRTMG to calculate the upward and
downward flux of five schemes for comparisons. RRTMG has 14 bands for SW spectrum and 16 longwave bands (see Table

195

1). RRTMG is the optional radiative transfer model applied in CAM5. Since the wavelength range is from 0.2 μm to 15 μm

for Voronoi model database, ice cloud parameterization scheme remains unchanged in bands larger than 15 μm. To quantify

the radiative flux differences caused by five schemes under the same conditions, we design an assuming ice cloud cases in
standard tropics atmospheric profile in the RRTMG. Other detailed input parameters are shown in Table 2. The vertical
resolution is 60 levels for the standard tropics. The RRTMG is run by five ice cloud schemes under the same conditions, thus
relative difference of fluxes can be explained by difference among five schemes. Five schemes are implemented in the
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CAM5 for comparison of shortwave and longwave cloud forcing (SWCF and LWCF). SWCF are defined as equation (14),
LWCF is defined the same with SWCF but for LW spectrum.

where

=

(

and

−

),

(14)

are the difference between downward and upward fluxes for cloudy and clear conditions,

respectively, and N is the cloud fraction. The CAM5 is run in two ways: 1) the CAM5 is run with the default Mitchell
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scheme for ice clouds and the default water cloud scheme to obtain SWCF and LWCF for the Mitchell scheme; 2) the
CAM5 is run by using the other four schemes (the Voronoi, Yi, Baum-yang and Fu scheme) in place of the Mitchell scheme,
along with the default water cloud scheme. The CAM run is integrated for 11 years in one-month increments, the initial first
year is used for state initialization and stabilization, and the last ten-year runs were utilized for comparisons. Horizontal and
vertical resolution of CAM5 run experiment is 1.9° × 2.5° and 31 levels. The run is driven by prescribed climatological sea
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surface temperature and sea ice fraction with an annual cycle in the year 2000. Within RRTMG and CAM5 simulations,
water clouds adopt a spherical particle model, its single-scattering properties are derived from the Lorenz-Mie theory (Hulst,
1957). Since the CAM5 are unable to separate ice clouds from liquid clouds efficiently, the total SWCF/LWCF difference
under the same water cloud parameterization is owing to the difference among five schemes.

9
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4 Results and discussions
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4.1 Broadband bulk optical properties of the ice cloud
Based on the integration of the single-scattering properties of the Voronoi ice model database over the PSDs and band
intervals, the broadband bulk optical properties of the Voronoi scheme (Figure 3 a1-c1) are compared with properties
obtained from the Mitchell (Figure 3 a2-c2), Fu (Figure 3 a3-c3), Baum-yang (Figure 3 a4-c4) and Yi (Figure 3 a5-c5)
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scheme for 14 bands from and De from 10 to 150 μm as shown in Figure 3 and their differences in Figure 4. For five

schemes, it is found that the mass extinction coefficients show a negative correlation with De and are insensitive to
wavelengths. The mass extinction coefficients exceed 0.2 m2/g for De smaller than 20 μm, and is close to 0 m2/g for De larger
than 100 μm. The mass extinction coefficients of the Voronoi, Mitchell, Baum-yang and Yi scheme differ little as shown in

Figure 4 A1, A3, A4, respectively, and the Fu scheme has lower mass extinction coefficients than the Voronoi scheme for De
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smaller than 20 μm, with the maximum negative difference up to -0.12m2/g as shown in Figure 4 A2. As shown in Figure 3,

there are low mass extinction coefficients in near-infrared bands (3.08 – 3.85 μm ) due to the atmospheric window region

which can lead to high transmittance. The single-scattering albedo obtained from five schemes (Figure 3 b1-b5) increases
with decreasing wavelengths and is close to one in near-UV, visible and near-infrared band for all De. This result is related
with the imaginary part of the refractive index of ice particles. Except for the Fu scheme, the single-scattering albedo
obtained from the other four schemes decreases with the increases of De in near-infrared band. This result may be because

230

large ice particles are closer to geometric optics and have a greater proportion of absorption than small ice particles that are
closer to Rayleigh scattering. As shown in Figure 4 B1-B4, the single-scattering albedo of the Voronoi scheme is slightly
larger than the Fu scheme and is smaller than the other three schemes in near-infrared bands. In Figure 3, the asymmetry
factor obtained from five schemes (Figure 3 c1-c5) increases with increasing wavelength for all De. From visible to nearinfrared band, the asymmetry factor increases with the growing De. With the increase of particle size, there are more
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absorption inside particles and decreasing single-scattering albedo, as well as decreasing side and backward scattering,
resulting in more proportions of forward scattered energy. In Figure 4, the primary difference between the Voronoi scheme
and the other four schemes lies in the asymmetry factor. Results show that the Voronoi scheme has the smallest asymmetry
factor among five schemes, especially in visible and near-infrared band for De larger than 100 μm. This is because that the
10
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complex shapes of the Voronoi ice model with large particle size can result in significant side and backward scattering and
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reducing the forward scattered energy. It is consistent with findings of (Letu et al., 2016). For wavelength larger than 3 μm,

the Mitchell scheme has the largest asymmetry factor compared with other four schemes, especially for De smaller than 50
μm. It is in a good agreement with the results in Zhao et al., (2019). Overall, since the impacts of different size distribution

assumptions on the bulk optical properties of ice cloud parameterization are negligible (Heymsfield et al., 2013; Heymsfield
et al., 2017), differences of broadband bulk optical properties between five schemes are originally rooted in different habits
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of ice particles and their single-scattering properties.
4.2 RRTMG simulation results
After the parameterization, broadband bulk single-scattering properties are subsequently parameterized as functions of De
and 14 bands, broadband bulk optical properties of five schemes are compared to each other and their differences have been
analyzed in section 4.1. To illustrate and quantify the influence of optical properties of ice cloud on its radiative effects, an
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ideal experiment is designed to test response of radiative flux to five ice cloud schemes under the same assuming conditions.
Broadband bulk single-scattering properties of five schemes are subsequently implemented in RRTMG to simulate radiative
fluxes under prescribed ice clouds in standard tropics profiles which have a high proportion of ice cloud coverage (Massie et
al., 2002; Stubenrauch et al., 2013). According to observations of (Hong and Liu, 2015), top and bottom pressure of ice
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cloud layer is set to 125.1 and 245.5 hPa, respectively, the De is set to 45 μm and ice water paths (IWP) equal to 60 g m-2.

Shortwave radiative fluxes profiles of cloudy-sky for five schemes and clear-sky conditions are shown in Figure 5.
Obviously, the downward direct flux of five schemes should be the same due to the same cloud optical thickness. Figure 5 a1
show that cloudy-sky increases the upward flux due to larger cloud albedo compared with clear-sky conditions. Figure 5 a3
indicate cloudy-sky decrease downward flux due to the absorption effects inside the cloud. Net flux under cloudy-sky is
smaller than clear-sky (Figure 5 a4), which can explain the cooling effects of ice cloud for SW spectrum. Figure 5 a3 show

260

that cloudy-sky increase the downward diffuse fluxes owing to multiple and single scattering. Specific comparison of five
schemes inside the black dotted region of Figure 5 a1 - a2, are enlarged and shown in Figure 5 a1’ - a4’. In Figure 5 a1’,
upward fluxes of five schemes and their differences gradually increase from cloud bottom to cloud top, reaching to the
maximum at the cloud top. The Voronoi and Mitchell scheme have higher upward fluxes (Figure 5 a1’) and lower downward
11
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diffuse flux (Figure 5 a2’) than the other three schemes. Differences of Voronoi scheme minus the Mitchell, Yi, Baum-yang
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and Fu scheme are 6-30 W/m2 for TOA upward fluxes, and -10-(-40) W/m2 for surface downward diffuse flux, -10- (-30)
W/m2 for surface net fluxes, and -8-(-42) W/m2 for TOA net fluxes. Radiative properties of Voronoi scheme in SW fluxes
can be explained by its smaller asymmetry factor (Figure 3, 4) than the other four schemes, leading to smaller proportion of
forward scattering and larger backward scattering. Thus, less SW flux reaching the ground and more upward flux for the
Voronoi scheme compared with the other four schemes. Five schemes rank as the Voronoi, Mitchell, Yi, Baum-yang and Fu
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scheme for upward fluxes and the opposite rank for downward diffuse fluxes.
4.3 CAM5 simulation results
As shown in RRTMG simulations in section 4.2, the influence of five ice cloud schemes (the Voronoi, Yi, Mitchell, Baumyang and Fu scheme) on the radiative effects is evaluated under standard tropical atmospheric profiles, and with assumptions
of ice cloud microphysical properties as input data. Simulation results based upon radiative transfer model are capable of
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showing difference of ice cloud radiative effects for five schemes under some specific conditions, but are unable to
demonstrate comprehensive performance of five schemes corresponding to real atmospheric situation. To study the ice cloud
modelling capabilities of five schemes as accurately as possible, the Voronoi, Yi, Baum-yang and Fu scheme are applied in
CAM5 in place of the default scheme (Mitchell scheme). Figure 6 and Figure 7 show the 10-yr mean TOA SWCF and
LWCF calculated from CERES SYN1deg products, and CAM5-simulated 10-yr average TOA SWCF and LWCF for five

280

schemes. Obviously, SWCF and LWCF exhibit cooling and warming effects, respectively. It is found that SWCF and LWCF
of SYN1deg products and CAM5 simulations are strong in tropics where frequent ice and liquid clouds occur. In CAM5
simulations for five schemes, the liquid water scheme remains unchanged, hence the difference of the total TOA SWCF and
LWCF among five schemes are attributed to different ice habits and their scattering and absorption properties within five
schemes. On a global average (Table 3), SWCF differences of CERES SYN1deg data minus CAM5 simulations in

285

ascending order, are the Voronoi (-0.33 W/m2), Mitchell (-1.11W/m2), Yi (-2.03W/m2), Baum-yang (-2.91 W/m2) and Fu
scheme (-4.02 W/m2). LWCF differences of CERES SYN1deg data minus CAM5 simulations in ascending order, are the
Voronoi (-0.39 W/m2), Mitchell (-0.76 W/m2), Baum-yang (-0.86 W/m2), Yi (-0.88 W/m2) and Fu scheme (-1.11 W/m2).
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To discuss the influence of five schemes on the global distributions of SWCF and LWCF, the zonal mean analyses are
shown in Figure 8. Results shows that the Voronoi scheme exhibits weaker cooling effects and weaker warming effects in

290

tropical regions than the other four schemes, and reduce the differences of TOA SWCF and LWCF between the CAM5
simulations and CERES SYN1deg products. As shown in RRTMG simulations (Figure 5), among five schemes, the Voronoi
scheme has lowest SW net flux, which can obtain smallest SWCF according to equation (14). That is why the Voronoi
scheme is closest to the CERES SYN1deg data over tropics region. Figure 9 show distribution of differences between five
schemes minus CERES SYN1deg mean values. The differences box of Voronoi scheme are most concentrated on the zero
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line, and its statistical deviation is the smallest, which means the spatial distribution of cloud radiative effects of Voronoi
scheme is closer to CERES observed results compared with other four schemes.

5 Conclusions
This paper attempts to evaluate the influence of the irregularly shaped Voronoi model on the cloud radiative effects through
parameterization (named Voronoi scheme) in the Community Atmosphere Model, Version 5 (CAM5). Bulk optical

300

properties, standalone radiative model simulations based on RRTMG and CAM5 10-yr simulation results of Voronoi scheme
are compared with the Mitchell scheme (the default scheme of the CAM5) and other four schemes (the Fu, Mitchell, Baumyang and Yi). The conclusions are as follows.
Comparisons of broadband bulk ice cloud optical property indicate that the Voronoi scheme shows similar mass extinction
coefficients and single-scattering albedos compared with the other four schemes. The Voronoi scheme produces a smaller
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asymmetry factor, which can cause stronger backward scattering, due to its complex shape. The RRTMG simulations exhibit
the shortwave upward and downward flux profiles of five schemes. Results show that weaker absorption in the Voronoi
scheme leads to more upward flux at the TOA but less downward flux at the surface in tropical cases, as well as reducing the
warming effects below the cloud more than the Mitchell scheme. Through 10-yr CAM5 simulations, this paper analysis the
feedback effects of Voronoi scheme and existing four schemes on the climate system and their differences. The globally
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averaged TOA SWCF and LWCF induced by five ice cloud schemes produce 1.5% (6.3%), 2.2% (6.6%), 10.2% (6.4%),
9.3% (8.4%) and 6.8% (7.1%) difference against CERES, respectively.
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In conclusion, Comparisons among Voronoi scheme, Baum-yang scheme, Yi scheme, Fu scheme, Mitchell scheme and
CERES satellite observation show that Voronoi scheme generally agrees with satellite observations. The Voronoi model has
the advantage of ice cloud modelling capabilities in CAM5 and possesses the potential for application in other global and

315

zonal climate models. Tuning the ice cloud schemes in other climate models may effectively fix the discrepancy between the
simulations and observations.

Data availability
The RRTMG code are available at http://rtweb.aer.com/rrtmg_sw_code.html, the CERES level3 SYN1deg products are
available at https://ceres.larc.nasa.gov/data/.
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Tables:
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Table 1. Shortwave and longwave bands in RRTMG

Shortwave
Band

Longwave
Band

cm-1

16

μm

3.08–3.85

1

10–350

17

2.5–3.08

2

350–500

18

2.15–2.5

3

500–630

19

1.94–2.15

4

630–700

20

1.63–1.94

5

700–820

21

1.3–1.63

6

820–980

22

1.24–1.3

7

980–1080

23

0.78–1.24

8

1080–1180

24

0.63–0.78

9

1180–1390

25

0.44–0.63

10

1390–1480

26

0.34–0.44

11

1480–1800

27

0.26–0.34

12

1800–2080

28

0.2–0.26

13

2080–2250

29

3.85–12.2

14

2250–2380

15

2380–2600

16

2600–3250
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500
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510
Table 2. Input parameter settings in RRTMG

Cases

High ice cloud

Pressure
(hPa)

125.1 - 245.5

Ice water
path
(g/m2)
60

Ice

Cloud

particle

fraction

effective

(%)

size (μm)
45

0.5

515

520

525

530

22

Solar zenith

Surface

angle (°θ)

albedo

60

0.1
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540

545

Table3. TOA SWCF and LWCF for five schemes and satellite observations.

Baum-yang

Fu

Yi

Mitchell

Voronoi

CERES

scheme

scheme

scheme

scheme

scheme

SYN1deg

TOA SWCF

-45.55

-46.66

-44.67

-43.73

-42.97

-42.64

TOA LWCF

20.11

19.86

20.09

20.21

20.58

20.97

550

555

560

565
23
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Figures:

570

Figure 1. Single scattering properties (extinction efficiency, scattering efficiency and asymmetry factor) of Voronoi model from the
composite method based on the FDTD, GOIE, and GOM methods at fixed wavelength of (a) 0.64µm and (b) 2.21µm, respectively.
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575
Figure 2. The framework of the steps of the ice cloud parameterization based on the Voronoi model.
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580

Figure 3. Calculations of (left) mass extinction coefficients, (center) single scattering albedo and (right) asymmetry factor as a
function of ice particle effective diameter De and 14 shortwave bands for (top row) Voronoi scheme, (second row) Mitchell scheme,
(third row) Fu scheme, (fourth row) Baum-yang scheme, and (bottom row) Yi scheme.
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585

Figure 4. Differences in (left) mass extinction coefficients, (center) single scattering albedo and (right) asymmetry factor as a
function of ice particle effective diameter De and 14 shortwave bands for (top row) Mitchell minus Voronoi scheme, (second row)
Fu minus Voronoi scheme, (third row) Baum-yang minus Voronoi scheme, and (bottom row) Yi minus Voronoi scheme.
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590

Figure 5. Shortwave radiative flux profiles (a1: upward flux; a2: diffuse downward flux; a3: downward flux; a4: net flux) of the
Baum-yang scheme (black line), Voronoi scheme (red line), Mitchell scheme (green line), Yi scheme (yellow line), Fu scheme (black
line) and clear conditions (blue line) for high tropical cirrus clouds, which are prescribed between 125.1 and 245.5
, with ice
particle effective diameters fixed at 45
and ice water paths fixed at 60 g m-2. , for solar zenith angles at 60°. Graphics in black
dotted box are magnified and displayed in (a1’-a4’).
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600

Figure 6. 10-yr average of TOA SWCF CAM5 simulations of Voronoi scheme, Mitchell scheme, Yi scheme, Baum-yang scheme
and Fu scheme, and the validation data is 10-yr average CERES satellite data.
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Figure 7. Same as the Fig. 9, but for 10-yr simulations of TOA LWCF.
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615

Figure 8. Zonal distributions patterns from 30°N to 30°S latitude of 10-yr annual mean simulations of TOA SWCF and LWCF for
the Voronoi, Mitchell, Yi, Baum-yang and Fu scheme, validated by CERES satellite data, respectively.
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Figure 9. Box analysis of Zonal distributions of 10-yr annual mean SWCF (left) and LWCF (right) difference between the Mitchell,
Voronoi, Fu, Baum-yang and Yi scheme, respectively.
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