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Abstract. During multiple field campaigns, small quasi-spherical ice crystals, commonly referred to as frozen droplets (FDs), 20 

and their aggregates (frozen droplet aggregates (FDAs)), have been identified as the predominant habits in the upper regions 

of deep convective clouds (DCCs) and their associated anvils. These findings highlight the significance of FDs and FDAs for 

understanding the microphysics and radiative properties of DCCs. Despite the prevalence of FDs and FDAs at the tops of 

DCCs where they directly contribute to cloud radiative forcing, the detailed single-scattering properties (e.g., scattering-phase 

function P11 and asymmetry parameter g) of FDs and FDAs remain highly uncertain. This uncertainty is mainly due to 25 

insufficient in situ measurements and the resolution of cloud probes, which hinder the development of idealized shape models 

for FDs and FDAs. In this study, two shape models, the Gaussian random sphere (GS) and droxtal (DX), are proposed as 

possible representations for the shapes of in-situ measured FDs and FDAs. A total of 120 individual models of GSs and 129 

models of DXs were generated by varying their shapes. Furthermore, by attaching these individual models in both 

homogeneous or heterogeneous manners, three different types and a total of 315 models of FDAs were created: (1) aggregates 30 

of GSs; (2) aggregates of DXs; and (3) combinations of GSs and DXs which are called habit mixtures (HMs). The P11 and g 

of the developed models were calculated using a geometric optics method at a wavelength of 0.80 μm and then compared with 

those obtained using a Polar Nephelometer (PN) during the CIRCLE−2 field campaign to assess the models. Both individual 

component ice crystals (i.e., either GS or DX) and homogeneous component aggregates (i.e., either aggregates of GSs or 

aggregates of DXs) showed substantial differences compared with the PN measurements, whereas the P11 of the HMs was 35 

found to match most accurately the in situ measured P11, reducing the differences to 0.87%, 0.88%, and 5.37% in the forward, 

lateral, and backward scattering regions, respectively. The g of the HMs was found to be 0.80 which falls within the range of 

the PN measurement (0.78 ± 0.04). The root mean square error for the HM was minimized to a value of 0.0427. It was shown 

that the novel HMs developed in this study demonstrated better performance than in previous research where HMs were 
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developed indirectly by weighting the calculated P11 of shape models to interpret in situ measurement. The result of this study 40 

carries important implications for enhancing the calculation of single-scattering properties of DCCs. 

1 Introduction 

Deep convective clouds significantly influence the Earth's energy budget, hydrological cycle, and climate system (Jensen et 

al., 1996; de Reus et al., 2009; Frey et al., 2011; Gayet et al., 2012; Raymond and Blyth, 2016). Characterized by intense 

updrafts and towering vertical structures, these clouds play a crucial role in transporting heat, moisture, and momentum 45 

throughout the troposphere (Houze, 2014; Lee et al., 2019), as well as injecting water vapor into the stratosphere (Dauhut and 

Hohenegger, 2022). Vertical motions lift moist air, resulting in the formation of ice crystals and subsequent precipitation 

(Andreae et al., 2004). Their radiative properties are crucial, affecting the Earth's radiative balance, through solar and terrestrial 

radiation interactions. Understanding these properties is vital for climate models and feedback mechanisms. Furthermore, deep 

convective clouds contribute to severe weather events, like thunderstorms, heavy rainfall, and lightning, impacting weather 50 

prediction and societal concerns (Williams, 2018). Therefore, investigating their radiative properties advances our 

comprehension of their atmospheric and climatic role, enhancing climate projections and weather forecasting. 

Limited in situ observations have been made to characterize the microphysical and radiative properties of deep convective 

clouds, especially in convective cores, due to safety concerns related to the vigorous updrafts (> 15 m/s), which prevent 

penetrations of research aircraft into the cores. During the Cirrus Cloud Experiment (CIRCLE−2, Gayet et al., 2012), the Deep 55 

Convective Clouds and Chemistry (DC3, Barth et al., 2015), and the CapeEx19 (Nairy, 2022) field campaigns, the 

microphysical properties (e.g., size and habit distributions) of ice crystals at the upper levels of deep convective clouds were 

measured. These upper regions of deep convective clouds were characterized by abundant quasi-spherical ice crystals, with 

maximum dimensions (Dmax) smaller than ~50 μm (Heymsfield and Sabin, 1989; Phillips et al., 2007, Lawson et al., 2010; 

Järvinen et al., 2016), and their aggregates (Gayet et al., 2012; Baran et al., 2012; Stith et al., 2014; Järvinen et al., 2016; Um 60 

et al., 2018). The presence of small quasi-spherical frozen droplets (FDs) has been attributed to homogeneous freezing of 

supercooled droplets rapidly ascending in the updraft (Rosenfeld and Woodley, 2000; Gayet et al., 2012), whereas linear 

“chain-like” shaped frozen droplet aggregates (FDAs) have been observed in environments with enhanced electric field (e.g., 

electrified thunderstorms) (Saunders and Wahab, 1975; Stith et al., 2002, 2004; Lawson et al., 2003; Connolly et al., 2005; 

Um and McFarquhar, 2009; Pedernera and Á vila, 2018; Um et al., 2018).  65 

Gayet et al. (2012) observed FDs and FDAs in the overshooting tops of a continental deep convective cloud at a temperature 

of approximately −58 °C during CIRCLE−2 with unusually high concentrations of ice crystals up to 70 cm-3. A dense cloud 

top exhibited a mean effective diameter of ~43 μm and a maximum particle size of approximately 300 μm, whereas the average 

asymmetry parameter (g) was determined to be approximately 0.776 using a Polar Nephelometer (PN) (Crépel et al., 1997; 

Gayet et al., 1997). Um et al. (2018) further investigated the morphological characteristics of FDs and FDAs using cloud 70 

particle imager (CPI) data obtained during the DC3 field campaign. The CPI data were collected from the upper anvils of two 

storms at altitudes between 12.0 and 12.4 km, at temperatures (T) ranging from −61 to −55 °C. It was revealed that FDs and 

FDAs were the predominant habits, comprising 73.0 % (by number) and 46.3 % (by projected area) of the observed particles, 

respectively. The average number (4.7 ± 5.0), size (31.79 ± 7.12 μm), and relative position of element FDs comprising the 

FDAs were also determined (Um et al., 2018).   75 

To quantify the radiative impacts of deep convective clouds, calculations of single-scattering properties of constituent ice 

crystals are required, and idealized models representing realistic shapes of these constituent ice crystals should be developed. 

The assumption of spherical shapes for the element FDs within FDAs was made to quantify the morphological characteristics 

of FDs and FDAs by Um et al. (2018). This assumption is valid for determining the size (i.e., Dmax) and the relative position 
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between FDs within FDAs, but it is not suitable for calculating the single-scattering properties (e.g., scattering-phase function 80 

P11 and g) of non-spherically shaped FDs (Um and McFarquhar, 2011).   

Even though a high resolution (i.e., 2.3 μm) CPI was used during the CIRCLE−2 (Gayet et al., 2012) and DC3 (Stith et al., 

2014) campaigns to image FDs its resolution was not sufficiently high to fully resolve the three-dimensional morphological 

features (e.g., non-sphericity and surface roughness) of FDs. This limitation introduces uncertainties in the calculations of 

single-scattering properties (Um and McFarquhar, 2011). In contrast, the FDs and FDAs imaged by the particle habit imaging 85 

and polar scattering (PHIPS, Abdelmonem et al., 2016) probe during the CapeEx19 campaign showed distinct non-spherical, 

plate-like shapes (Nairy, 2022). On the other hand, FDs captured in the vicinity of the convective core using the Ice 

Cryo−Encapsulation by Balloon (ICE−Ball) system showed quasi-spherical shapes with pronounced surface roughness 

(Magee et al., 2021). Laboratory−grown FDs and FDAs have also shown both quasi-spherical and non-spherical shapes of 

FDs (Pedernera and Á vila, 2018).   90 

Given the uncertainties surrounding the shapes of observed FDs and small ice crystals, several idealized shape models have 

been proposed to better represent the quasi-spherical nature of FDs and small ice crystals. These models include the Gaussian 

random sphere (Muinonen et al., 1996), droxtal (Yang et al., 2003), budding Bucky ball (Um et al., 2011), and Chebyshev 

particle (Mugnai and Wiscombe, 1980; McFarquhar et al., 2002; Um and McFarquhar, 2011; Baran et al., 2012). In particular, 

two methods, the Gaussian random sphere and droxtal, produce shapes that closely resemble those observed in field campaigns 95 

and experiments (Thuman and Robinson, 1954; Othake, 1970; Yamazaki and Gonda, 1984; Pedernera and Á vila, 2018; Magee 

et al., 2021). The Gaussian random sphere is well-suited to describe FDs composed of roughened facets, while experiments 

conducted in a cold cloud chamber at temperatures below −40 ℃ suggest that the shapes of FDs more closely resemble those 

of droxtals (see Figs. 2−3 of Pedernera and Ávila, 2018). Although Baran et al. (2012) applied a weighted habit mixture model 

of Chebyshev particles and hexagonal ice aggregates to calculate the single-scattering properties of FDAs, the development of 100 

idealized models specifically for FDAs and direct calculations of their single-scattering properties has yet to be thoroughly 

explored.  

In this study, idealized shape models were developed using Gaussian random spheres and droxtals to represent the shapes 

of FDs and FDAs and the corresponding single-scattering properties were computed using a geometric optics method. The 

results of these theoretical calculations are then compared with in situ measurements obtained during CIRCLE−2 to evaluate 105 

the developed models. The remainder of this paper is organized into the following sections: Section 2 outlines the development 

of shape models for FDs and FDAs based on in situ measurements. Section 3 details the theoretical methodology used to 

calculate the single-scattering properties of FDs and FDAs. Section 4 discusses the results, and Section 5 provides a summary 

and conclusion of this study. 

2 Idealized models representing the shapes of frozen droplets and frozen droplet aggregates 110 

To compute the single-scattering properties of FDs and FDAs, it is essential to have idealized shape models that closely 

replicate their natural form. In this study, shape models representing quasi-spherical FDs and FDAs were developed using 

Gaussian random spheres and droxtals based on the shapes of these particles observed during field campaigns and laboratory 

experiments. This section presents the geometrical description of the Gaussian random sphere and droxtal. Additionally, it 

outlines the procedure used to construct shape models of FDAs. 115 

2.1 Gaussian random sphere 

The Gaussian random sphere is widely used to depict natural particles characterized by uneven surfaces, such as asteroids 

(Muinonen and Lagerros, 1998), desert dust particles (Nousiainen et al., 2003), and small ice crystals (Nousiainen and 

McFarquhar, 2004; Nousiainen et al., 2011). Magee et al. (2021) recently revealed previously undiscovered uneven and rough 
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surfaces due to the limited resolution of imaging probes. Therefore, the Gaussian random sphere is well-suitable for generating 120 

models to represent FDs because it is designed to represent uneven and rough surfaces. Here, idealized models of FDs, 

represented by Gaussian random spheres, were developed using the SIRIS software (Muinonen et al., 1996; Nousiainen et al., 

2003). This software enables the generation of quasi-spherical shapes with randomly deformed surfaces through the utilization 

of Gaussian random sphere geometry along with several statistical parameters. 

Two statistical parameters, the relative standard deviation of radius (σ) and correlation angle (Γ), were varied to generate a 125 

total of 120 Gaussian random spheres. 20 different Γ (i.e., from 0.01 to 0.20) were used to develop each case of Gaussian 

random spheres. Adjusting σ affects the radius vector (Υ) of the Gaussian random sphere and the radius vector is defined in 

spherical coordinates as 

Υ(ϑ, φ) =
𝑎

√1+𝜎2
exp[𝑠(ϑ, φ)] 𝑒𝑟̂ and         (1) 

𝑠(ϑ, φ) =  ∑ ∑ 𝑠𝑙𝑚𝑌𝑙𝑚(ϑ, φ)𝑙
𝑚=−𝑙

∞
𝑙=0 ,         (2) 130 

where a denotes the mean radius, Ylm is the orthonormal spherical harmonics, and slm is a Gaussian random variable generated 

with zero means (Muinonen et al., 2007). The s and 𝑒𝑟̂ is logradius and a unit vector pointing outward in the direction (ϑ, φ) 

in spherical coordinates, respectively. The Γ is correlation angle which is defined by  

Γ = 2arcsin (
1

2
𝑙) and           (3) 

𝐶𝑠(𝑟) = 𝑒𝑥𝑝(−
2

𝑙2 𝑠𝑖𝑛2 1

2
𝑟),          (4) 135 

where Cs is the correlation function and l is the correlation length (Nousiainen, 2002). Table 1 lists the values of these statistical 

parameters used to generate the Gaussian random spheres. Figure 1 shows example realizations of the geometric shapes of 

Gaussian random spheres with Dmax= 30 μm. As Γ decreases while σ remains constant (i.e., from Fig. 1f to 1a), the shapes of 

Gaussian random spheres progressively deviate from a spherical form, assuming an increasingly spiky and appearance not like 

those of observed ice crystals. More detailed information on the SIRIS software and Gaussian random sphere geometry can be 140 

found in Muinonen et al. (1996) and Nousiainen et al. (2003). 

 

 

Table 1. Statistical parameters, Г and σ, used to develop six cases of FDs represented by Gaussian random spheres are shown. 

case 1 2 3 4 5 6 

Γ 10° 20° 30° 60° 90° 180° 

σ 0.01 ~ 0.20 

 145 

 

 

 

Figure 1. Example realizations of the Gaussian random spheres based on six different Γ. The σ is 0.15 for all the cases presented 

here and the values of Γ for each model are embedded at the bottom of each panel. The Dmax of Gaussian random spheres is identical 150 
(i.e., 30 μm) for all the cases. 
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2.2 Droxtal 

Thuman and Robinson (1954) researched Alaskan ice fog, collecting ice crystals using glass slides. They discovered unusual, 

small ice particles that exhibited characteristics of both droplets and crystals at temperatures less than –35 ℃. These particles 

were more prevalent than the well-formed hexagonal columns and plates typically expected. The researchers named these 155 

unique ice particles as droxtals. Later, Othake (1970) identified droxtals as 14 or 20−faced polyhedral crystals, noting that 

such particles are no longer considered unusual in ice fog conditions. Yamazaki and Gonda (1984) advanced this understanding 

by demonstrating the growth of a 20−faceted ice crystal from a frozen droplet through their experiments (see their Fig.1). The 

droxtals were used to calculate single-scattering properties of small quasi-ice crystals observed in cirrus clouds using the finite-

difference time domain method (Yang et al., 2003) and the improved geometric optics method (Zhang et al., 2004). 160 

For T < –40 °C, cloud droplets freeze so rapidly that they do not have sufficient time to develop into typical shapes, such as 

hexagonal columns (Ohtake, 1970). Recent laboratory results reported that FDs observed at temperatures less than −40 °C 

bear a resemblance to the shape of droxtals (Pedernera and Á vila, 2018). Considering the aforementioned observations and 

experiments, it is plausible to assume the droxtal geometry as a possible candidate representing the shape of small and quasi-

spherical ice crystals which are observed in the upper anvil of DCCs. 165 

Figure 2 shows the geometrical configuration of a droxtal. Two angular parameters θ1 and θ2, in conjunction with the radius 

(R) of a circumscribing sphere, determine the geometry of the droxtal. The relationships of these parameters are given by: 

𝑎1 = 𝑅𝑠𝑖𝑛𝜃1 and       𝑎2 = 𝑅𝑠𝑖𝑛𝜃2  and        (5) 

𝐿1 = 𝑅𝑐𝑜𝑠𝜃1 and       𝐿2 = 𝑅𝑐𝑜𝑠𝜃2  and        (6) 

where a1 and a2 are connected with the area of hexagonal faces of the droxtal. In Eq. (6), L1 and L2 are related to the area of 170 

rectangular and trapezoidal faces, respectively. With a total of 20 faces, a single droxtal features 12 trapezoidal faces (e.g., 

EFF’E’ in Fig. 2a), 6 rectangular faces (e.g., E’F’F’’E’’ in Fig. 2a), and 2 hexagonal faces (e.g., ABCDEF in Fig. 2a). The 

single droxtal, specified by θ1 = 32.35° and θ2 = 71.81°, exhibits maximum sphericity. Based on this model representing 

maximum sphericity, modifications were made to generate the idealized droxtal models. By adjusting either θ1 or θ2 at one-

degree intervals, a total of 127 idealized droxtal models with Dmax = 30 μm were developed. Four example realizations of the 175 

droxtal are illustrated in Fig. 3. Figure 3a and 3b correspond to the case where θ1 varies, while θ2 is fixed at 71.81°. Conversely, 

Figs. 3c and 3d show the cases where θ2 is varied, while θ1 is held constant at 32.35°. The corresponding values of θ1 and θ2 

are shown at the bottom of each panel. Table 2 gives the values and ranges of the angular parameters for each droxtal case 

developed in this study. 

 180 

 

 

Figure 2. Geometrical configuration of a droxtal. The 𝑨𝑫′′ in (b) corresponds to the maximum dimension (Dmax). Adjusting the two 

angles, θ1 and θ2, influences the area of hexagonal, rectangular, and trapezoidal faces of droxtal. 

 185 
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Figure 3. Example realizations of droxtal models based on the four cases shape statistics. The Dmax for each droxtal model is 30 μm. 

Corresponding statistical parameters, θ1 and θ2, are shown at the bottom of each panel. 

 190 

 

 

Table 2. Statistical parameters, θ1 and θ2, used to develop four cases of FDs represented by droxtals are shown. 

case 1 2 3 4 

θ1 1.35° ~ 32.35° 33.35° ~ 71.35° 32.35° 32.35° 

θ2 71.81° 71.81° 32.81° ~ 71.81° 72.81° ~ 89.81° 

 

 195 

2.3 Frozen droplet aggregates 

Linearly chained FDAs are one of the distinct characteristics of continental DCCs, which may be produced by high electric 

fields that exist within the clouds (Saunders and Wahab, 1975; Stith et al., 2002, 2004, 2014; Connolly et al., 2005; Gayet et 

al., 2012; Järvinen et al., 2016; Um et al., 2018). According to an analysis on the morphological properties of FDAs by Um et 

al. (2018), on average, FDAs consisted of 4.7 ± 5.0 individual FDs, with approximately 90 % of the measured FDAs being 200 

composed of 2 to 10 individual FDs.  

In this section, idealized models representing the linearly-chained and complex shapes of FDAs are developed. To this end, 

individual models of FDs (i.e., either Gaussian random spheres or droxtals) were distributed in three-dimensional space with 

random orientations, reflecting the natural tendency of ice crystals in the atmosphere to have no preferred orientations. 

Additionally the following assumptions were made to develop the idealized models of FDAs.   205 

- The shape of all FDs composing a FDA model is identical. 

- No overlap exists between the constituents of FDA models. 

- The maximum number of contact points between the constituents of a FDA model is two. 

The aggregation index (AI) is used to describe the shape of FDAs in three-dimensional space. The AI has been used for 

analyzing the impacts of three-dimensional shapes of aggregates of ice crystals, such as bullet rosettes and plates, on their 210 

corresponding scattering properties (Um and McFarquhar, 2009; Um et al., 2018). The AI is defined as 

𝐴𝐼 =
∑ ∑ 𝐷𝑖𝑗

𝑛
𝑗

𝑛
𝑖

𝑀𝐴𝑋(∑ ∑ 𝐷𝑖𝑗
𝑛
𝑗

𝑛
𝑖 )

,           (7) 

where Dij is the distance between the center of the circumscribing circle of frozen droplet i and that of frozen droplet j. The AI 

is calculated only for the cases where n ≥ 3 (Um and McFarquhar, 2009; Um et al., 2018). As the AI value increases, the shape 
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of FDAs becomes more similar to that of a linearly-chained structure. A total of 270 idealized FDAs models were generated, 215 

varying the number of constituent FDs (i.e., n ranging 2 to 10). Figure 4 shows examples of aggregates of 6 Gaussian random 

spheres and aggregates of 4 droxtals. 

  

 

Figure 4. Examples of newly developed models for FDAs. (a) FDAs represented by aggregates of six Gaussian random spheres and, 220 

(b) FDAs represented by aggregates of four droxtals. 

 

3 Geometric optic method for calculating single-scattering properties 

The P11 and g are single-scattering properties of great interest in both remote sensing and climate models studies. The P11 is 

the first element of the phase matrix (P) that describes the scattering intensity of radiation when the incident light is unpolarized. 225 

(Bohren and Huffman, 1983). The g, which is defined as the cosine-weighted normalized P11, provides a measure for assessing 

asymmetry in the forward scattering region of the phase function. The g takes on values between -1 and 1 depending on the 

direction of scattered energy. The g equals 1 when all radiation is scattered into the forward hemisphere, and -1 when all 

radiation is scattered in the backward hemisphere. When g equals 0, this indicates isotropic or hemispherically symmetric 

scattering. The normalized P11 and g are defined as 230 

𝑃11 =
1

4π
∫ 𝑃114π

𝑑Ω,           (8) 

g =
1

4π
∫ 𝑃114π

𝑐𝑜𝑠𝜃𝑑Ω,           (9) 

where Ω and θ is the solid angle and scattering angle, respectively (Bohren and Huffman, 1983). 

The geometric optics method (GOM), also known as ray optics or the ray-tracing method, is a widely used approximation 

technique that calculates single-scattering properties (e.g., P11 and g) of atmospheric ice crystals (e.g., Yang and Liou, 1995; 235 

Macke et al., 1996; Konoshonkin et al., 2015). Furthermore, various methods derived from the GOM, such as improved 

geometric optics methods (IGOM, Yang and Liou, 1998; Havemann et al., 2002), ray tracing with diffraction on facets (RTDF, 

Hesse et al., 2008, 2009), and geometrical-optics-integral-equation (GOIE, Ishimoto et al., 2012) have been developed and are 

in use. The GOM is applicable when the size parameter (𝜒 =  
2𝜋𝑟

𝜆
) of scatterers is significantly larger than the wavelength (λ) 

of incident light (i.e., 𝜒 ≫  1), but the lower size limit of the applicability of conventional GOM is not well-defined, and it 240 

depends on the morphology of scatterer (Um and McFarquhar, 2015). For the calculation of single-scattering properties of 
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FDs and FDAs, the modified version of the geometric ray-tracing code (Macke et al., 1996), which includes parallelized 

computation, was used (Um and McFarquhar, 2009).  

For the simulations presented here, 72,000 randomly chosen orientations and 1,000 incoming rays per orientation were used 

to calculate single-scattering properties at λ = 0.80 μm. The refractive index of ice at this λ is 1.3049 + i1.34×10-7 (Warren and 245 

Brandt, 2008), where i is the imaginary part, and a scattering angle resolution of 0.25° was employed. The results of simulations 

are compared with the single-scattering properties measured by a PN during CIRCLE−2 to determine the best-fit model that 

most accurately matches the observations. The best-fit model minimizing the root mean square error (RMSE), XRMSE, was 

determined as best-fit model. XRMSE is defined as 

𝑋𝑅𝑀𝑆𝐸 = √
1

N
{∑ 𝑋𝑖

2𝑖 = 32
𝑖 = 1 },           (10) 250 

where Xi represents the log difference between the measured average P11 and computed P11. The i (i = 1, 2, …, 32) is the 

number of scattering angles measured by the PN instrument. 

 

4 Calculation results and comparison with in situ measurements 

To determine the ice crystal model that best matches the P11 and g of FDAs observed by the PN during CIRCLE−2, the single-255 

scattering properties of individual crystals (i.e., either Gaussian random spheres or droxtals) with varying shapes and those of 

their aggregates (i.e., either aggregates of Gaussian random spheres or aggregates of droxtals) with varying 3D morphologies 

(e.g., AI) were calculated. Initially, the single-scattering properties of the individual component ice crystals were calculated 

and then compared with the PN measurements in Section 4.1. A total of 120 Gaussian random spheres (discussed in Sect. 4.1.1) 

and 129 droxtals (discussed in Sect. 4.1.2) were used for this purpose. This step is crucial to verify whether a constituent crystal 260 

can represent the single-scattering properties of their aggregates, as previous studies (Um and McFarquhar, 2007; 2009) have 

demonstrated similarities between the single-scattering properties of aggregate crystals and their component crystals. 

Subsequently, the calculated single-scattering properties of homogeneous component aggregates (i.e., either aggregates of 

Gaussian random spheres (Sect. 4.2.1) or aggregates of droxtals (Sect. 4.2.2)) were compared with those observed by the PN 

(Sect. 4.2). Finally, models for heterogeneous component aggregates, which are mixtures of Gaussian random spheres and 265 

droxtals, were developed in Section 4.3. 

4.1 Single frozen droplets 

4.1.1 Gaussian random sphere 

Figure 5a illustrates the comparison between the P11 of 120 single FDs models, represented by Gaussian random spheres, and 

data obtained during CIRCLE−2 (i.e., gray shading area). The P11 was divided into three different scattering regions: forward 270 

scattering (0° to 60°), lateral scattering (60° to 120°), and backward scattering (120° to 180°) angles, to analyze the relative 

contribution to each region. Single models of Gaussian random spheres showed average differences of 10.63%, 47.28%, and 

32.19% in the forward, lateral, and backward scattering regions, respectively compared with the PN measurements. In 

particular, the energy scattered into the lateral and backward directions exhibited notable differences compared to that scattered 

into the forward region. This discrepancy is attributed to the typical characteristic of quasi-spherical ice crystals, low lateral-275 

scattering, as identified by Mishchenko and Travis (1998). Additionally, unlike other non-spherical ice crystals (e.g., hexagonal 

columns and droxtals), the P11 of the Gaussian random sphere did not show sharp peaks in the forward scattering region. The 

average g was 0.83 ± 0.05 which falls outside the measurement range of the PN (i.e., 0.78 ± 0.04). However, it was shown that 

the Gaussian random spheres representing spiky forms, as illustrated in case (a), (b), and (c) of Fig. 1, have g values with 
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uncertainty ranges of 0.77 ± 0.04, 0.80 ± 0.04, and 0.81 ± 0.04, respectively, which are close to those of the PN (indicated by 280 

blue dashed line in Fig. 5b). These results, as clearly depicted in Fig. 5b, show that the spherical shape models scatter more 

intensity into the forward scattering region, consequently leading to an increased g.  

To address the discrepancy in the lateral scattering observed in spherical cases of Gaussian random spheres (i.e., (d), (e), 

and (f) of Fig. 1), additional simulations using the distortion parameter (t) were conducted. Using t is a statistical method 

reflecting the influence of distorted faces, surface roughness, or inclusions of ice crystals on the single-scattering properties. 285 

It involves tilting the path of the reflected and refracted ray randomly during the simulation, around its original direction. The 

zenith and azimuth tilt angles are randomly selected with an equal distribution between 0 and θ𝑡
𝑚𝑎𝑥 (0 ≤ θ𝑡

𝑚𝑎𝑥  ≤ 2π). The 

degree of distortion is defined by the relation: t = θ𝑡
𝑚𝑎𝑥/90° (Macke et al., 1996).  

Figure 6 shows the P11 of Gaussian random spheres when assuming varying t values: 0.0 (indicating no distortion), 0.1, 0.2, 

and 0.3. Each black-colored line corresponds to the P11, with different values of t, exhibiting the smallest RMSE when 290 

compared with the P11 measured by the PN (indicated by filled red circles in Fig. 6). A single Gaussian random sphere with t 

= 0.3 was the best-fit model minimizing the RMSE to a value of 0.1243. The differences in forward, lateral, and backward 

scattering for the best-fit model were 6.89%, 39.32%, and 20.16%, respectively. The g was calculated to be 0.76 which falls 

within the measurement range of the PN.  

The t was applied for the purpose of reducing the difference in the lateral scattering region caused by general features of 295 

quasi-spherical ice crystals (i.e., low lateral scattering), however, it was not sufficient to minimize the RMSE value. The 

differences in the P11 and g between the Gaussian random sphere models and in situ measurements, across distortion parameter 

values, are summarized in Tables 3 and 4. 

 

 300 

 

Figure 5. (a) A comparison of the computed P11 for single Gaussian random sphere models (blue shaded area) against P11 obtained 

during CIRCLE−2 (red filled circles). The gray-shaded area represents the full range of P11 measurements of ice crystals obtained 

during CIRCLE−2. (b) The computed g for each case of individual Gaussian random spheres. The blue dashed lines indicate the 

uncertainty range for g of PN measurement (i.e., 0.78 ± 0.04). The median values for each case of the single Gaussian random sphere 305 
model are plotted as red solid lines in the box plot. 
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Figure 6. A comparison of the average in situ measured P11 (red filled circles) with the P11 of a single Gaussian random sphere. Each 310 
black line corresponds to the best-fit model assuming t values from 0.0 to 0.3. The gray-shaded area represents the full range of P11 

measurements obtained during CIRCLE−2. 

 

 

4.1.2 Droxtals 315 

Figure 7a shows a comparison of the P11 of droxtals with the in situ measured P11. Due to their faceted structure, the droxtals 

have P11 characterized by several sharp peaks in the forward scattering directions (Zhang et al., 2004; Um et al., 2011; Yang 

et al., 2013). The strong peaks are distinctly visible in the P11 of droxtals in Fig. 7a and the most pronounced peak was found 

at 6.5°. These peaks indicate angles of minimal deviation, caused by the refraction of rays passing through two facets of a 

particle.  320 

For the droxtals, the average differences between the droxtal models and in situ measurements in the forward, lateral, and 

backward scattering were 4.80%, 27.06%, and 15.66% respectively. The droxtals show a smaller difference in the lateral 

scattering direction compared to that of the Gaussian random sphere. The overall shape of the P11 in the forward scattering 

region appears to deviate significantly from observations. However, these models still effectively simulate the total intensity 

scattered into the region, outperforming the Gaussian random spheres. Figure 7b illustrates the comparison of g values of 325 

droxtals with the measurement range of the in-situ measurements (indicated by blue dashed line in Fig. 7b) using box plots. 

Droxtals representing the typical shapes (i.e., (a) in Fig. 3) and the shape most closely resembling columns (i.e., (c) in Fig. 3) 

have average g of 0.81 ± 0.01 and 0.82 ± 0.01, respectively. These results fall within the upper measurement range of the PN 

measurements (i.e., 0.78 ± 0.04). 

Figure 8 shows the P11 of droxtals with the smallest RMSE for t ranging from 0.0 to 0.3. Each P11 of the droxtal is depicted 330 

using the black line, whereas the in situ measurements are represented by red filled circles. The P11 of droxtals with higher t 

exhibit smaller difference from the in situ measurements in the lateral and backward scattering region in contrast to the 

Gaussian random spheres. The disappearance of strong peaks in the forward scattering region, as the t value increases from 

0.0 to 0.3, leads to improved agreement in the forward scattering region. Similar to the case with a single Gaussian random 

sphere, a single droxtal with t = 0.3 minimized the RMSE to 0.0806. The calculated differences between the P11 of the droxtal 335 

with t = 0.3 and the in situ measured P11 were 2.49%, 3.48%, and 10.64% in the forward, lateral, and backward scattering 

regions, respectively. The g was found to be 0.81 which is close to the upper boundary of the measurement range of PN. Tables 
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3 and 4 provide a summary of the average and standard deviation for the differences in the P11 and g between developed droxtal 

models and the in situ measurements at different t values. 

 340 

 

 

Figure 7. Same as Fig. 5 but for the single droxtal models. 

 

 345 

 

 

 

Figure 8. Same as Fig.6 but for the single droxtal models. 

 350 
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Table 3. Average differences and standard deviations in P11 for shape models representing single FDs (either Gaussian random 

spheres (GS) or droxtals (DX)), across forward (FWD), lateral (LAT), and backward (BWD) scattering regions, with t values ranging 

from 0.0 to 0.3. 

Difference in P11 (%) t = 0.0 t = 0.1 t = 0.2 t = 0.3 

GS 

FWD 10.63 ± 5.19 10.58 ± 5.23 10.44 ± 5.26 10.18 ± 5.24 

LAT 47.28 ± 27.67 46.91 ± 27.48 45.96 ± 26.73 44.47 ± 25.42 

BWD 32.19 ± 12.21 32.41 ± 12.16 32.78 ± 12.35 32.85 ± 13.36 

DX 

FWD 4.80 ± 1.90 4.85 ± 2.02 4.80 ± 2.10 5.63 ± 1.56 

LAT 27.06 ± 11.23 27.07 ± 11.53 26.74 ± 11.02 27.05 ± 11.29 

BWD 15.65 ± 11.09 15.38 ± 11.15 15.43 ± 11.72 14.76 ± 12.95 

 355 

 

 

Table 4. Average differences and standard deviations in g for shape models representing single FDs (either Gaussian random spheres 

(GS) or droxtals (DX)), across forward (FWD), lateral (LAT), and backward (BWD) scattering regions, with t values ranging from 

0.0 to 0.3. 360 

Difference in g (%) t = 0.0 t = 0.1 t = 0.2 t = 0.3 

GS 7.73 ± 4.71 7.70 ± 4.69 7.52 ± 4.57 7.18 ± 4.57 

DX 6.01 ± 1.88 5.99 ± 1.86 5.81 ± 1.83 5.40 ± 1.78 

 

 

4.2 Aggregates of single frozen droplets 

Based on the results of the single-particle models discussed in Section 4.1, models of FDAs were constructed using the 

Gaussian random sphere and droxtal, which provided the smallest RMSE in comparison to the in situ measurements. These 365 

developed FDAs featured homogeneous components, with the component shapes of the FDAs varying and the number of 

components in each model ranging from 2 to 10. For each particle count, 15 different FDAs models were generated (e.g., 

creating 15 models for 2-particle aggregates, 15 for 3-particle aggregates, etc.). This approach was applied to both the Gaussian 

random spheres and droxtals, so that the total number of developed models amounts to 270.  

As the observed FDAs have a myriad range of morphologies including “linearly-chained” or “compact” shapes (Gayet et 370 

al., 2012; Stith et al., 2014; Um et al., 2018),  diverse 3D morphological characteristics should be considered. The AI (discussed 

in Sect. 2.3) was introduced for this purpose. Analysis on the AI of the constructed FDAs reveals that for models composed of 

homogeneous Gaussian random spheres, the AI values range from a minimum of 0.5305 to a maximum of 0.9457, with a mean 

value of 0.7567. For those composed of homogeneous droxtal components, the minimum, maximum, and mean AI values are 

0.4224, 0.9738, and 0.7321, respectively. 375 

4.2.1 Aggregates of Gaussian random spheres 

Figure 9 shows the P11 and g at λ = 0.80 μm for aggregates of Gaussian random spheres. The aggregates of Gaussian random 

spheres showed an average difference of 13.47%, 80.65%, and 11.06% from the in-situ measurements in the forward, lateral, 

and backward scattering regions, respectively. Although these are minimized to 12.41%, 75.93%, and 6.83% with t = 0.3, the 

discrepancies in the lateral scattering angles remain. One distinct feature is that the discrepancies in the lateral scattering 380 
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direction from in-situ measurements evident in the aggregate of Gaussian random sphere models were also observed for 

individual Gaussian random sphere models (see Fig. 5a and Fig. 6). These discrepancies remain or even become more 

pronounced due to the interactions among the components of FDAs. Figure 10 shows the variations of differences in the lateral 

scattering region of the P11 from in-situ measurements with t from 0.0 to 0.3. As shown in Fig. 10, as more components are 

included in a single model of FDAs, the difference between the model and observations tends to increase. 385 

Figure 9b shows how the calculated g varies as a function of the number of attached Gaussian random spheres. An increase 

in the number of components of FDAs corresponds to a decrease in g. This is attributed to the fact that a higher number of 

chained FDs results in a longer path length for reflected and refracted rays, consequently leading to a decrease in scattered 

energy in the forward scattering region. Despite being close to the lower boundary of the measurement range of the PN, FDAs 

composed of 2 or 3 Gaussian random spheres were found to simulate the g values closer to those observed compared to those 390 

with more than 4 components. 

Figure 11 shows the P11 for aggregates of Gaussian random spheres that have the smallest RMSE with t from 0.0 to 0.3 (i.e., 

black lines in Fig. 11). The best-fit model, found to be composed of four Gaussian random spheres of type 1 (i.e., (a) in Fig. 

1), minimized the RMSE value to 0.1338 when applying t = 0.3. The differences between the P11 of the best-fit model and the 

in situ measured P11 were 10.43%, 67.60%, and 0.27% in the forward, lateral, and backward scattering regions, respectively. 395 

The g was 0.75 which is close to the lower boundary of the PN's uncertainty range. While the P11 shows rather reasonable 

agreement with the in situ measurements in the forward scattering region, it does not accurately simulate the lateral and 

backward scattering regions of the measurements and notably, no broad peaks are evident at a scattering angle of approximately 

140°. 

 400 

 

 

Figure 9. (a) The calculated P11 for FDAs represented by aggregates of Gaussian random spheres with distortion parameter t = 0.0 

at λ = 0.80 μm. The gray-shaded area and red filled circles represent the full range of P11 measurements obtained during CIRCLE−2, 

respectively. The blue-shaded area indicates the computed P11 for FDAs and N denotes the total number of aggregates of Gaussian 405 
random spheres developed in this study. (b) The variation in computed g values as a function of the number of components. The red 

solid line and blue dashed line represent the median g value for each component count and uncertainty range for the g measured by 

PN, respectively. 
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 410 

 

 

Figure 10. The differences between the in situ measured P11 and computed P11 for the FDAs consisting of Gaussian random spheres. 

As the number of components increases, the differences between the model and observations increase. 

 415 

 

 

Figure 11. A comparison of the P11 computations for aggregates of Gaussian random spheres with the average P11 obtained during 

CIRCLE−2. Each black line corresponds to the best-fit model assuming t values from 0.0 to 0.3. The gray-shaded area represents 

the full range of P11 measurements from CIRCLE−2. 420 

 

 

4.2.2 Aggregates of droxtals 

Figure 12a illustrates a comparison of P11 for aggregates of droxtals with the in situ measurements at λ = 0.80 μm. In the 

forward scattering region, peaks are evident due to the faceted structure of droxtals as shown in Fig. 3. For droxtals with t = 425 

0.0, the average differences in the forward, lateral, and backward scattering regions were 3.07%, 20.39%, and 11.27%, 

respectively. These differences are reduced to 1.02%, 11.84%, and 3.33% in the forward, lateral, and backward regions, 

respectively, when assuming t = 0.3. 

Figure 12b presents the variation in the calculated g as a function of the number of attached droxtals. The g values of FDAs 

represented by droxtals have a pattern similar to those of Gaussian random sphere aggregates, characterized by a decrease in 430 
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the g values as the number of attached components increases (see Fig. 9b). The average differences from the in situ 

measurements and standard deviations for both P11 and g of droxtal aggregates, ranging from no distortion (t = 0.0) to t = 0.3, 

are summarized in Tables 5 and 6.  

Figure 13 shows that the difference from in-situ measurements in lateral scattering for FDAs models represented by droxtals 

increases with the number of components. However, this difference slightly decreases as the t increases from 0.0 to 0.3. In 435 

Figure 14, each black line corresponds to the calculated P11 for aggregates of droxtals which provide best-fit to the measured 

P11 with t ranging from 0.0 to 0.3. The best-fit model consisted of two droxtals of type 3 (i.e., (c) of Fig. 3), which gave a 

minimum RMSE of 0.0550 with t = 0.3. The average differences of the best-fit model from in situ measurements were 1.19%, 

12.43%, and 1.41% in the forward, lateral, and the backward scattering regions, respectively. 

The best-fit model, consisting of aggregates of droxtals, significantly improves agreement with in situ measurements in the 440 

lateral scattering region, reducing the difference down to 12.43%. It closely simulates the measurements not only in the lateral 

scattering region but also in the backward regions, particularly capturing peaks around a 140° scattering angle. The computed 

g for the best-fit model was 0.79 which falls within the measurement range of PN. Tables 5 and 6 summarize the average 

differences and standard deviations in P11 and g values between droxtal aggregates and in situ measurements, across t values 

ranging from 0.0 to 0.3. 445 

 

 

 

Figure 12. Same as Fig. 9 but for the models of FDAs represented by aggregates of droxtals. 

 450 

 

 

 

 

 455 
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Figure 13. Same as Fig. 10 but for the models of FDAs represented by aggregates of droxtals. 

 

 460 

 

Figure 14. Same as Fig.11 but for the FDAs represented by aggregates of droxtals. 

 

 

 465 

Table 5. Same as Table 3 but for the FDAs models represented by aggregates of Gaussian random spheres (FDA_GS) or aggregates 

of droxtals (FDA_DX). 

Difference in P11 (%) t = 0.0 t = 0.1 t = 0.2 t = 0.3 

FDA_GS 

FWD 13.47 ± 0.74 13.28 ± 0.73 12.90 ± 0.72 12.40 ± 0.77 

LAT 80.65 ± 3.16 79.83 ± 3.13 78.14 ± 3.07 75.89 ± 3.31 

BWD 11.06 ± 2.65 10.35 ± 2.63 8.91 ± 2.57 6.81 ± 2.82 

FDA_DX 

FWD 3.07 ± 0.92 3.10 ± 0.91 3.22 ± 0.88 1.02 ± 0.71 

LAT 20.39 ± 4.20 20.36 ± 4.12 20.93 ± 3.95 11.84 ± 3.93 

BWD 11.27 ± 2.80 10.91 ± 2.81 8.97 ± 2.76 3.33 ± 2.17 
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Table 6. Same as Table 4 but for the FDAs models represented by aggregates of Gaussian random spheres (FDA_GS) or aggregates 470 
of droxtals (FDA_DX). 

Difference in g (%) t = 0.0 t = 0.1 t = 0.2 t = 0.3 

FDA_GS 4.87 ± 0.47 4.85 ± 0.47 4.91 ± 0.47 5.09 ± 0.47 

FDA_DX 2.74 ± 0.61 2.75 ± 0.61 2.70 ± 0.62 2.31 ± 0.62 

 

 

4.3 Habit mixture model 

Different morphological features of FDAs were reported by Stith et al. (2014), with the FDAs comprising of mixtures of quasi-475 

spherical FDs and faceted ice crystals (see Fig. 14 in Stith et al. (2014)). The faceted ice crystals within these aggregates often 

manifested as hexagonal plates or column crystals. However, the CPI instrument used for capturing images of ice crystals is 

limited in its ability to fully describe the three-dimensional structures of ice crystals. When imaged by the CPI, ice crystals are 

presented at specific angles, suggesting that what were identified as hexagonal plates in FDAs may actually be hexagonal 

facets of droxtals. This interpretation is supported by the experimental findings of Yamazaki and Gonda (1984) and Pedernera 480 

and Á vila (2018), which showed that FDs can evolve into hexagonal column-like structures over time. 

In previous research, habit mixture models were used to interpret the single-scattering properties of FDAs observed in DCCs 

during CIRCLE−2. However, the computations of these properties were made indirectly through the weighted habit mixture 

model (Baran et al., 2012). Baran et al. (2012) introduced four different shape models: Chebyshev particles, spheroids (e.g., 

prolate and oblate), ice spheres, and highly randomized ten-element hexagonal column aggregates. In the paper, weighting 485 

applied to each P11 of these models and the sum of weighting equals to one. A combination of two different types of Chebyshev 

particles and a highly irregular ten-element column aggregate with t = 0.8, called model 4 in the paper, provided the best fit to 

the in situ measurements obtained during CIRCLE−2 (see Fig. 8 of Baran et al., 2012). 

In this study, the theoretical method from the previous work is advanced by implementing a direct computation approach. 

This approach used habit mixture models, constructed by rearranging components of Gaussian random sphere aggregates and 490 

droxtal aggregates. These aggregates models were found to minimize the RMSE in comparison with in-situ measurements, as 

detailed in Sect. 4.2. The single-scattering properties of both the habit mixture models developed in this study and the weighted 

habit mixture models from previous work were computed under conditions identical to those used for the FDs and FDAs 

models. 

Figure 15 shows the shapes of three different types of habit mixture models (right most column) developed in this study and 495 

the corresponding P11 and g of them. The first type of models, henceforth referred to as habit mixture type 1 (HM_T1, see top 

right panel in Fig. 15), consists of aggregates of Gaussian random spheres and droxtals, each demonstrating the minimum 

RMSE as discussed in Sections 4.1 and 4.2. The second type, called HM_T2 (see middle right panel in Fig. 15), serves as an 

alternative version of HM_T1, replacing its components with ones exhibiting maximum sphericity, retaining the same number 

of components. The third type of habit mixture (HM_T3) as shown in the bottom right panel shares the same shape of Gaussian 500 

random spheres as HM_T2, but its droxtal shapes are identical to those in HM_T1. In addition, to investigate the effect of 

component shape, one Gaussian random sphere was replaced with a droxtal (see bottom right panel in Fig. 15). The 15 different 

models for each type of habit mixture, or 45 habit mixture models, were generated by varying their 3D morphologies (i.e., AI) 

as discussed in Sect. 2.3. For HM_T1 (HM_T2; HM_T3), the AI values range from a minimum of 0.4808 (0.5537; 0.5160) to 

a maximum of 0.9502 (0.9729; 0.9787), with a mean value of 0.7421 (0.7654; 0.7544). 505 

A comparison of the single-scattering properties of the newly developed habit mixture models with the observational data 

from CIRCLE−2 (i.e., filled red circles in the panels; Gayet et al., 2012) and with model 4 of Baran et al. (2012) (i.e., blue 

dashed line in the panels) is shown in Fig. 15. The first row of Fig. 15 shows the P11 of HM_T1 compared against the in situ 
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measurements. Each column, from left to right, corresponds to t = 0.0, 0.1, 0.2, and 0.3. For the HM_T1, on average, the energy 

scattered in the forward, lateral, and backward scattering regions for HM_T1 differs by 5.95%, 37.47%, and 9.07% from those 510 

of the in situ measurements, respectively. The RMSE was minimized to a value of 0.0713 with t = 0.3. The lateral scattering 

region exhibits slightly improved agreement with the in situ measurements in comparison to the FDAs models which are 

composed of Gaussian random spheres. However, HM_T1 did not perform as well as those FDA models consisting of 

homogeneous droxtal components. The HM_T1 models with t = 0.3 exhibit high accuracy in simulating the observed g, 

showing an average value of 0.78. 515 

For HM_T2, the comparison between the computed P11 and the in situ measured P11 is shown in the second row of Fig. 15. 

The HM_T2 has its minimum RMSE value of 0.1293 with t = 0.3. In the forward, lateral, and backward scattering regions, the 

average differences between HM_T2 and the in situ measurements were 6.53%, 38.84%, and 4.51%, respectively. Compared 

to HM_T1, HM_T2 more accurately predicts the peaks in the backward scattering region (138° ~ 141°). However, a higher 

average difference in the lateral scattering region from in situ measurements than those computed for HM_T1 was present. 520 

This difference found in the lateral scattering region is attributed to the Gaussian random spheres which are close to spherical 

shape. The average computed g for HM_T2 was found to be 0.82, which falls within the upper range of the uncertainty of the 

PN instrument. This calculated g was higher than that of HM_T1, attributed to greater difference in the forward scattering 

region of HM_T2. However, in the backward scattering region, specifically between 120° and 150°, HM_T2 demonstrated 

reasonable agreement. 525 

Each panel in the third row of Fig. 15 shows the computed P11 of HM_T3. The average differences in the forward, lateral, 

and backward scattering regions compared to in situ measurements were 1.03%, 2.69%, and 4.33%, respectively. Notably, 

RMSE for these models minimized to a value of 0.0427 with t = 0.3, indicating significant improvement in simulating the in 

situ measured P11, particularly in the lateral scattering regions compared to other habit mixture models. For example, HM_T3 

with t = 0.3 shows 0.87%, 0.89%, and 5.37% difference in the forward, lateral, and backward scattering regions, respectively. 530 

Moreover, it captures the peak in the back-scattering direction more accurately than other habit mixture models. The average 

g calculated for HM_T3 was 0.81, falling within the uncertainty range estimated by the PN. This value is slightly lower than 

that of HM_T2 but higher than HM_T1.  

For the model 4 developed by Baran et al. (2012) denoted as AB12 in Fig. 15, the average differences of the P11 with the in 

situ measurements were 2.08%, 9.45%, and 12.09% in the forward, lateral, and backward scattering regions respectively. In 535 

contrast, HM_T3 with t = 0.3 better fits the in situ measurements, showing differences of 0.87%, 0.88% and 5.37% in the 

forward, lateral, and backward scattering angles, respectively. Consequently, the RMSE for AB12, calculated using Eq. 10, 

was 0.0663, which is higher than that of HM_T3 with t = 0.3 (i.e., 0.0427). Although the average g (0.80 ± 0.01) of HM_T3 

was slightly higher than that of the in situ measurements, it still remains within the range observed by the PN (0.78 ± 0.04). 

 540 
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Figure 15. A comparison of P11 between habit mixture models (black solid lines), the weighted habit mixture model developed by 

Baran et al. (2012) (blue dashed line), and in situ measurements (filled red circles). The t values are displayed in the upper-right 

corner of each panel. Notations, AB12, JG12, and MOD represent the P11 of best-fit weighted habit mixture model from Baran et al. 545 
(2012), in situ measured P11 from CIRCLE−2 (Gayet et al., 2012), and the calculated P11 of habit mixture models developed in this 

study, respectively. The example images of habit mixture models corresponding to the displayed P11 in each row of the figure are 

shown on the right-most side. 

 

5 Summary and Conclusions 550 

In this study, idealized models representing the shapes of FDs and FDAs observed in deep convective clouds were developed 

based on in situ aircraft measurements and laboratory experiments, and the corresponding single-scattering properties (i.e., 

scattering-phase function P11 and the asymmetry parameter g) were calculated. These computed values of P11 and g were 

subsequently compared with those obtained during the CIRCLE−2 field campaign. Gaussian random spheres and droxtals 

were proposed as possible candidates for representing the forms of observed FDs and FDAs. A total of 120 individual models 555 

of Gaussian random spheres and 129 models of droxtals were generated by varying their shapes. Additionally, by attaching 

the individual models in both a homogeneous or heterogeneous manner and considering 3D morphologies with varying AI, 

three different types and a total of 315 models of FDAs were created as follows: (1) aggregates of Gaussian random spheres; 

(2) aggregates of droxtals; and (3) mixtures of Gaussian random spheres and droxtals, which are referred to as habit mixtures. 

The habit mixture models were further categorized into three different types based on variations in shape and component 560 

fractions.  

The P11 and g of the newly developed models were calculated using a parallelized version of geometric optics method at λ 

= 0.80 μm for the comparison with the PN measurements from CIRCLE−2. The distortion parameter (t), an indirect method 

to represent the distorted faces, surface roughness, or inclusions of natural ice crystals, was also considered in the calculations. 

The computed P11 was divided into three different scattering regions: forward scattering (0° ~ 60°), lateral scattering (60° ~ 565 

120°), and backward scattering (120° ~ 180°), with differences between the calculations and PN measurements analyzed across 

these regions. The variation in the g from the calculations and RMSE compared to the PN measurements were also evaluated. 

The most important findings of this research are summarized below:  
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1. Overall, discrepancies over the scattering angles and the RMSE values were minimized when t = 0.3 was applied to the 

shape models developed in this study. 570 

2. For P11 of a single droxtal with t = 0.3, differences with the in situ measurement were 2.49%, 3.48%, and 10.64% in the 

forward, lateral, and backward scattering regions, respectively. The RMSE was minimized to a value of 0.0806. The g 

value was 0.81 which is close to the upper range of uncertainty observed by the PN (0.78 ± 0.04). 

3. The Gaussian random sphere with t = 0.3 was less effective than the droxtal in simulating the in situ measured P11, with 

differences of 6.89%, 39.32%, and 20.16% in the forward, lateral, and backward scattering regions, respectively. These 575 

differences, especially in the lateral scattering direction, were one of the characteristics for spherical shape models that 

contributed to a higher RMSE of 0.1243. Nonetheless, the calculated g of 0.76 fell within the measurement range of PN. 

4. For individual models, despite the calculated g for both droxtals and Gaussian random spheres falling within the 

measurement range of the PN, the droxtal exhibits better agreement with the in situ measured P11 than the Gaussian 

random sphere. This finding suggests that faceted ice crystals (e.g., on the droxtal) may be responsible for scattered 580 

energy into the lateral scattering region of the observations from CIRCLE−2. However, it may be particularly true for 

the specific cases from CIRCLE−2. Therefore, it is necessary to carefully examine whether faceted ice crystals are a 

common occurrence in the upper parts of anvil clouds associated with continental DCCs. 

5. For the FDAs with homogeneous components (i.e., either aggregates of Gaussian random spheres or aggregates of 

droxtals), the aggregates of droxtals with t = 0.3 show the minimum RMSE of 0.0549, showing differences from in situ 585 

measurements of 1.19%, 12.43%, and 1.41% in the forward, lateral, and backward scattering regions, respectively. The 

computed g value was found to be 0.79.  

6. In contrast, aggregates of Gaussian random spheres with t = 0.3 show larger differences of 10.44%, 67.60%, and 0.27% 

in the forward, lateral, and backward scattering regions, respectively, leading to a higher RMSE value of 0.1338. The 

calculated g was 0.75. 590 

7. The third type habit mixture (i.e., HM_T3), which is a combination of five droxtals and one Gaussian random sphere, 

matched the PN measurements most closely. It effectively minimized the differences from in situ measurements to 0.87%, 

0.89%, and 5.37% in the forward, lateral, and backward scattering directions, respectively. The RMSE for HM_T3 was 

reduced to a value of 0.0427, and the corresponding g was 0.80. 

8. In the comparison, the difference and RMSE between the weighted habit mixture model developed by Baran et al. (2012) 595 

and in situ measurements had larger differences of 2.08%, 9.45%, and 12.09% in the forward, lateral, and backward 

scattering region, respectively. This resulted in an increased RMSE of 0.0663. The corresponding g was 0.79. 

9. The assumption that FDAs consist of homogeneous components was found to be inadequate for interpreting the in situ 

measured single-scattering properties. Instead, constructing FDAs from a heterogeneous mixture of quasi-spherical (i.e., 

Gaussian random spheres) and faceted (i.e., droxtal) components showed the best match for the single-scattering 600 

properties of FDAs measured in situ. 

 

The findings of this study have significant implications for improving the accuracy of simulations regarding the radiative 

impacts of deep convective clouds and associated anvils on the Earth's climate system. A comprehensive understanding of the 

single-scattering properties of the constituent particles of deep convective clouds is essential to effectively interpret and 605 

represent the role of these clouds in large-scale climate models. To this end, in-situ measurements of single-scattering 

properties obtained during the field campaign were analyzed using shape models that represent the observed habits, along with 

methods for calculating these properties. In this research, interpreting in situ measured single-scattering properties using 

models of aggregates with heterogeneous components has proven to be more accurate than aggregate models with 

homogeneous components or individual shape models. This result agrees with the interpretations with weighted habit mixture 610 

models proposed by Baran et al. (2012). Nonetheless, it is important to note that these conclusions may be particularly relevant 
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to the specific cases analyzed in this study, highlighting the need to investigate whether FDAs with heterogeneous components 

are a common feature of deep convective clouds (Stith et al., 2014). Furthermore, the in situ measurements used to assess the 

developed models did not sufficiently resolve the backward scattering region, which are sensitive to variations in the 

orientation, shape, and heterogeneities (e.g., distorted surfaces, surface roughness, or inclusions) of ice crystals. In this respect, 615 

it should be emphasized that the measurements of the intensities of scattered light across the full range of scattering angles, 

coupled with images of ice crystals are required. The use of an advanced cloud probe, such as a particle habit imaging and 

polar scattering probe (Abdelmonem et al., 2016; Schnaiter et al., 2018; Waitz et al., 2021), capable of capturing the detailed 

3D morphologies of FDs or FDAs, is essential to further this understanding. Additionally, cloud chamber experiments, where 

the atmospheric conditions of deep convective clouds can be accurately replicated and studied repeatedly, could offer a viable 620 

solution for obtaining more accurate single-scattering measurements or exploring the mechanisms of producing FDAs which 

is not covered in this study. 
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