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ABSTRACT 

 
Study of Ice Cloud Properties from Synergetic Use of Satellite Observations and 

Modeling Capabilities. (December 2010) 

Yu Xie, B.S., Peking University; 

M.S., Texas A&M University 

Chair of Advisory Committee: Dr. Ping Yang 

   

The dissertation first investigates the single-scattering properties of 

inhomogeneous ice crystals containing air bubbles. Specifically, a combination of the 

ray-tracing technique and the Monte Carlo method is used to simulate the scattering of 

light by randomly oriented large hexagonal ice crystals containing spherical or spheroidal 

air bubbles. The effect of the air bubbles within ice crystals is to smooth the phase 

functions, diminish the 22° and 46° halo peaks, and reduce the backscatter in comparison 

with the case of bubble-free ice crystals. Cloud reflectance look-up tables were generated 

at the wavelengths of 0.65 µm and 2.13 µm to examine the impact of accounting for air 

bubbles in ice crystal morphology on the retrieval of ice cloud optical thickness and 

effective particle size.  

To investigate the effect of the representation of aggregates on electromagnetic 

scattering calculations, an algorithm is developed to efficiently specify the geometries of 

aggregates and to compute some of their geometric parameters such as the projected area. 

Based on in situ observations, aggregates are defined as clusters of hexagonal plates with 

a chain-like overall shape. An aggregate model is developed with 10 ensemble members, 

each consisting of between 4-12 hexagonal plates. The scattering properties of an 
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individual aggregate ice particle are computed using the discrete dipole approximation or 

an Improved Geometric Optics Method, depending upon the size parameter. The 

aggregate model provides an accurate and computationally efficient way to represent all 

aggregates occurring within ice clouds.  

We developed an algorithm to determine an appropriate ice cloud model for 

application to satellite-based retrieval of ice cloud properties. Collocated Moderate 

Resolution Imaging Spectroradiometer and Multi-angle Imaging SpectroRadiometer 

(MISR) data are used to retrieve the optical thicknesses of ice clouds as a function of 

scattering angle in the nine MISR viewing directions. The difference between cloud 

optical thickness and its averaged value over the nine viewing angles can be used to 

validate the ice cloud models. Using the data obtained on 2 July 2009, an appropriate ice 

cloud model is determined. With the presence of all the uncertainties in the current 

operational satellite-based retrievals of ice cloud properties, this ice cloud model has 

excellent performance in terms of consistency in cloud property retrievals with the nine 

MISR viewing angles. 
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CHAPTER I 

 INTRODUCTION 

 

Field campaigns such as the First International Satellite Cloud Climatology 

Project (ISCCP) Regional Experiments (FIRE) [Starr, 1987], Tropical Rainfall 

Measurement Mission (TRMM) [Silva Dias et al., 2002; Yuter et al., 2005], and Cirrus 

Regional Study of Tropical Anvils and Cirrus Layers-Florida Area Cirrus Experiment 

(CRYSTAL-FACE) [Jensen et al., 2004] have demonstrated that ice crystals within 

cirrus clouds are normally defective and irregular in shape [Arnott et al., 1994; 

Baumgardner et al., 2005; Chepfer et al., 2005; Heymsfield et al., 1990; Heymsfield et 

al., 2002; Heymsfield, 2003; Heymsfield and Miloshevich, 2003; Korolev et al., 1999; 

Nasiri et al., 2002; Noel et al., 2004]. The great natural variability of cloud ice crystal 

habits causes large uncertainties in the computation of the transfer of electromagnetic 

radiation involving cirrus clouds and has drawn a great deal of attention, as evidenced by 

the large volume of research devoted to the topic [Baran et al., 2005; Lawless et al., 

2006; Lawson et al., 1998; Macke, 1993; Macke et al., 1996b; Masuda et al., 2002; 

McFarquhar et al., 2002; Mishchenko et al., 1996; Takano and Liou, 1995; Wendisch et 

al., 2007; Yang and Liou, 1998; Yang and Fu, 2009]. To improve the treatment of the 

bulk radiative properties of ice clouds in various remote sensing and climate modeling 

applications, the applied optics community needs to first fully understand and provide  
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accurate scattering and absorption characteristics of a monodisperse ensemble of ice 

crystals since this represents the simplest arrangement of ice crystals. 

A fundamental hindrance to simulating the light scattering of ice crystals is the 

difficulty of obtaining realistic representations of natural ice crystals arising primarily 

from their complex particle shapes. Individual ice crystal structure is affected by a 

number of factors including the temperature, humidity, and pressure at which ice crystals 

form [Bailey and Hallett, 2004; Baker and Lawson, 2006; Kajikawa and Heymsfield, 

1989; Kobayashi, 1961; Lawson et al., 2006]. Several physical processes can further 

modify the appearance of ice crystals during their vertical motion within clouds. Ice 

crystals can become unidentifiable aggregates when they fall through the cloud layer and 

collide with supercooled water droplets or other ice crystals. Additionally, the surfaces of 

ice crystals are generally not perfectly smooth due to collisions, coalescence, and other 

fragmenting processes. Although the exact mechanism for forming various ice crystal 

habits is not well understood, hexagonal columns and plates are known to be the 

important habits of ice crystals commonly found in cirrus clouds. This has been 

confirmed by both in situ measurements of cirrus clouds and the optical phenomena that 

22° halos, caused by sunlight refracted by hexagonal ice crystals, are usually seen when 

the sky is overspread with thin cirrus clouds [Coleman and Liou, 1981; Sassen et al., 

1994].  

Based on the ice crystal habit and size distributions obtained from in situ 

measurements and the work conducted to simulate light scattering by nonspherical 

particles [Baran et al., 2001b; Cai and Liou, 1982; Fu et al., 1999; Hess and Wiegner, 

1994; Macke and Mishchenko, 1996; Macke et al., 1996a; Macke et al., 1996b; Takano 
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and Liou, 1995; Yang and Liou, 1996a; Yang and Liou, 1996b; Yang and Liou, 1997; 

Yang and Liou, 1998], ice crystals with hexagonal structures are often assumed in the 

retrievals of cirrus cloud microphysical and optical properties from satellite observations 

[Chepfer et al., 2001; King et al., 2004; Li et al., 2005; Minnis et al., 1993; Minnis et al., 

1998b; Minnis et al., 2004; Minnis et al., submitted]. A mixture of more complicated ice 

crystal shapes has also been suggested for ice cloud optical models [Baum et al., 2000; 

Baum et al., 2005a; Baum et al., 2005b; Baum et al., 2007]. The quality of the satellite 

retrieval depends on the accuracies of the scattering properties used to represent natural 

hexagonal ice crystals in cirrus clouds and the resulting simulated cirrus cloud solar 

reflectances.  

Efforts have been made to study the sensitivity of certain morphological 

parameters of hexagonal ice crystals to the single-scattering properties of ice crystals. 

There are a number of published studies on the optical properties of inhomogeneous ice 

crystals containing air bubbles and other inclusions. Among these previous studies, 

Macke et al. [1996a; 1996b] employed a combination of the ray-tracing technique and the 

Monte Carlo method to investigate the single-scattering properties of randomly oriented 

hexagonal ice columns containing ammonium sulfate inclusions, air bubbles and soot 

impurities. In their computations, the scattering events at the outer boundary of a 

hexagonal particle are considered by using the ray-tracing technique [Macke, 1993] 

whereas the Monte Carlo method is used to account for the ray-path changes due to the 

internal inclusions. Yang et al. [2000] used the FDTD technique to compute the scattering 

phase functions of small ice crystals with inclusions of soot impurities and air bubbles. 

Labonnote et al. [2001] developed an Inhomogeneous Hexagonal Monocrystals (IHM) 
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model for ice crystals containing randomly located air bubbles and mineral aerosols. This 

single-scattering property model, based on the ray-tracing and Monte Carlo techniques 

developed by Macke et al. [1996b], has further defined the internal air bubbles in terms 

of spherical voids with a size distribution. Labonnote et al. [2001] and Knap et al. [2005] 

used the IHM model to investigate the bulk-scattering properties of ice clouds and to 

compare the simulations with satellite-based measurements of polarized radiances. The 

IHM model does not account for the case where an ice crystal contains only a few air 

bubbles with specific locations. The geometries of air bubbles in the previous studies 

were restricted to the assumption of spheres, a constraint that is not always realistic. A 

new inhomogeneous ice crystal model based on observations is demanded in the study of 

the scattering properties of ice clouds. Furthermore, the effects of the air bubbles on the 

retrieval of cloud optical thicknesses and effective particle sizes are also pending issues.  

The representation of aggregated ice particles in cloud studies is another area 

needing further refinement and clarification. Current ice cloud bulk scattering and 

absorption models used in the operational Moderate Resolution Imaging 

Spectroradiometer (MODIS) cloud property retrievals involve a percentage of roughened 

aggregates with large maximum dimensions [Baum et al., 2005a; Baum et al., 2005b]. A 

specific aggregate geometry defined by Yang and Liou [1998], includes eight hexagonal 

columns. The aggregate dimension can be scaled when each hexagonal column is 

enlarged or reduced while the aspect ratio is kept to be invariant. The ice aggregate model 

was modified into a chain-like aggregate by Baran and Labonnote [2006] and used for 

remote sensing applications based on the Polarisation and Directionality of Earth’s 

Reflectances (POLDER) data. The original model was transformed into the chain-like 
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aggregates by stretching and rotating two of the original hexagonal columns to make the 

aggregate particle less dense (i.e., decrease the volume to area ratio) and, therefore, to 

better fit the in situ observations.  

Evans et al.[2005] generated three types of aggregates consisting of 6-40 

randomly oriented hexagonal columns and plates. Each aggregate monomer had a 

predetermined aspect ratio and particle size, and a larger particle was constructed by 

interlocking the fixed monomers. The discrete dipole approximation (DDA) method 

[Evans and Stephens, 1995; Kahnert, 2003] was used to compute the scattering properties 

of the aggregates for application to the simulation of the radiances measured by the 

Compact Scanning Submillimeter Imaging Radiometer (CoSSIR) and the Cloud Radar 

System (CRS) on NASA’s ER-2 aircraft. The aggregate ice particles were represented in 

the DDA code with each dipole size set to be the thickness of a hexagonal plate 

monomer. Um and McFarquhar [2009] defined geometries of aggregates using ice 

particles formed from seven hexagonal plates, and the scattering properties of the 

aggregates were computed by the geometric ray-tracing technique [Cai and Liou, 1982; 

Macke, 1993; Macke et al., 1996b; Um and McFarquhar, 2007; Um and McFarquhar, 

2009]. However, it is still unknown that how well the previous aggregate models 

represent the realistic aggregates within cirrus clouds. A new set of aggregate ice 

particles is needed to minimize the differences of the scattering properties between the 

modeled and real aggregates.  

Quantifying the morphological parameters (i.e. degrees of ice crystal surface 

roughness and inhomogeneity) and habit distributions of the ice crystals used in the 

operational retrieval of cloud properties would help minimize the effect of the spatial and 
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temporal limitations of the in situ and surface observations of atmospheric ice crystals. In 

other words, a robust algorithm is needed to fast and accurately find the most appropriate 

ice crystal configurations to minimize the uncertainties introduced by the use of any 

particular ice cloud model. Doutriaux-Boucher et al. [2000] derived ice cloud optical 

thicknesses based on the Polarization and Directionality of the Earth’s Reflectances 

(POLDER) observations of radiances in 14 different viewing directions. Cloud spherical 

albedos were computed using the retrieved optical thicknesses over ‘super-pixels’ 

consisting of 9×9 elementary pixels, each of which corresponds to a spatial resolution of 

approximately 60 km × 60 km. The error caused by the use of ice crystal habits and their 

scattering properties was inferred through the departure of the spherical albedos derived 

from their averaged values in conjunction with the 14 view angles. This algorithm was 

followed by studies aimed at improving the scattering properties of cirrus clouds [Baran 

and Labonnote, 2006; Labonnote et al., 2001] or retrieving ice crystal habits [Baran et 

al., 2001a; Chepfer et al., 2001; Chepfer et al., 2002; Sun et al., 2006] using POLDER 

multiangle radiance measurements. McFarlane et al. [2005] developed a method of 

retrieving cloud thermodynamic phase and ice crystal habit using the Multiangle Imaging 

Spectroradiometer (MISR) and Moderate Resolution Imaging Spectroradiometer 

(MODIS) data. They assessed the accuracy of ice crystal habits by studying the relative 

deviation of the computed cloud reflectances and those measured by 9 MISR cameras 

and averaged over a 10 km × 10 km box at the Atmospheric Radiation Measurement 

(ARM) Southern Great Plains (SGP) site. The retrieval of ice crystal habits was 

reasonably consistent with in situ observations of cirrus clouds. 
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The differences in retrieved cloud optical properties caused by using 

measurements taken at different satellite viewing directions can arise from other factors 

besides ice cloud habits. Theoretical studies [Davies, 1984; Iwabuchi and Hayasaka, 

2002; Loeb and Davies, 1997; Loeb and Coakley, 1998] have indicated the horizontal 

inhomogeneity of clouds or the 3D radiative effect may lead 1D retrievals to under- or 

overestimate cloud reflectances and optical thicknesses due to cloud-side shadowing or 

illumination. However, because of its complexity, this effect has typically been ignored 

in current operational retrieval of cloud properties. Moreover, the biases in cloud property 

retrievals introduced from viewing geometries can be partially eliminated when the 

results are averaged over several pixels [Kato and Marshak, 2009; Oreopoulos and 

Davies, 1998]. Thus, the improvement of pixel-by-pixel retrievals of cloud properties is 

more meaningful if the errors are investigated using similar spatial resolution.   

This doctoral research seeks to compute the single-scattering properties of 

realistic ice crystals based on in situ measurements. The scattering properties of the single 

ice crystals are then used to improve the current ice cloud models for satellite-based 

remote sensing of cirrus clouds. This dissertation is organized as follows. Chapter II 

discusses the effect of the inhomogeneity of ice crystals on retrieving ice cloud optical 

thickness and effective particle size. Chapter III presents a representation of ice particle 

aggregates within cirrus clouds. The scattering properties of the aggregates are applicable 

in the remote sensing of ice clouds. Chapter IV introduces an algorithm to retrieve ice 

cloud optical thicknesses using MODIS and MISR data. The error caused by ice cloud 

models and their scattering properties is addressed through analyses of viewing angle 

dependence of the retrieved cloud optical thicknesses. An appropriate ice cloud model is 
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determined for application to satellite-based retrieval of ice cloud properties. Chapter V 

concludes this research.  
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CHAPTER II 

 EFFECT OF THE INHOMOGENEITY OF ICE CRYSTALS ON RETRIEVING 

ICE CLOUD OPTICAL THICKNESS AND EFFECTIVE PARTICLE SIZE* 

 

2.1 Background 

An appropriate representation of ice clouds in radiative transfer simulations has 

long been a subject of great interest, not only because of their importance for cloud 

radiative forcing and the energy budget of the earth, but also because of the uncertainties 

associated with the shapes and sizes of ice crystals within these clouds [Baran, 2004; 

Liou, 1986; Ramanathan et al., 1983]. Although approximating the single-scattering 

properties (e.g., phase function, single-scattering albedo and asymmetry factor) of 

realistic ice crystals by assuming one idealized geometrical shape is an oversimplification 

[Baum et al., 2005a; Baum et al., 2005b] it is significantly better for retrieving ice cloud 

properties than assuming that the clouds are composed of spherical ice crystals [Minnis et 

al., 1993]. However, a more accurate representation of cirrus cloud ice crystal properties 

is needed. For example, the use of homogeneous hexagonal ice crystals [Minnis et al., 

1998a] can yield accurate estimates of ice water path [Mace et al., 2005] but the retrieved 

optical depth values tend to be low [Min et al., 2004] implying an overestimate of the 

effective particle size. To further improve the representation of cloud ice crystals in  

 

__________________________
 

*Reprinted with permission from “Effect of the inhomogeneity of ice crystals on retrieving 
ice cloud optical thickness and effective particle size”, by Xie, Y., P. Yang, G. W. 
Kattawar, P. Minnis, and Y. X. Hu, 2009. J. Geophys. Res. 114, doi: 
10.1029/2008JD011216. 
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radiative transfer calculations, steady progress has been made toward single-scattering 

computations involving various complex particle shapes.   

Liou [1972] first assumed nonspherical ice crystals to be long circular cylinders,  

and demonstrated the significant differences in the phase functions between polydisperse 

spheres and equivalent long circular cylinders. Takano and Liou [1989], Muinonen 

[1989], Hess and Wiegner [1994], Borovoi and Grishin [2003] and many others applied 

the traditional ray-tracing method or its modified forms to the scattering of radiation by 

randomly and horizontally oriented hexagonal particles. The optical properties of various 

complicated ice crystals have also been simulated from the geometric optics method by 

Hess et al.[1998], Macke [1993], Macke et al.[1996a], Iaquinta et al.[1995], Takano and 

Liou [1995], Yang and Liou [1998], Baran and Labonnote [2006; Baran and Labonnote, 

2007], Um and McFarquhar [2007], Schmitt et al.[2006], and Yang et al.[2008a; 2008b; 

2008c]. Furthermore, Yang and Liou [1996a] employed the finite-difference time domain 

(FDTD) method to simulate the scattering of light by small bullet-rosettes, hexagonal 

plates, solid columns, and hollow columns. 

 In the previously reported studies on the single-scattering properties of irregular 

ice particles, homogeneous ice crystal morphologies were usually assumed. In the 

accretion and aggregation of ice crystals, an ice particle may collide with supercooled 

water droplets or other ice particles. When this happens, ice crystals can rapidly grow to 

form large ice crystals. The collision and coalescence processes may lead to the trapping 

of spherical or spheroidal air bubbles within ice crystals when the supercooled water 

droplets freeze almost instantly. Air bubbles may be incorporated when water containing 

dissolved air freezes into ice crystals. Supercooled water drops may turn into ice [Hallett, 
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1964]. The freezing process starts at the particle surface and slowly proceeds inward. 

This inward growth of the ice may cause the previously dissolved air to be released and 

subsequently form small bubbles within the ice particle. The size and concentration of air 

bubbles are then influenced by the rate of freezing, amount of dissolved air in water and 

temperature during the freezing process [Carte, 1961; Hallett, 1964]. 

This chapter reports on a new inhomogeneous ice crystal model based on the 

surface observations reported by Tape [1994]. Furthermore, the effects of the air bubbles 

on the retrieval of cloud optical thickness and effective particle sizes are also 

investigated. This chapter is organized as follows. In Section 2.2, we describe the 

morphologies of ice crystals observed by Tape [1994] and define the geometries of the 

inhomogeneous ice crystals for the present scattering computations. Then, we introduce 

the single-scattering model based on an improved geometrical-optics method (IGOM 

[Yang and Liou, 1996b]).  In Section 2.3, we illustrate the effect of the number, shape, 

size, and location of the air bubbles inside hexagonal ice crystals on the single-scattering 

properties of these particles. In Section 2.4, we demonstrate the effects of accounting for 

air bubbles in defining ice crystal morphology on the retrieval of ice cloud optical 

thickness and effective particle size. Moreover, we derive cloud microphysical and 

optical properties based on the Moderate Resolution Imaging Spectroradiometer 

(MODIS) measurements from a bi-spectral method originally developed by Nakajima 

and King [1990] and compare the retrieval results from homogeneous and 

inhomogeneous ice crystal models. The conclusions and discussions of this study are 

given in Section 2.5. 
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2.2 Single-scattering model for inhomogeneous ice crystals 

 Although the geometries of ice crystals in the atmosphere have been extensively 

studied on the basis of airborne in situ observations [Heymsfield and Platt, 1984; Korolev 

et al., 1999; McFarquhar and Heymsfield, 1996], ground-based observations also provide 

useful data for investigating ice crystal morphologies. Tape [1983; 1994] used Petri 

dishes containing hexane or silicone oil and acrylic spray to collect ice crystals falling 

near the surface and observed the ice crystal shapes using a binocular microscope. Figure 

2.1 illustrates the ice crystals sampled by Tape [1994] at the South Pole on January 19, 

1985 and on January 17, 1986. In the photographs, the ice crystals have typical hexagonal 

shapes and most of these particles are inhomogeneous with embedded air bubbles. The 

observed inhomogeneous ice crystals spurred development of the theoretical models used 

by Macke et al. [1993] and Labonnote et al. [2001] to compute the single-scattering 

properties of these particles. However, unlike the crystal geometries in the IHM model 

[Labonnote et al., 2001], an inhomogeneous ice crystal usually contains a few air bubbles 

with visible dimensions. The sizes of the air bubbles are relatively large, as the maximum 

dimensions of the air bubbles are comparable with the width of the ice crystal. Another 

significant difference between the observations by Tape [1994] and the IHM model is 

that the actual air bubbles are not always spheres, although most of them have spherical 

shapes. Moreover, the air bubbles are located almost exclusively along the symmetry 

axes of hexagonal columns. However, for hexagonal plates, more than one air bubble can 

be horizontally aligned near the surface of the particles.  

 Based on the ice particles photographed by Tape [1994], the geometries of 

inhomogeneous ice crystals in this study are defined as those shown in Fig. 2.2. For  
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Fig. 2.1 Inhomogeneous ice crystals sampled by Walter Tape [Tape, 1994] at the South 

Pole, on January 19, 1985 (left) and on January 17, 1986 (right).  
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Fig. 2.2 The geometries of inhomogeneous ice crystals.  
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hexagonal columns, only one or two air bubbles are included within ice particles. 

Furthermore, the air bubble inclusions in our model are all on the axes of ice crystals (see 

the upper and middle panels in Fig. 2.2). For hexagonal plates, the air bubbles are aligned 

horizontally if more than one air bubble is included (see the lower panels in Fig. 2.2). The 

orientations of ice crystals for either hexagonal columns or plates are specified in the 

OXYZ coordinate system denoted in Fig. 2.3. Following Yang and Liou [1996b], the Y-

axis in Fig. 2.3 is perpendicular to one of the ice crystal’s side faces, and the Z-axis is 

along the vertical axis of the hexagon. The shape of an air bubble is defined in terms of 

the following equation: 

                                  

€ 

(x − xr )
2

r1
2 +

(y − yr )
2

r2
2 +

(z − zr )
2

r3
2 =1,                                         (2.1) 

where r1, r2, and r3 are the three semi-axes along the X, Y and Z axes, respectively, and 

the coordinates (xr, yr, zr) specify the center of the air bubble in the OXYZ system.  

 In this study, the IGOM developed by Yang and Liou [1996b] is used to compute 

the single-scattering properties of inhomogeneous ice crystals. At the outer boundary of 

the inhomogeneous ice crystals, the computation of reflection and refraction events is the 

same as in the case for homogeneous hexagonal ice crystals. Since IGOM is based partly 

on the principles of geometric optics, very small air bubbles are not considered in the 

present study. The technical details and applicability of the IGOM are reported and 

discussed in Yang and Liou [1996b].  

 If a ray is refracted into an ice crystal, the next step is to trace the refracted ray 

and determine if it is intersected by any air bubble within the particle. Figure 2.4 shows 

the flow-chart for reflection and refraction by internal air bubbles. For an air bubble with  
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Fig. 2.3 Geometry of a hexagonal ice crystal with an air bubble inside. 
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Fig. 2.4 Schematic flow-chart for reflection and refraction by internal air bubbles. 
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the particle shape given by Eq. (2.1), the coordinates of the incident point B, (xb, yb, zb), 

can be determined as follows:  

                                  

€ 

xb = xa + (ˆ e ⋅ ˆ x )l ,                                                                          (2.2) 

                                  

€ 

yb = ya + (ˆ e ⋅ ˆ y )l ,                                                                          (2.3) 

                                   

€ 

zb = za + (ˆ e ⋅ ˆ z )l ,                                                                           (2.4) 

where the coordinates (xa, ya, za) indicate the position of the first incident point, A, at the 

ice crystal surface, 

€ 

ˆ e  is a unit vector along the incident direction, 

€ 

ˆ x , 

€ 

ˆ y , and 

€ 

ˆ z  are unit 

vectors along the X, Y, and Z axes, respectively, and 

€ 

l is the distance between points A 

and B. Substituting Eqs. (2.2)-(2.4) into Eq. (2.1), we obtain 

                                

€ 

A1l
2 + A2l + A3 = 0 ,                                                                         (2.5) 

where      

                     

€ 

A1 = r2
2r3

2( ˆ e ⋅ ˆ x )2 + r1
2r3

2(ˆ e ⋅ ˆ y )2 + r1
2r2

2( ˆ e ⋅ ˆ z )2,                                               (2.6)       

                     

€ 

A2 = 2r2
2r3

2(xa − xr )(ˆ e ⋅ ˆ x ) + 2r1
2r3

2(ya − yr)( ˆ e ⋅ ˆ y ) + 2r1
2r2

2(za − zr)(ˆ e ⋅ ˆ z ) ,     (2.7) 

                     

€ 

A3 = r2
2r3
2(xa − xr)

2 + r1
2r3
2(ya − yr )

2 + r1
2r2
2(za − zr)

2 − r1
2r2
2r3
2 .                   (2.8) 

A ray will intercept an air bubble when A1, A2, and A3 satisfy  

                                 

€ 

A2
2 − 4A1A3 > 0 ,                                                                             (2.9) 

and                   

                      

€ 

−A2 − A2
2 − 4A1A3

2A1
> 0 .                                                                        (2.10) 

The directions of the reflected and refracted rays, 

€ 

ˆ e r  and 

€ 

ˆ e t  can be determined on the 

basis of Snell’s law in the form 

                  

€ 

ˆ e r = ˆ e − 2(ˆ e ⋅ ˆ n ) ˆ n ,                                                                                        (2.11) 

                  

€ 

ˆ e t = Nr[ ˆ e − (ˆ e ⋅ ˆ n ) ˆ n − Nr
−2 −1+ (ˆ e ⋅ ˆ n )2 ˆ n ],                                                  (2.12) 
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where Nr is the real part of the effective refractive index formulated by Yang and Liou 

[1995] and 

€ 

ˆ n  is the normal direction of the air-bubble surface at point B. For spheroidal 

air bubbles used in this study, 

€ 

ˆ n  can be given by 
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ˆ n x =
xb − xr
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.                                (2.15) 

For a ray refracted into the air bubble, the next impinging point C, (xc, yc, zc), on the air-

bubble surface can be determined as follows: 

                                          

€ 

xc = xb + (ˆ e t ⋅ ˆ x )l' ,                                                               (2.16) 

                                          

€ 

yc = yb + (ˆ e t ⋅ ˆ y )l' ,                                                               (2.17) 

                                          

€ 

zc = zb + (ˆ e t ⋅ ˆ z )l',                                                                (2.18) 

where 

€ 

l' is the distance between points B and C. 

€ 

l' can be solved from Eqs. (2.5)-(2.8) by 

replacing 

€ 

l and 

€ 

ˆ e  by 

€ 

l' and 

€ 

ˆ e t , respectively.  

If the conditions in Eqs. (2.9) and (2.10) are not satisfied, i.e., the incident ray 

does not impinge upon the air bubble centered at (xr, yr, zr), the ray-tracing procedure 

needs to be repeated for another air bubble if more than one air bubble is embedded in the 

ice crystal of interest. 

 

 

 



 

 

20 

2.3 Single-scattering properties of inhomogeneous ice crystals 

 Figure 2.5 compares the scattering phase functions for homogeneous ice crystals 

with their inhomogeneous ice crystal counterparts at the wavelengths (λ) of 0.65 and 2.13 

µm. The refractive indices of ice at these wavelengths are 1.3080 + i1.43×10-8 and 1.2673 

+ i5.57×10-4, respectively. The ice crystals are assumed to be randomly oriented 

hexagonal columns and plates with aspect ratios 2a/L=80 µm/100 µm and 100 µm/43 

µm, respectively, where a is the radius of a cylinder that circumscribes the hexagonal ice 

particle and L is the length of the ice particle. Specifically, Fig. 2.5a shows the phase 

functions at λ=0.65 µm for homogeneous hexagonal columns and inhomogeneous 

columns with the same aspect ratio. For the two inhomogeneous conditions, spherical air 

bubbles with radii of 16 or 34 µm are centered in the middle of ice crystals. It is then 

evident from Fig. 2.5a that the air bubbles within ice crystals can greatly affect the 

scattering properties of ice particles. In the homogeneous case, the 22° and 46° halo 

peaks are quite pronounced, which are typical for the scattering of light by randomly 

oriented pristine hexagonal ice crystals. However, the magnitudes of the peaks at the 

scattering angles 22° and 46° are reduced if a small air bubble with a radius of 16 µm is 

embedded in the crystal. For ice crystals containing relatively large air bubbles with a 

radius of 34 µm, the 22° and 46° peaks are significantly smoothed out in the scattering 

phase function although they are still slightly noticeable. Furthermore, the backscattering 

is substantially reduced in the inhomogeneous case. It should be noted that a bubble 

embedded in ice acts as a diverging lens and affects internal rays; however, the forward 

peaks are essentially unaffected by bubbles since diffraction, which depends primarily on 

the particle projected area, is the primary cause. Figure 2.5b shows the scattering phase  
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Fig. 2.5 Scattering phase functions for homogeneous and inhomogeneous ice crystals at 

λ=0.65 µm (panels a and c) and 2.13 µm (panels b and d).  
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functions for homogeneous and inhomogeneous hexagonal columns at λ=2.13 µm. The 

effect of air bubbles at the near-infrared wavelength is similar to that in the case for 

visible wavelengths. Figure 2.5c shows the scattering phase functions of hexagonal plates 

at λ=0.65 µm. In this panel, the dotted line describes the phase function for 

inhomogeneous ice crystals containing a spherical air bubble with a radius of 21.25 µm. 

For the other inhomogeneous case, four air bubbles with the same size are aligned 

parallel to the basal faces of the plates. Comparable to the effect in the hexagonal 

columns, the air bubbles in hexagonal plates smooth the scattering phase function and 

reduce the backscatter. The phase function values at scattering angles larger than 120º are 

quite sensitive to the number of air bubbles in hexagonal plates. A similar effect of air 

bubbles on the single-scattering properties is also seen in Fig. 2.5d for a wavelength of 

2.13 µm.  

 Figure 2.6 shows a measure of linear polarization, -p12/p11, for ice crystals having 

the same aspect ratios and inhomogeneities as those in Fig. 2.5. Figures 2.6a and 2.6b 

compare the degrees of linear polarization between homogeneous and inhomogeneous 

hexagonal columns. It is seen that air bubbles embedded within ice crystals can also 

reduce the magnitude of the degree of linear polarization, particularly, in the case of large 

air bubbles. The same effect can also be found for hexagonal plates, whose scattering 

phase functions are shown in Figures 2.6c and 6d at λ=0.65 µm and λ=2.13 µm, 

respectively. However, unlike the scattering phase functions in Fig. 2.5, increasing the 

number of air bubbles in hexagonal plates enhances the smoothing of the degree of linear 

polarization. 
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Fig. 2.6 Degrees of linear polarization for homogeneous and inhomogeneous ice crystals 

at λ=0.65 µm (panels a and c) and 2.13 µm (panels b and d). The ice crystals’ sizes and 

morphologies in this figure are the same as those in Fig. 2.5. 
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 Figure 2.7 shows the phase matrices for hexagonal columns at λ=0.65 µm. To 

specify the effects of the shapes of air bubbles on the single-scattering properties of ice 

crystals, three hexagonal column (2a/L=50 µm /100 µm) cases are considered: a 

homogeneous ice crystal, an inhomogeneous ice crystal with a spherical air bubble 

(radius=10.0 µm), and an inhomogeneous ice crystal with a volume-equivalent spheroid 

bubble. It is evident from Fig. 2.7 that spheroidal air bubbles have a greater effect on the 

phase matrix than those containing spherical air bubbles. This feature is physically 

understandable since for the same volume, a spherical particle has the smallest cross 

section on average among all solid particles, and an incident ray has a smaller chance to 

be intercepted by spherical air bubbles than their counterparts with other shapes. In 

addition to the phase function and degree of linear polarization, the other elements of the 

phase matrix are also sensitive to the presence of air bubbles.  

 To further illustrate the effect of air bubbles on the single-scattering properties of 

ice crystals, Fig. 2.8 shows the asymmetry factor as a function of the volume of the air 

bubbles at λ=0.65 µm and λ=2.13 µm. The aspect ratio of ice crystals is 2a/L=10 µm/50 

µm. Spherical air bubbles are located at the center of the ice crystals where the radii r1 

and r2 in Eq. (2.1) are the same. The relative volume of the air bubble, Vb/V, can be 

specified in terms of the radii, where Vb and V are the volumes of the air bubbles and ice 

crystals, respectively. It is seen from Fig. 2.8 that the asymmetry factor decreases at both 

visible and near-infrared wavelengths when small air bubbles are included. The 

asymmetry factor reaches its minimum value with increasing Vb/V and may increase 

when back-scattering is significantly reduced by considering extremely large air bubbles.  
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Fig. 2.7 Scattering phase matrixes for homogeneous and inhomogeneous ice crystals at 

λ=0.65 µm. 
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Fig. 2.8 Asymmetry factors for inhomogeneous ice crystals at λ=0.65 µm (left) and 2.13 

µm (right). 
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These features are found to be applicable to all the inhomogeneous ice crystals containing 

one air bubble shown in Fig. 2.2.  

 

2.4 Effect of inhomogeneous ice crystals on ice cloud retrieval 

 The single-scattering properties of ice crystals are fundamental to the 

development of the lookup tables required for satellite-based ice cloud retrieval 

algorithms. At present, substantial uncertainties exist in ice cloud property retrievals due 

to inadequate representation of complex ice crystal morphologies and, consequently, 

inaccurate knowledge about their single-scattering properties. Inhomogeneous ice crystal 

morphology is one of the least understood aspects in defining realistic ice crystal 

geometries. Additional in situ measurements are required to quantify the occurrence 

frequency of air bubbles within ice crystals and their importance in radiative transfer 

simulations and remote sensing applications. 

To study the effect of inhomogeneous ice crystals on retrieving ice cloud 

properties, aspect ratios of ice crystals as well as particle size distributions are required. 

In this sensitivity study, an aspect ratio of 2a/L=0.2 is used for all ice crystals, although it 

may not correspond well to observations [Ono, 1969]. Realistic aspect ratios are needed 

in future studies. Furthermore, small (r1=0.45a, r2=0.45a, and r3=0.2L) and relatively 

large (r1=0.85a, r2=0.85a, and r3=0.2L) air bubbles are defined at the center of each 

inhomogeneous ice crystal. The size distribution of ice crystals is assumed to obey a 

Gamma distribution given by 

                                      

€ 

n(L) = N0L
µ exp(b + µ + 0.67

Lm
L) ,                                           (2.19) 
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where N0 is the intercept, µ is assumed to be 2 in this study, and Lm is the median of the 

distribution of L. The parameter b is taken to be 2.2. The effective particle size for a 

given size distribution is defined as follows [Foot, 1988]: 

                                   

€ 

re =
3 V (L)n(L)dL

Lmin

Lmax∫
4 A(L)n(L)dL

Lmin

Lmax∫
,                                                          (2.20) 

where V is particle volume, and A is projected area. 

 The ice cloud bi-directional reflectances are computed using the Discrete 

Ordinates Radiative Transfer (DISORT) model [Stamnes et al., 1988] for λ = 0.65 and 

2.13 µm at various incident-scattering configurations. The visible optical thickness at λ = 

0.65 µm serves as the reference optical thickness in this study. The optical thickness for a 

given wavelength is related to the visible optical thickness via 

                                               

€ 

τ =
τ visQ
Qvis

,                                                                    (2.21) 

where Q and Qvis are the extinction efficiencies for λ=2.13 and 0.65 µm, respectively. 

 Figure 2.9a shows the comparison of the lookup tables computed for the solid 

homogeneous ice crystals and the inhomogeneous ice crystals containing small air 

bubbles (r1= r2=0.45a, and r3=0.2L). It is seen that the inhomogeneous ice crystals reflect 

slightly more than the homogeneous ice crystals at λ = 0.65 µm whereas the bi-

directional reflectances for the inhomogeneous ice crystals are significantly larger than 

those for the homogeneous particles at λ = 2.13 µm. Figure 2.9b is the same as Fig. 2.9a 

except that each inhomogeneous ice crystal in Fig. 2.9b contains larger air bubbles with 

radii of r1= r2=0.85a, and r3=0.2L. It is then evident that the bidirectional reflectances at λ  
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Fig. 2.9 Lookup tables using 0.65 and 2.13 µm reflectances for homogeneous and 

inhomogeneous cloud models. µ0=0.65, µ=1.0 and ϕ - ϕ0 = 0°. 
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= 0.65 µm are slightly sensitive to the air bubble size. However, large air bubbles in the 

ice crystals can significantly increase the reflectances at λ = 2.13 µm. 

The left and right panels in the top of Fig. 2.10 show a MODIS granule image 

over the south Pacific Ocean on April 17, 2007 and the cloud mask from the operational 

MODIS cloud product, respectively. The middle and lower panels of Fig. 2.10 show the 

retrieved cloud properties for the pixels that have been identified as covered by ice 

clouds. Specifically, the middle panel on the left compares the retrieved ice cloud optical 

thickness from homogeneous and inhomogeneous ice crystals. For the latter, small air 

bubbles (r1= r2=0.45a, and r3=0.2L) are embedded. The middle panel on the right is the 

same as the left panel except that the inhomogeneous ice crystals have larger air bubbles 

(r1= r2=0.85a, and r3=0.2L). It is then evident that the cloud optical thicknesses are 

slightly reduced by using inhomogeneous ice crystal models in ice cloud property 

retrievals. These results are consistent with Fig. 2.9 where the inhomogeneous ice 

crystals reflect more than homogeneous ice crystals at λ = 0.65 µm. The increase in the 

sizes of air bubbles can further reduce the optical thickness as evident from the 

comparison of the two middle panels in Fig. 2.10. Using inhomogeneous ice crystals in 

ice cloud models may also significantly increase the retrieved ice cloud effective particle 

sizes, as evident from the lower panels in Fig. 2.10. Moreover, this effect becomes more 

significant as sizes of the air bubbles increase. 

Figures 2.9 and 2.10 describe the sensitivities of ice cloud reflectance and cloud 

property retrievals to the optical properties of inhomogeneous ice crystals on the basis of 

the bi-spectral method developed by Nakajima and King [1990]. In this study, the same 

particle volumes and size distributions are employed for both homogeneous and  
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Fig. 2.10 MODIS granule image (RGB=band 4:3:1) from Terra on April 17, 2007, and 

MODIS cloud mask (upper panels).  The comparisons of retrieved ice cloud optical 

thicknesses from homogeneous and inhomogeneous ice crystals (middle panels). The 

comparisons of retrieved ice cloud effective particle sizes from homogeneous and 

inhomogeneous ice crystals (lower panels). 
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Fig. 2.11 Effective particle sizes for inhomogeneous ice crystals. 
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inhomogeneous ice crystals. However, air bubbles within ice crystals decrease the 

volume of ice and therefore decrease the effective particle size of ice crystals in the ice 

cloud. Figure 2.11 shows the variations of the effective particle size versus the volume of 

the air bubbles within an ice crystal. It is seen that the effective particle size of ice clouds 

can be reduced by more than 50%, depending on the shapes and sizes of the air bubbles 

within ice crystals. Thus, the increased effective particle size resulting from a retrieval 

employing inhomogeneous ice crystals in Fig. 2.10 can be partly compensated for if the 

volumes of the air bubbles are subtracted from the particle volumes. 

 

2.5 Summary 

This study reports on the single-scattering properties of inhomogeneous ice 

crystals whose geometries are defined on the basis of the observations made by Tape 

[1994] at the South Pole. Unlike the spherical air bubbles with random locations in the 

IHM model previously developed by Labonnote et al. [2001], in the present study, a few 

spherical or spheroidal air bubbles are defined within hexagonal ice crystals. The 

sensitivity of single-scattering properties to inhomogeneous ice crystals has been 

examined. It is found that the single-scattering phase function is substantially smoothed 

out and the 22° and 46° halos are reduced if air bubbles are included in the ice crystals. 

These features have been previously reported [Labonnote et al., 2001; Macke et al., 

1996a; Macke et al., 1996b]. The phase function smoothing can become more 

pronounced by increasing the number of air bubbles, enlarging the air bubble, changing 

the air bubbles’ shapes from spheres to spheroids, or moving them from the sides to the 

center of an ice crystal. The peaks of the degree of linear polarization can also be reduced 
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by considering inhomogeneous ice crystals. Moreover, the asymmetry factors of 

inhomogeneous ice crystals may decrease to a minimum value and increase as the 

relative volume of the air bubbles increases.  

 Furthermore, a lookup library of bidirectional reflectances has been developed for 

both homogeneous and inhomogeneous ice cloud models at λ = 0.65 and 2.13 µm. We 

have shown that using inhomogeneous ice cloud models can increase the bidirectional 

reflectances at those two wavelengths. Therefore, the retrieved ice cloud optical 

thicknesses are slightly reduced whereas the retrieved ice cloud effective particle sizes 

can be significantly increased by including air bubbles in ice crystals, particularly, in the 

case of large air bubbles. This effect is similar to that found when surface roughness is 

included in the computations of ice crystal single-scattering properties [Yang et al., 

2008a; Yang et al., 2008b], except that the presence of air bubbles in the crystals reduces 

the overall ice water content compared to a solid crystal with roughened surfaces. These 

results represent another important step in the effort to develop realistic ice crystal optical 

properties for use in retrieving ice cloud properties from satellite imagery and 

representing them in numerical weather and climate models. The results appear to be in 

the right direction for decreasing the biases in retrieved ice cloud optical properties, .e.g., 

Min et al. [2004]. Additional study will be needed, however, to determine if the optical 

properties of spheroidal bubbles, either alone or in combination with those for other ice 

crystal formulations, can provide a more accurate representation of actual ice crystal 

reflectance behavior.  
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CHAPTER III 

USE OF SCATTERING PROPERTIES OF ICE PARTICLE AGGREGATES FOR 

THE REMOTE SENSING OF ICE CLOUDS* 

 

3.1 Background 

 In recent years, significant research has been performed to improve the 

representation of the bulk scattering and absorption properties of ice clouds within the 

atmosphere. Ice cloud bulk-scattering models have been developed by Baum et al.[2005a; 

2005b] for remote sensing applications from visible through infrared wavelengths, where 

the ice clouds were assumed to be composed of ice crystals with a set of idealized particle 

habits, i.e. bullet rosettes, hollow columns, droxtals, aggregates, and hexagonal columns 

and plates. The release of new microphysical ice cloud data from in situ measurements 

suggests that the representation of complex particles needs modification, such as in the 

bullet rosette and aggregate models. The conventional solid bullet rosettes have been 

modified to have a hollow structure at the end of the columnar part of each bullet branch 

[Yang et al., 2008c]. In addition to homogeneous ice particles, ice crystals with 

hexagonal habits were observed to contain internal air bubbles with spherical or 

spheroidal geometries [Tape, 1994]. Furthermore, due to collisions with water droplets or 

other ice cloud particles during the formation of clouds, nonspherical ice crystals in ice  

 

__________________________ 
*Reprinted with permission from “Use of scattering properties of ice particle aggregates 
for the remote sensing of ice clouds”, by Xie, Y., P. Yang, G. W. Kattawar, B. A. Baum, 
Y. X. Hu, submitted to Appl. Opt. 
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cloud models are regarded as more realistic when their surfaces are not assumed to be 

perfectly smooth. The scattering of radiation by nonspherical ice crystals with rough 

surface has been discussed by Macke et al.[1996b], Yang and Liou [1998], Shcherbakov 

et al.[2006] and Yang et al.[2008a; 2008b].  

 The representation of aggregated ice particles in cloud studies is an area needing 

further refinement and clarification. Aggregates are frequently found in regions of deep 

tropical convection [Kajikawa and Heymsfield, 1989; Stith et al., 2002; Stith et al., 2004] 

[Baran et al., 2005; Connolly et al., 2005; Evans et al., 2005; Gallagher et al., 2005; 

Heymsfield, 1986; Houze and Churchill, 1987; McFarquhar and Heymsfield, 1996; Um 

and McFarquhar, 2007; Um and McFarquhar, 2009] and are responsible for the 

generation and growth of precipitation particles usually existing with supercooled water 

droplets at temperatures warmer than -30°C [Kajikawa and Heymsfield, 1989]. When ice 

particles grow in supersaturated air, they may fall through the atmosphere at various 

speeds. Although the exact mechanism for aggregate formation is not well understood 

(e.g., [Connolly et al., 2005]), ice particles can form aggregates from collisions resulting 

from the relative motion and aerodynamic interactions or from the presence of a strong 

electric field. Aggregation has been shown to be significantly influenced by the presence 

of strong electric fields that tend to exist in clouds with strong updrafts [Dinh-Van and 

Phan-Cong, 1978]. It has also been suggested that ice particles within tropical convective 

clouds are more likely to form aggregates in the presence of an electric field [Connolly et 

al., 2005; Pruppacher, 1963; Stith et al., 2002]. 

The coalescence rate is related to the habits of the individual ice particles and the 

ambient cloud temperature. Extensive laboratory studies (e.g., [Hobbs et al., 1974]) have 
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demonstrated that hexagonal ice crystals with relatively warm (between -10 and -15°C) 

and rough surfaces may increase the aggregation rate. Furthermore, individual ice 

aggregates have often been found to be chains of plate shaped crystals [Lawson et al., 

2001; Stith et al., 2002].  

 In this study, we define a new set of aggregate ice particles made from plates and 

investigate the scattering properties from visible to infrared wavelengths. A 

computationally efficient method is presented in Section 3.2 to generate numerical 

aggregate geometries that are similar to those obtained from in situ measurements. In 

section 3.3, we develop an aggregate model containing an ensemble of aggregate 

geometries and compute the resulting scattering properties. Section 3.4 is a discussion of 

the capability of the aggregate model to represent general aggregates within ice clouds. 

The influence of the aggregate particles on the remote sensing of ice cloud microphysical 

and optical properties is discussed in section 3.5, and conclusions are provided in section 

3.6. 

 

3.2 Numerical models for the aggregation of hexagonal ice crystals 

 The geometries of aggregate ice particles are available from in situ data collected 

during field campaigns [Connolly et al., 2005; Evans et al., 2005; Gallagher et al., 2005; 

Heymsfield, 1986; Kajikawa and Heymsfield, 1989; McFarquhar and Heymsfield, 1996; 

Stith et al., 2002; Stith et al., 2004]. Based on observations and on the formation 

processes, aggregates most likely contain hexagonal monomers. Furthermore, the 

aggregates tend to contain significantly more hexagonal plates than columns, indicating 

the cloud temperatures corresponding to the formation of the ice particles. The hexagonal 
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ice monomers vary in the aspect ratio, and can be attached together in planar and in more 

complex three-dimensional forms. Thus, one specific aggregate model will be insufficient 

to realistically represent natural aggregates. However, as demonstrated by Stith et 

al.[2002], aggregates of plates usually exhibit chain-style shapes instead of more compact 

shapes.  

In the present study, the geometries of aggregates are defined by attaching 

hexagonal plates together. The aspect ratios of the hexagonal plates, representing the 

relationship between the width and length of the particle, follow the in situ measurements 

reported by Pruppacher and Klett [1980]. For a hexagonal plate larger than 5 µm, the 

aspect ratio is determined by the relationship: 

                                   

€ 

L = 2.4883a0.474 ,                                                             (3.1) 

where 

€ 

a  and 

€ 

L  represent the semi-width and length of the ice crystal, respectively. Since 

aggregates consist of plates with similar particle sizes, 

€ 

a  in Eq. (3.1) is given by 

                                             

€ 

a = 20 + 20ξ1,                                                                     (3.2) 

and  

                                             

€ 

a = 40 + 40ξ2,                                                                    (3.3) 

for generating relatively small and large aggregates, where ξ1 and ξ2 are independent 

random numbers distributed uniformly in [0, 1].  

Following Yang and Liou [1998], we define aggregate ice crystals in a three-

dimensional Cartesian coordinate system, 

€ 

oxyz , where the geometric coordinate of each 

hexagonal plate can be determined by the width, length, particle-center coordinates, and 

the Euler angles on the basis of a z-y-z convention. Figure 3.1a shows an example of a 

hexagonal particle that is specified in the 

€ 

oxyz  coordinate system (the laboratory system)  
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Fig. 3.1 (a) Transformation from the 

€ 

oP xP yPzP  to 

€ 

oxyz  coordinate system. (b) Polar and 

azimuthal angles in the 

€ 

oxyz  coordinate system. 
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and 

€ 

oP xP yPzP  (the particle system). The transfer from the particle system (

€ 

oP xP yPzP ) to 

the laboratory system (

€ 

oxyz) through an intermediate coordinate system (

€ 

oxP ' yP 'zP ') is 

given by: 
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xP '
yP '
zP '
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;                                                               (3.5) 

where 

€ 

(x0 ',y0 ',z0 ') are the coordinates of the origin of the 

€ 

oP xP yPzP  system in the 

€ 

oxP ' yP 'zP '  coordinate system, and 

€ 

R is a rotational transformation matrix given by 
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R =

cosγ −sinγ 0
sinγ cosγ 0
0 0 1
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,     (3.6) 

where α, β, and γ, respectively, are the Euler angles that represent three consecutive 

rotations around the z, y and z axes. The positive values of the Euler angles indicate 

clockwise rotations in their rotating planes. To represent aggregates having random 

orientations, the Euler angles of the coordinate rotations are given by,  

                                              

€ 

α = π (2ξ3 −1) ,                                                                 (3.7) 

                                              

€ 

β = cos−1(2ξ4 −1) ,                                                            (3.8) 

                                              

€ 

γ = π (2ξ5 −1) ,                                                                  (3.9) 

where ξ3, ξ4, and ξ5 are independent random numbers uniformly distributed in [0, 1]. As 
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shown in Fig. 3.1a, the valid range of α, β, and γ is (-π, π]. The particle centers of the 

hexagonal ice particles are determined in the 

€ 

oxyz  coordinate system by 

                                              

€ 

x0 = dξ6 sinθ cosϕ ,                                                        (3.10) 

                                              

€ 

y0 = dξ6 sinθ sinϕ ,                                                         (3.11) 

                                              

€ 

z0 = dξ6 cosθ ,                                                                 (3.12) 

                                             

€ 

θ = cos−1(2ξ7 −1) ,                                                            (3.13) 

                                             

€ 

ϕ = 2πξ8,                                                                         (3.14) 

where 

€ 

d  is initially set as a large value, e.g. 1000 µm; ξ6, ξ7, and ξ8 are independent 

random numbers distributed uniformly in [0, 1]; and, 

€ 

θ  and 

€ 

ϕ  are the polar and 

azimuthal angles in the 

€ 

oxyz  coordinate system (see Fig. 3.1b).  

 With the representations of an ice particle in the 

€ 

oxyz  coordinate system, the 

distance between multiple ice particles can be computed by numerically considering the 

shortest distances among all the vertices and boundaries of the ice particles. The distance 

may be reduced with adjustments to the particle-center coordinates of an ice particle 

(specifically adjusting 

€ 

d  in Eqs. (3.10)-(3.12)) while retaining all the other elements. Any 

two ice particles can join if they do not overlap and the distance between them is 

negligible. Appendix A provides a detailed procedure for estimating the relative position 

between two hexagonal particles, computing their distance and identifying whether or not 

they are overlapped. Repetition of the preceding process attaches more hexagonal plates 

to the particle. Due to the geometry of the particles, a new particle with determined a, L, 

α, β, and γ may not necessarily touch some existing aggregate elements. Therefore, the 

aggregation process begins again by testing the possibility that the aggregate elements 

can be attached with the new particle. To define chain-style aggregates, the test is 
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performed with the new attached aggregate elements while the parameters in Eqs. (3.7)-

(3.9) are revised. For example, let  

            

€ 

βN =

cos−1(2ξ9 −1) for N =1

βN−1 + cos−1[2.0 × (0.990ξ10 − 0.5)] for N >1

 

 
 

 
 

                             (3.15) 

where N indicates the Nth hexagonal plate in the aggregation process.  

 Using the aforementioned procedure, we defined the numerous aggregates shown 

in Figs. 3.2 and 3.3. Figure 3.2 shows samples of “small” aggregates (hereafter referred 

to as Aggregates 1-5) consisting of 4 or 5 hexagonal plates. The dimensions of the 

aggregates in Fig. 3.2 can be scaled to fit the size parameters involved in the single-

scattering computations. However, as suggested by recent in situ measurements, 

aggregates with extremely large particle sizes are achieved by increasing the monomer 

numbers instead of only scaling the sizes of each monomer. As shown in Fig. 3.3, “large” 

aggregates are represented by five models (hereafter referred to as Aggregates 6-10) each 

consisting of 8-12 hexagonal plates. In general, the ice cloud effective particle size for a 

given particle size distribution is defined by the maximum dimensions Dm, projected 

areas A and volumes V of the individual particles. Counting the largest distance between 

all the aggregate vertices determines the maximum dimensions of the aggregates shown 

in Figs. 3.2 and 3.3. An algorithm based on the Monte Carlo method computes the 

projected areas of the aggregates and the details are provided in Appendix B.  

 Figures 3.4a and 3.4b illustrate the ice crystal projected area and volume, 

respectively, for Aggregates 1-5 as functions of the particle maximum dimension. Among 

the five habits used to represent small aggregates, Aggregate 2 has a significantly larger 

projected area than the other habit realizations. Aggregate 5 has the smallest and largest  
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Fig. 3.2 Geometries of (a) Aggregate 1, (b) Aggregate 2, (c) Aggregate 3, (d) Aggregate 

4, and (e) Aggregate 5. 
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Fig. 3.3 Geometries of (a) Aggregate 6, (b) Aggregate 7, (c) Aggregate 8, (d) Aggregate 

9, and (e) Aggregate 10. 
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Fig. 3.4 (a) and (b): Variation of ice crystal projected area and volume versus maximum 

dimension for Aggregates 1-5. (c) and (d): Variation of ice crystal projected area and 

volume versus maximum dimension for Aggregates 6-10. 
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values of projected area and volume, which indicates a much more compact aggregate. 

Aggregate 4 exhibits a less compact particle compared to Aggregates 1, 3, and 5, and has 

a smaller volume and a larger projected area than the other habits. Figures 3.4c and 3.4d 

show the particle projected area and volume for Aggregates 6-10. For aggregates having 

the same particle sizes, Aggregates 7 and 9 have very similar volumes whereas their 

projected areas are much smaller than those of the other habits. However, the volume of 

Aggregate 10 is not distinct from Aggregates 7 and 9. The parameters associated with the 

aggregates in Figs. 3.3 and 3.4 can be found in Tables 3.1 and 3.2.  

 

3.3 Scattering properties of aggregates 

 The scattering properties of the “small” and “large” aggregates are computed by a 

combination of the ADDA code [Yurkin et al., 2007; Yurkin and Hoekstra, 2009] based 

on the discrete dipole approximation (DDA) method [Draine, 1988; Draine and 

Goodman, 1993; Draine and Flatau, 1994; Purcell and Pennypacker, 1973] and IGOM 

[Yang and Liou, 1996b]. The DDA is a technique to accurately simulate electromagnetic 

scattering by nonspherical particles over a wide frequency range. In the DDA method, the 

scattering particle is defined in terms of a number of electric dipoles. While the electric 

field within the computational domain is obtained from the incident electromagnetic 

wave and the interaction of the electric dipoles, the scattering and absorption properties 

of the scattering particle are derived via a near-to-far-field transformation. Because of its 

computational efficiency and convenience in the construction of irregular particle 

morphology, the DDA has been used to investigate light scattering by both oriented and  
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Table 3.1. The parameters associated with the 5 aggregates with small particle sizes. 

Aggregate1: Dm=147.95, A = 5.32057E+03, V=1.15867E+05 
Element # a L α(°) β(°) γ(°) x0 y0 z0 

1 24.000 11.223 0.000 0.000 0.000 0.000 0.000 0.000 
2 27.000 11.868 -82.655 175.767 -78.103 -5.664 43.934 -13.203 
3 22.000 10.770 -7.651 -23.688 -132.443 -13.519 21.792 -25.347 
4 20.000 10.294 -101.850 155.069 -50.709 18.656 68.178 -29.741 
5 38.000 13.955 -118.412 -30.374 -42.438 -3.161 71.109 -54.738 

Aggregate2: Dm=149.21, A = 9.71958E+03, V=1.48618E+05 
Element # a L α(°) β(°) γ(°) x0 y0 z0 

1 35.000 13.421 0.000 0.000 0.000 0.000 0.000 0.000 
2 35.000 13.421 -136.864 111.886 20.422 37.806 35.423 31.105 
3 22.000 10.770 129.602 -103.763 123.851 54.186 51.254 4.438 
4 26.000 11.657 -106.007 74.775 -150.946 19.071 -23.051 -32.585 
5 30.000 12.476 102.088 -111.157 13.492 70.653 26.702 -12.658 

Aggregate3: Dm=162.32, A = 7.26631E+03, V=1.77345E+05 
Element # a L α(°) β(°) γ(°) x0 y0 z0 

1 33.000 13.052 0.000 0.000 0.000 0.000 0.000 0.000 
2 25.000 11.443 -104.323 147.168 29.018 7.916 31.004 -17.561 
3 37.000 13.779 -66.295 -39.138 139.772 4.977 59.195 -37.719 
4 26.000 11.657 -117.000 101.552 -154.612 -26.415 41.781 -56.674 
5 38.000 13.955 -89.474 -95.683 -111.998 -12.506 99.011 17.501 

Aggregate4: Dm=174.08, A = 8.72443E+03, V=1.66768E+05 
Element # a L α(°) β(°) γ(°) x0 y0 z0 

1 25.000 11.443 0.000 0.000 0.000 0.000 0.000 0.000 
2 26.000 11.657 -136.348 117.880 -25.069 29.954 28.576 -14.725 
3 39.000 14.128 -74.542 -63.550 12.115 43.180 44.478 -38.725 
4 35.000 13.421 -178.069 113.773 164.661 14.393 57.944 -71.778 
5 30.000 12.476 -46.679 165.030 -89.502 -11.329 -2.432 18.621 

Aggregate5: Dm=101.73, A = 2.18089E+03, V=6.82456E+04 
Element # a L α(°) β(°) γ(°) x0 y0 z0 

1 25.000 11.443 0.000 0.000 0.000 0.000 0.000 0.000 
2 27.000 11.868 -22.406 30.910 117.028 -44.627 18.399 -13.063 
3 21.000 10.535 -100.936 -179.061 44.979 -2.087 20.477 -18.406 
4 23.000 10.999 -135.880 177.983 71.613 -19.081 3.495 -29.831 
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Table 3.2. The parameters associated with the 5 aggregates with large particle sizes. 

Aggregate6: Dm=369.63, A = 3.91496E+04, V=1.06798E+06 
Element # a L α(°) β(°) γ(°) x0 y0 z0 

1 40.000 14.298 0.000 0.000 0.000 0.000 0.000 0.000 
2 79.000 19.741 -46.217 88.822 11.433 -12.564 13.110 84.021 
3 43.000 14.797 -179.796 -93.563 85.646 32.092 34.451 70.872 
4 59.000 17.190 -7.572 77.85 -132.999 42.693 0.1521 -57.088 
5 49.000 15.742 -25.814 88.721 -49.824 44.632 -4.197 -156.989 
6 58.000 17.052 -133.723 -138.154 -47.923 -14.287 75.580 -5.949 
7 55.000 16.628 170.641 -62.393 51.869 116.120 16.863 -106.819 
8 46.000 15.277 -59.226 86.727 125.394 67.638 95.060 -50.351 

Aggregate7: Dm=473.71, A = 2.17697E+04, V=1.89471E+06 
Element # a L α(°) β(°) γ(°) x0 y0 z0 

1 78.000 19.623 0.000 0.000 0.000 0.000 0.000 0.000 
2 68.000 18.387 82.921 164.510 102.946 -6.719 -54.101 25.823 
3 67.000 18.258 -92.660 -22.959 1.713 -60.934 -25.493 57.639 
4 69.000 18.515 28.655 86.571 -174.082 5.337 114.889 47.891 
5 57.000 16.912 160.118 -114.845 -79.650 -158.696 -28.416 72.697 
6 59.000 17.190 -61.486 16.746 -99.622 0.291 122.872 -29.215 
7 49.000 15.742 -152.577 167.203 -63.528 -29.232 41.204 -58.603 
8 66.000 18.129 -40.620 -16.260 -133.618 -207.718 47.738 96.347 
9 79.000 19.741 141.896 133.140 -46.151 -291.690 -26.998 58.650 

Aggregate8: Dm=439.51, A = 6.64570E+04, V=1.92774E+06 
Element # a L α(°) β(°) γ(°) x0 y0 z0 

1 77.00 19.503 0.000 0.000 0.000 0.000 0.000 0.000 
2 58.000 17.052 -177.368 64.830 -27.941 99.193 4.561 -7.375 
3 75.000 19.261 -146.815 -117.312 -69.303 115.667 8.322 -105.096 
4 42.000 14.633 99.056 53.002 77.723 90.671 21.580 -175.875 
5 47.000 15.434 13.853 -135.455 33.875 -18.069 47.826 47.262 
6 72.000 18.892 -167.855 43.472 -23.762 97.754 -22.864 -249.469 
7 45.000 15.119 -108.623 -142.431 -15.595 7.019 -35.116 -189.123 
8 65.000 17.998 -51.308 -72.400 -173.509 -14.105 -132.186 -184.875 
9 74.000 19.139 -87.353 75.060 -49.382 32.361 -171.149 -155.846 

10 70.000 18.641 -98.065 -111.24 25.565 50.082 -228.132 -81.978 
Aggregate9: Dm=445.23, A = 2.08749E+04, V=1.57522E+06 

Element # a L α(°) β(°) γ(°) x0 y0 z0 
1 48.000 15.589 0.000 0.000 0.000 0.000 0.000 0.000 
2 77.000 19.503 150.470 158.669 64.315 16.422 -9.303 36.460 
3 50.000 15.893 156.544 -28.559 7.439 -0.981 12.898 79.428 
4 51.000 16.043 133.796 143.141 106.479 8.530 110.051 82.220 
5 45.000 15.119 15.886 -42.947 -76.896 -21.106 1.340 120.318 
6 79.000 19.741 7.484 100.825 85.510 -126.526 -12.425 138.208 
7 43.000 14.797 148.401 -80.442 51.002 -183.477 -38.868 140.806 
8 57.000 16.912 29.050 79.070 134.321 -103.686 15.369 22.394 
9 46.000 15.277 164.668 -104.400 31.959 -103.477 -37.950 -32.759 

10 67.000 18.258 102.284 -39.670 -137.843 -241.91 -59.434 209.639 
11 40.000 14.298 -20.386 138.140 88.125 -216.237 -146.224 219.446 

Aggregate10: Dm=471.42, A = 6.14953E+04, V=1.86694E+06 
Element # a L α(°) β(°) γ(°) x0 y0 z0 

1 51.000 16.043 0.000 0.000 0.000 0.000 0.000 0.000 
2 53.000 16.338 121.826 79.245 59.939 44.024 -70.931 -27.186 
3 75.000 19.261 -119.265 -122.802 131.734 117.027 -44.620 44.158 
4 74.000 19.139 168.954 -47.041 130.687 28.929 51.624 67.320 
5 49.000 15.742 175.836 130.105 92.497 152.171 -84.018 27.426 
6 73.000 19.016 44.989 177.401 -107.193 155.161 74.466 61.031 
7 40.000 14.298 85.171 -13.969 154.203 175.293 -111.757 53.939 
8 61.000 17.464 128.262 45.585 -151.717 85.657 138.845 10.530 
9 59.000 17.190 86.249 -140.248 -143.415 30.315 139.789 -3.023 

10 59.000 17.190 17.525 33.540 73.917 -67.218 161.784 -3.566 
11 43.000 14.797 -94.888 -148.820 117.310 108.901 146.382 77.028 
12 52.000 16.192 72.882 -18.720 22.437 -105.644 147.902 39.572 
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arbitrary distributed particles including ice particles and aerosols in the atmosphere [Bi et 

al., 2009b; Evans et al., 2005; Hong et al., 2009; Kalashnikova and Sokolik, 2004; 

Nousiainen and Muinonen, 2007; Nousiainen et al., 2009].  

The extinction efficiencies, asymmetry factors and scattering phase functions 

derived by the ADDA have been compared with those from Mie theory [Yurkin et al., 

2007]. The RMS relative errors from the ADDA are quite small for cases when mr<1.4, 

where mr is the real part of the refractive index. However, the ADDA requires sufficient 

electric dipoles in the computational domain to resolve detailed geometric features of the 

scattering particle and to achieve numerical accuracy. As a result, chained-particle 

aggregates tend to consume a substantial amount of computing time because of the 

multiple electric dipoles in a relatively large computational domain. In our study, ADDA 

v0.79 [Yurkin et al., 2007] is used to compute the scattering properties of aggregates. The 

size of the electric dipoles in the ADDA is given as follows: 

                                         

€ 

d =

Dm

20
, λ
20m

for X ≤1

λ
20m

for 1< X < 5

λ
10m

for 5 < X <15

λ
5m

for X >15

 

 

 
 
 
 
 

 

 
 
 
 
 

                                           (3.16) 

where d is the size of each electric dipole, m is refractive index of the aggregates, λ is the 

wavelength, and 

€ 

 indicates the minimum value of the variables. The size parameter, X, 

of an aggregate is defined by 

                                                 

€ 

X =
πDs

λ
,                                                                  (3.17) 
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The conventional IGOM has been extensively employed in the light scattering 

and radiative transfer processes for satellite-based remote sensing of ice clouds [Baum et 

al., 2005a; Baum et al., 2005b; Wendisch et al., 2005; Yang et al., 2005]. For 

computations involving large size parameters, the IGOM is an efficient method to 

compute the scattering properties of aggregates, and our version has been updated in 

numerous ways over the past few years. Compared to the computations reported by Yang 

and Liou [1998], the current IGOM has improved the treatment of the edge effect 

[Mitchell et al., 2001; Nussenzveig and Wiscombe, 1980; Nussenzveig and Wiscombe, 

1991] and enhanced  the treatment of forward scattering [Bi et al., 2009a]. To more 

accurately account for the divergence of scattered energy in the forward peak, making the 

delta-transmission term is no longer necessary even for extremely large particles. As a 

result of the scattering model improvements, the extinction efficiency of an ice particle 

exhibits a smooth transition from small to large particles whose scattering properties are 

computed from the ADDA and IGOM, respectively. Additionally, the IGOM code used 

in Yang and Liou [1998] has been revised to adapt to various sets of parameters 

associated with aggregates.  

Figure 3.5 shows the extinction efficiency, absorption efficiency, single scattering 

albedo, and asymmetry factor as functions of size parameter for Aggregate 1 at λ=2.13 

µm. The extinction and absorption efficiencies from the ADDA were originally derived 

by dividing the corresponding extinction and absorption cross sections of the scattered 

particle over the cross section of a volume-equivalent sphere. For consistency with the 

IGOM, the cross section of the volume-equivalent sphere is replaced by a projected area 

computed by the process described in Appendix B. In the IGOM computations, the  
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Fig. 3.5 Extinction efficiency, absorption efficiency, single scattering albedo, and 

asymmetry factor as functions of size parameter for Aggregate 1 at λ=2.13 µm.  
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above-edge effect contribution to the extinction and absorption efficiencies can be 

approximated following Bi et al. [2009b] as follows: 

                                      

€ 

Qe,edge (λ) = 2c1
λ

πDm

 

 
 

 

 
 

2 / 3

,                                                        (3.18) 
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Qa,edge (λ) = 2c2
λ

πDm

 

 
 

 

 
 

2 / 3

.                                                        (3.19) 

The two constants, 

€ 

c1 and 

€ 

c2 , are determined at the wavelength (

€ 

λt ) where the use of the 

ADDA is switched to the use of IGOM in the form of: 

                             

€ 

c1 = 0.5 Qe,ADDA (λt ) −Qe,IGOM (λt )[ ] πDm

λt

 

 
 

 

 
 

2 / 3

,                                  (3.20) 
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c2 = 0.5 Qa,ADDA (λt ) −Qa,IGOM (λt )[ ] πDm

λt

 

 
 

 

 
 

2 / 3

,                                  (3.21) 

where 

€ 

Qe,ADDA (λt )  and 

€ 

Qa,ADDA (λt )  are the extinction and absorption efficiencies 

computed by the ADDA, and 

€ 

Qe,IGOM (λt )  and 

€ 

Qa,IGOM (λt )  are those computed from the 

IGOM without accounting for the above-edge effect. From Fig. 3.5, it can be seen that 

the extinction efficiency for the aggregate initially rises rapidly with particle size, and 

subsequently approaches a constant value of 2 with a decaying oscillation. As the size 

parameter increases from 40 to 1000, the absorption efficiency increases dramatically due 

to the increase of the ray path length within the particle as the single scattering albedo 

decreases from 1. The asymmetry factor in Fig. 3.5 generally increases with particle size 

when diffraction becomes significant compared to the scattering of light by the particle. 

For wavelengths with strong absorption, the scattering properties increase with particle 

size as shown in Fig. 3.6. The results in Figs. 3.5 and 3.6 reflect smooth transitions of the 

scattering properties from small to large particles. The computations by the ADDA and  
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Fig. 3.6 Same as Fig. 3.5, except that λ=12.0 µm. 
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IGOM are very consistent in the region where the size parameter is approximately 25, 

with the consistency possible due to improvements in the IGOM. The scattering 

properties of the aggregates in our study are computed by the ADDA when the size 

parameter is smaller than 25, and by the IGOM for aggregates with larger size 

parameters.  

Figure 3.7 shows the scattering phase matrixes for Aggregate 1 with a maximum 

dimension of 100 µm. Following Yang and Liou [1998], the surface roughness of the 

aggregates is specified by small tilted facets on the particle surface. The slopes of the 

roughened facets are randomly sampled assuming a Gaussian distribution [Cox and 

Munk, 1954]. The RMS tilt σ can be used as the parameter to specify the degree of 

surface roughness. As σ increases from 0 to 1, the surface roughness varies from smooth 

to deeply roughened. From Fig. 3.7, aggregates are seen to be associated with strong 

forward scattering at visible wavelengths due to diffraction. In addition, the phase 

function for a smooth aggregate reveals halo peaks at approximately 22° and 46°. 

However, the halos become less significant as σ increases because of the spreading of the 

rays that are associated with minimum deviation of refraction. Figure 3.8 shows the 

scattering phase matrix for Aggregate 10 with a maximum dimension of 1000 µm. The 

scattering phase function (P11) for Aggregate 10 has lower values at some side scattering 

angles compared to Aggregate 1 for smooth particles, but these differences decrease as σ 

increases. It is interesting to note that an increasing σ tends to increase the side scattering 

over that of smooth particles. Additionally, the other non-zero elements of the phase 

matrices in Figs. 3.7 and 3.8 are sensitive to ice particle habit, size and surface roughness, 

which indicate the potential of using polarization measurements to determine ice cloud  
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Fig. 3.7 Scattering phase matrixes for Aggregate 1 at λ=0.65 µm.  
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Fig. 3.8 Scattering phase matrixes for Aggregate 10 at λ=0.65 µm.  
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Fig. 3.9 Scattering phase matrixes for Aggregates 1 and 10 at λ=12.0 µm.  
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microphysical properties. Figure 3.9 compares the scattering phase matrixes for 

Aggregates 1 and 10 at λ=12.0 µm, and it can be seen that that the various elements of 

the phase matrix tend to be nearly featureless (i.e., no halos) because of strong 

absorption.  

 

3.4 Validation of the aggregate model 

Various aggregate models consisting of one or a small number of predetermined 

geometrical particles have been used in previous studies [Baran and Labonnote, 2006; 

Evans et al., 2005; Um and McFarquhar, 2009; Yang and Liou, 1998]. Our aggregate 

model uses 10 aggregate geometries with various particle sizes to represent the 

aggregates. The averaged scattering properties of the aggregates can be used to establish 

the validity of our aggregate model. 

Figure 3.10 shows the comparison of the scattering phase functions for the ‘real 

aggregates’ within ice clouds and the approximation using our aggregate models in Figs. 

3.2 and 3.3. To represent the variety of aggregates in ice clouds, the ‘real aggregates’ are 

an average of 1000 aggregates composed of four or five hexagonal plates having aspect 

ratios as described by Eq. (3.1). Similar to the aggregate model involving Aggregates 6-

10, large aggregates in the ‘real aggregates’ consist of eight to twelve plates, except that 

1000 geometries are considered. The equivalent phase functions in Fig. 3.10 are given by 

                 

€ 

P11(Θ,Dm ,λ) =

P11(Θ,Dm,λ,n)Cs(Dm,λ,n)
n=1

M

∑

Cs(Dm ,λ,n)
n=1

M

∑
,                                 (3.22) 

where 

€ 

P11(Θ,Dm ,λ,n) is the phase function for each aggregate geometry, 

€ 

Θ is scattering  
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Fig. 3.10 (a) Comparison of the scattering phase functions for the averaged values over 

1000 aggregates (solid line), the approximation using Aggregates 6-10 (dashed line), and 

Aggregate 9 (dotted line). (b) Comparison of the scattering phase functions for ice crystal 

surface smooth, moderately rough and deeply rough conditions. (c) Comparison of the 

scattering phase functions for the averaged values over 1000 aggregates (solid line), the 

approximation using Aggregates 1-5 (dashed line), and Aggregate 5 (dotted line). 
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angle, 

€ 

Cs(Dm,λ,n)  is scattering cross section, and M is 5 and 1000 for our aggregate 

model and the ‘real aggregate’, respectively. Figure 3.10a illustrates the comparison of  

the scattering phase functions for large aggregates at λ=0.65 µm. The results indicate that 

the phase function of a large aggregate shows a slight sensitivity to particle geometry. 

Generally, for large particles, both Aggregate 9 and the ‘real aggregates’ are consistent in 

their representation of scattering properties. However, tiny oscillations are noticeable in 

the phase function of a single aggregate, especially at small scattering angles. In the ‘real 

aggregates’ and our aggregate model, these oscillations are averaged to be physically 

more meaningful. Figure 3.10b compares the phase functions of our aggregate model 

under various surface conditions. The phase function oscillation is much reduced when 

surface roughness is incorporated. The aggregates being considered in Fig. 3.10c are 

represented by Aggregate 5, Aggregates 1-5 and the ‘real aggregates’. The scattering 

phase functions are computed by the ADDA since the size parameter is small. In the 

comparison between the phase functions of the ‘real aggregates’ and Aggregate 5, slight 

differences are shown in the forward scattering region. At side and back scattering 

angles, the phase function of Aggregate 5 is substantially different from those of the other 

two aggregate representations. The Student’s t-test [Freedman et al., 2007] is used to 

investigate the difference between the phase functions from the two aggregate 

representations. For the scattering angles of 60°-180°, the t-statistic, 

€ 

t = 5.1862, has 

exceeded the 95% confidence level (

€ 

t0.05 =1.96 ), which suggests that the differences in 

phase functions are significant between Aggregate 5 and the ‘real aggregates’ containing 

1000 geometries. The Student’s t-test can be carried out on the phase functions of the 

‘real aggregates’ and our aggregate model. To assess the significance of our aggregate 
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model, the t-statistics are computed as follows: 

                                        

€ 

t = 0.1405 < t0.05 =1.96                                                        (3.23) 

and  

                                        

€ 

t = 0.5096 < t0.05 =1.96                                                        (3.24) 

for the phase functions at the scattering angles of 0°-180° and 60°-180°, respectively. The 

null hypothesis is rejected in favor of the alternative hypothesis. Therefore, the aggregate 

model in this study can be used to represent the ‘real aggregates’ in the simulation of 

their scattering properties.  

 

3.5 Aggregation effect in the retrieval of ice cloud properties 

To simulate ice clouds containing individual hexagonal particles and their 

aggregates, we first assume the geometries shown in Figs. 3.2 and 3.3. The particle sizes 

of the aggregates are based on a particle size distribution, which, for ice clouds, is 

generally parameterized by the Gamma distribution [Heymsfield et al., 2002; Kosarev 

and Mazin, 1991; Mitchell, 1991] given by 

                     

€ 

n(Dm ) = N0Dm
µ exp(− b + µ + 0.67

D
Dm ) ,                                        (3.25) 

where Dm is the dimension of the aggregate, N0 is the concentration intercept parameter, 

and D is the median of the distribution of Dm. The parameters, µ and b, are assumed to be 

2.0 and 2.2, respectively. Clouds containing a mixture of ice habits can be generated by 

the decomposition of a number of aggregates into hexagonal fractions. The geometries of 

the fractions are dependent on the aggregate dimensions and can be derived based on the 

information provided in Tables 3.1 and 3.2. The effective particle sizes of the ice clouds 

are derived as follows: 
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€ 

De =
3
2

(1− f ) Vpin(Dm )dDmDmin

D1∫ + Vpjn(Dm )dDmD1

Dmax∫
j=1

50

∑
i=1

24

∑
 

 
 
 

 

 
 
 

+ Na f Van(Dm )dDmDmin

Dmax∫

(1− f ) Apin(Dm )dDmDmin

D1∫ + Apjn(Dm )dDmD1

Dmax∫
j=1

50

∑
i=1

24

∑
 

 
 
 

 

 
 
 

+ Na f Aan(Dm )dDmDmin

Dmax∫
, (3.26) 

where f is the proportion of the plates that form aggregates; 

€ 

Vpi and 

€ 

Vpj  are the volumes 

of the plates in Tables 3.1 and 3.2, respectively; 

€ 

Api  and 

€ 

Apj  are the projected areas of the 

plates; 

€ 

Va  is the averaged volume of the aggregates used to represent all aggregate ice 

crystals; 

€ 

Na  is the number of the aggregate geometries; and, 

€ 

D1 is the threshold value of 

the aggregate dimensions to determine small and large aggregates. In this study, 

€ 

Na  is 5 

and 

€ 

D1 is assumed to be 550 µm. Note that the particle size distributions of plates are 

different than that of the aggregates. However, the size distributions of plates are not 

derived because they are not used in the computation of effective particle sizes and 

scattering properties of ice clouds.  

The phase functions of ice clouds can be given by, 

€ 

P11 =

(1− f ) P11,piQs,piApin(Dm )dDmDmin

D1∫ + P11,piQs,piApin(Dm )dDmD1

Dmax∫
i= 25

74

∑
i=1

24

∑
 

 
 

 

 
 + Na f P11,aQs,aAan(Dm )dDmDmin

Dmax∫

(1− f ) Qs,piApin(Dm )dDmDmin

D1∫ + Qs,piApin(Dm )dDmD1

Dmax∫
i= 25

74

∑
i=1

24

∑
 

 
 

 

 
 + Na f Qs,aAan(Dm )dDmDmin

Dmax∫

                                                                                                                                     (3.27) 

where 

€ 

P11,pi  and 

€ 

Qs,pi  are the phase function and scattering efficiency for plates, and  

€ 

P11,a  

and 

€ 

Qs,a  are the phase function and scattering efficiency for aggregates.  

To investigate the influence of ice particle aggregation on the inference of ice 

cloud microphysical and optical properties, reflectances are simulated by the DISORT 

model [Stamnes et al., 1988] for two channels centered at wavelengths of 0.65 and 2.13 

µm. A dark (non-reflective) surface condition is assumed to eliminate the influence of  
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Fig. 3.11 Lookup tables using 0.65 and 2.13 µm reflectances for (a) independent plates 

and the same ice crystals except that 30% plates form aggregates and (b) independent 

plates and the same ice crystals except that 90% plates form aggregates. The solar zenith 

and viewing zenith angles are 30˚, respectively, and the relative azimuth angle is 90˚. 
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surface bidirectional reflectance features. Figure 3.11 compares the calculated lookup 

tables. The dashed lines in Fig. 3.11a denote hexagonal plates while the solid lines are 

used to indicate an ice cloud model that contains the same habits except that 30% of the 

plates form aggregates. From Fig. 3.11a, it can be found that the optical thicknesses of 

the ice clouds are reduced when aggregates are included. Based on the scattering 

properties of ice clouds, the optical thickness of ice crystals involving aggregates can be 

given as follows: 

        

€ 

τ = (1− f )Δz Qe,piApin(Dm )dDmDmin

D1∫
i=1

24

∑ + Qe,piApin(Dm )dDmD1

Dmax∫
i= 25

74

∑
 

 
 

 

 
 

+ Na fΔz Qe,aAan(Dm )dDmDmin

Dmax∫
,               (3.28)          

where 

€ 

Δz  is the physical thickness of the cloud, and 

€ 

Qe,pi  and 

€ 

Qe,a  are the extinction 

efficiencies for plates and aggregates. The optical thickness is reduced to that of 100% 

plates when f is 0. From Eq. (3.28), it is known that the scattering properties and particle 

number concentration of ice crystals can both affect the retrieval of cloud optical 

thickness. Because the reduction of particle number concentration is more effective in the 

retrieval of cloud properties, the ice cloud optical thickness decreases in the aggregation 

process. This feature becomes more pronounced when 90% of the plates form aggregates 

as shown in Fig. 3.11b. It is also clear from Fig. 3.11 that the retrieved ice cloud effective 

particle sizes generally decrease when the aggregation effect is ignored in the retrieval 

process. The physical explanation is that the aggregation of plates has no effect on the 

total volume of ice crystals when the total values of the projected areas are reduced.  

 

3.6 Summary  

With a set of in situ measurements of aggregates as guidance, an algorithm is 
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developed to efficiently define the geometries of aggregates and compute their projected 

areas. Aggregates result from attaching ice particle hexagonal plates together in a chain-

like manner. We investigate the scattering properties of randomly oriented aggregates of 

plates using the ADDA and IGOM for particles whose size parameters are smaller and 

larger than 25, respectively. The results indicate that the scattering properties are 

consistent in the region where the size parameter is approximately 25. The scattering 

phase functions of the aggregates show the same typical halo peaks at scattering angles of 

22° and 46° at visible wavelengths as do hexagonal ice particles.    

With the algorithm to create geometries of aggregates and their scattering 

properties, an investigation was made on the possibility of representing all aggregates 

based on the scattering properties of a limited number of aggregates. To represent small 

aggregates, we generated five aggregate models, with each particle consisting of 4 or 5 

hexagonal plates. Aggregates with large particle sizes were built by increasing the 

monomer numbers instead of merely scaling the sizes of each monomer and five models 

consisting of 8-12 plates were considered. The scattering properties of a representative 

aggregate were derived by averaging values over the individual aggregate geometries. To 

validate our aggregate model, a ‘real aggregate’ was simulated from 1000 different plate 

aggregates. The comparison of the scattering properties suggested that it was not 

sufficient to use only one aggregate realization to represent all aggregates within ice 

clouds. However, the scattering properties of our aggregate model showed much better 

agreement with the ‘real aggregates’ and confirmed the validation of our aggregate 

model.  

Furthermore, the influence of the aggregate of plates was investigated for the 



 

 

66 

satellite-based remote sensing of ice clouds. As cloud reflectances can be used to infer ice 

cloud microphysical and optical properties, we compared the lookup tables of cloud 

reflectances for ice cloud models involving hexagonal plates and their aggregates. The 

neglect of aggregates in the retrieval process leads to an overestimate of optical thickness 

but an underestimate of effective particle size. This result is partly due to the lower 

projected areas of the ice crystals during the aggregation process. More detailed 

investigations of the plate aggregates need to be performed in conjunction with other ice 

habits. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

67 

CHAPTER IV 

 DETERMINATION OF ICE CLOUD MODELS USING MODIS AND MISR 

DATA 

 

4.1 Background 

Substantial efforts have been made to improve the satellite-based retrieval of ice 

cloud properties by introducing realistic ice crystals within cirrus clouds. Yang and Liou 

[1998] modeled ice crystals surface roughness by using the slopes of the facets to define 

the degree of surface roughness. The radiation scattering by rough-surfaced hexagonal 

ice crystals has been investigated using both rigorous and simplified algorithms based on 

the ray-tracing technique [Yang et al., 2008b]. The primary effect of ice crystal surface 

roughness, relative to using smooth crystals, is to increase the solar reflectances in visible 

regions at most angles and to decrease the retrieved ice cloud optical thicknesses [Yang et 

al., 2008a]. Xie et al. [2009] investigated the scattering properties of inhomogeneous ice 

crystals based on observations, in which atmospheric ice crystals were collected near the 

surface and studied under with a binocular microscope [Tape, 1994]. Inhomogeneous ice 

crystals, containing spherical or spheroidal air bubbles, were confirmed to have the effect 

of reducing the ice cloud optical thicknesses when they were used in the satellite-based 

retrieval of ice cloud properties. In addition, air bubbles within ice crystals may 

substantially reduce the ice crystal volumes and affect the retrieval of ice cloud particle 

sizes.  

A new ice cloud model is demanded to employ the new ice crystal geometries and 

improve the satellite-based retrieval of ice cloud properties. In this study, we develop an 
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ice cloud reflectance model using simple, but appropriate ice crystal habit and size 

distributions, to minimize directional reflectance uncertainties employing matched data 

from the MODerate-resolution Imaging Spectroradiometer (MODIS) and Multiangle 

Imaging SpectroRadiometer (MISR) on board the National Aeronautics and Space 

Administration’s (NASA’s) Terra spacecraft. Given all of the uncertainties of the 

operationally retrieved ice cloud properties, the resulting ice cloud model exhibits 

excellent consistency with the measurements from the 9 MISR views.  

In section 4.2, we introduce the study of ice crystal habits and their sensitivity to 

the scattering properties and solar reflectances of cirrus clouds. In section 4.3, we 

describe the MODIS and MISR data used in the retrieval of ice cloud properties, and 

develop a methodology to determine an optimal ice cloud model for routine retrieval of 

ice cloud properties using reflected solar radiation. In section 4.4, we analyze the 

potential errors in retrieved ice cloud optical thicknesses in a case in which MODIS data 

are not employed in the retrieval. In section 4.5, the errors caused by ice cloud models 

and their scattering properties is addressed through analyses of viewing angle dependence 

of retrieved ice cloud optical thickness, and an ice cloud model with mixed ice crystal 

habits is selected from two hundred models. Conclusions are provided in section 4.6. 

 

 

 

 

 

 



 

 

69 

4.2 Ice cloud models and their sensitivity to the simulations of scattering properties 

and solar reflectances by cirrus clouds 

 

4.2.1 Ice cloud models 

Nearly all atmospheric ice crystals develop on the fundamental hexagonal matrix 

that results from the near tetrahedral bonding angles of the water molecule. Hexagonal 

ice crystals, in one form or another, are one of the most important ice crystal shapes 

within cirrus clouds. In the current study, only hexagonal columns and plates are assumed 

in developing an algorithm to determine optimal ice cloud models for satellite-based 

remote sensing of cirrus clouds. Other ice crystal habits such as bullet rosettes, droxtals, 

hollow columns, and aggregates, often observed in clouds could also be used for the ice 

cloud models to, perhaps, further improve their performance in retrieving ice cloud 

properties [Baum et al., 2003; Baum et al., 2005a; Baum et al., 2005b]. The habit 

fractions of ice crystals may have regional preferences and are strongly related to cloud 

temperature. This aspect may deserve future study but is beyond the aim of this work.  

Hexagonal ice crystal geometries are normally specified by their aspect ratios, 

α=2a/L, where a and L are the semi-width and length of the ice particles, respectively. 

The aspect ratios of hexagonal columns used in this study are consistent with those of 

Mitchell and Arnott [1994] and can be formulated as follows,  

                           

€ 

α =

0.7 for D <100µm

6.96L−0.5 for D ≥100µm

 

 
 

 
 

,                                          (4.1) 

where D represents the dimensions of the ice crystals and equals L for hexagonal 

columns. For hexagonal plates, the aspect ratios are determined based on in situ 
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measurements of cirrus clouds [Auer and Veal, 1970; Pruppacher and Klett, 1980] and 

can be given by, 

                                

€ 

α =

1 for D ≤ 4µm

a
0.2227a +1.5547

for 4µm < D <10µm

0.8038a0.526 for D ≥10µm

 

 

 
 
 

 

 
 
 

,                            (4.2) 

where D=2a. 

 Ice crystals with roughened surfaces or internal air bubbles are also considered 

here because they keep the simple hexagonal shape while significantly altering the optical 

properties. As in Yang et al. [2008b], the RMS tilt, σ, of the roughened facets on the ice 

crystal surfaces is used to specify the degree of roughness. Thus, the surface condition 

varies from smooth to severely rough as σ increases from 0 to 1. The geometries of 

inhomogeneous ice crystals have been described in detail by Xie et al. [2009] and will not 

be restated here in the interest of brevity. The internal air bubbles of the inhomogeneous 

ice crystals are simulated using spheroidal shapes that satisfy 

                                                    

€ 

x 2

r1
2 +

y 2

r2
2 +

z2

r3
2 =1,                                                        (4.3) 

where r1, r2, and r3 are the air bubble radii. Here, r1, r2, and r3 depend on the widths and 

lengths of the ice crystals as follows: 

                                                       

€ 

r1 = Cbubblea                                                               (4.4) 

                                                       

€ 

r2 = Cbubblea                                                               (4.5) 

                                                       

€ 

r3 = CbubbleL ,                                                             (4.6) 

where Cbubble is a constant.  
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 For the ice cloud models, the ice crystal surface roughness condition and internal 

air bubbles are used for both the hexagonal column and plates cases. The geometric 

parameters σ and Cbubble are set to be 1.0 and 0.5, respectively, indicating a case with 

severely roughened ice crystals and a case with medium-sized air bubbles. Thus, the 

scattering properties of cirrus clouds are represented by ice cloud models consisting of 

six types of ice crystals including hexagonal column (HC), surface roughened column 

(RC), inhomogeneous column (IC), hexagonal plate (HP), surface roughened plate (RP), 

and inhomogeneous plate (IP). Figure 4.1 compares the projected area and volume of 

these ice crystals as functions of ice crystal dimension. The degree of ice crystal surface 

roughness has not been considered in the computation of the projected areas and volumes 

of the ice crystals. As can be seen in Figs. 4.1a and 4.1b, the projected areas of HP are 

much larger than HC when the dimensions are greater than 250 µm. However, the 

volume of HC is greater than HP in the region of 0 to 500 µm as shown in Figs. 4.1c and 

4.1d. Note that the internal air bubbles within ice crystals substantially reduce their 

volumes while having no effect on the projected areas.  

To quantitatively characterize the cirrus cloud particle sizes, we use the cloud 

effective particle from [Foot, 1988]:  

                                            

€ 

De =
3
2

Vtotal (D)n(D)dDDmin

Dmax∫
Atotal (D)n(D)dDDmin

Dmax∫
,                                           (4.7) 

where n(D) is ice particle size distribution; Vtotal(D) and Atotal(D) are the total volumes 

and projected areas of the ice crystals for size D, respectively; and, Dmax and Dmin are the 

maximum and minimum values of D. Based on a number of cirrus cloud measurements  
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Fig. 4.1 Ice crystal projected area versus dimension (a, b): for HC (black) and HP (blue) 

models, and (c, d): Variation of ice crystal volume versus dimension for HC (black lines), 

IC (blue), HP (green), and IP (red).  
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during field campaigns [Heymsfield et al., 2002; Kosarev and Mazin, 1991; Mitchell, 

1991], the size distribution of ice cloud particles can be represented by the Gamma 

distribution given by, 

                                       

€ 

n(D) = N0D
µ exp(− b + µ + 0.67

Dmedian

D),                                        (4.8) 

where Dmedian is the median value of D, N0 is the concentration intercept parameter, and µ 

and b are constants assumed to be 2.0 and 2.2, respectively. Vtotal(D) and Atotal(D) in Eq 

(4.7) are given as                   

                        

€ 

Vtotal (D) = CHCVHC (D) + CRCVRC (D) + CICVIC (D) +

CHPVHP (D) + CRPVRP (D) + CIPVIP (D)
,                               (4.9) 

                        

€ 

Atotal (D) = CHCAHC (D) + CRCARC (D) + CICAIC (D) +

CHPAHP (D) + CRPARP (D) + CIPAIP (D)
,                           (4.10) 

where VHC(D), VRC(D), VIC(D), VHP(D), VRP(D), and VIP(D) and AHC(D), ARC(D), 

AIC(D), AHP(D), ARP(D), and AIP(D) are the volumes and projected areas, respectively, of 

the aforementioned ice crystal habits; and, CHC(D), CRC(D), CIC(D), CHP(D), CRP(D), and 

CIP(D) are habit fractions of the ice crystals. Thus, the goal of this study is to determine 

the appropriate coefficients CHC(D), CRC(D), CIC(D), CHP(D), CRP(D), or CIP(D) by using 

satellite observations on a global scale.  

 

4.2.2 Sensitivity of ice cloud models to the simulations of their scattering properties  

For single ice crystals, the light scattering properties are simulated by an 

Improved Geometric Optics Method (IGOM) [Yang and Liou, 1996b]. After simulation, 

the scattering properties including scattering phase functions, P11(Θ), extinction 
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efficiencies Qe, and single scattering albedos ω of an ensemble of ice crystals can be 

derived on the basis of ice crystal habit and size distributions as follows: 

                

€ 

P11(Θ) =

CiP11,i(Θ,D)Qs,i(D)Ai(D)
i
∑
 

 
 

 

 
 n(D)dDDmin

Dmax∫

CiQs,i(D)Ai(D)
i
∑
 

 
 

 

 
 n(D)dDDmin

Dmax∫
,                      (4.11) 
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Qe =

CiQe,i(D)Ai(D)
i
∑
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 n(D)dDDmin

Dmax∫
,                                  (4.12)   

                         

€ 

ω =

CiQs,i(D)Ai(D)
i
∑
 

 
 

 

 
 n(D)dDDmin

Dmax∫

CiQe,i(D)Ai(D)
i
∑
 

 
 

 

 
 n(D)dDDmin

Dmax∫
,                                   (4.13) 

where P11,i(Θ) is the scattering phase function; Qe,i and Qs,i are the extinction and 

scattering efficiencies, respectively, for each ice crystal habit; and i=HC, RC, IC, HP, RP, 

or IP.  

Figure 4.2 compares the scattering phase functions of the ice cloud models for 

De=50 µm. To investigate the sensitivity of the phase function to ice cloud modes, each 

ice cloud model consists of only one ice crystal habit, thus, five of the habit fractions are 

zero for each ice cloud model. From Fig. 4.2, HPs are seen to generally have larger 

forward scattering than HCs, although both ice cloud models have the same cloud particle 

size. Most HPs have larger projected areas than HCs for the same dimensions (see Fig. 

4.1). Therefore, the diffraction of HPs is more significant than the scattering of light by 

the ice crystals. At a wavelength of λ=0.866 µm (see Fig. 4.2a), the phase functions of 

HCs and HPs have strong forward and backward scattering and distinct halo peaks at the  
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Fig. 4.2 Scattering phase functions for HC (black), RC (blue), IC (cyan), HP (green), RP 

(yellow), and IP (red) models composed of randomly oriented ice crystals. 
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scattering angles near 22° and 46°. When surface roughness is introduced (i.e., RC and 

RP), the phase function halo features, caused by solar beams refracted by hexagonal ice 

crystals, completely vanish. Moreover, the forward and backward scattering of HCs and 

HPs are reduced due to light beam spreading in the refraction processes of the ice crystals 

[Yang et al., 2008b]. As discussed by Xie et al. [2009], the inhomogeneity effect on the 

phase functions can also be seen for single ICs and IPs. However, the volumes of ICs and 

IPs are smaller than HCs and HPs because the air bubbles are subtracted. To achieve the 

same cloud effective particle sizes, inhomogeneous ice crystals in the ice cloud models 

have larger dimensions and larger aspect ratios than homogeneous ones. Thus, the 

forward scattering of the IC and IP models is stronger than that for the HC and HP 

models as shown in Fig. 4.2b. Figures 4.2c and 4.2d compare the six phase functions of 

the ice cloud models at the wavelength of λ=2.13 µm. At the near-infrared wavelength, 

the smoothing of the scattering phase functions is shown for ice cloud models consisting 

of RCs, RPs, ICs, and IPs. At the near-infrared wavelength, the smoothing of the 

scattering phase functions for the RC, RP, IC, and IP models relative to the homogeneous 

models is similar to that seen at 0.866 µm. As λ increases from 0.866 to 2.13 µm, the 

phase functions of the ice cloud models decrease in the forward scattering directions, 

because the ice crystal size diminishes relative to the wavelength.  

 

4.2.3 Sensitivity of solar reflectance to cirrus ice particle habit 

To retrieve ice cloud optical and microphysical properties, simulated cloud bi-

directional reflectances are typically matched with satellite observations at solar 

wavelengths. Because the simulated cloud reflectances are sensitive to the particle habits 
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used in the models, the retrieved properties will vary with the ice crystal scattering model 

used. This sensitivity needs to be quantified to understand its impact on the retrievals. 

The satellite observed cloud bi-directional reflectance is defined by 

                                     

€ 

R(µ0,µ,φ) =
πI(µ,φ)

µ0F
,                                                 (4.14) 

where F denotes the direct solar flux density at the top of the atmosphere; µ0 and µ are 

the cosine values of the solar and satellite viewing zenith angles, θ0 and θ, respectively; φ 

is the relative azimuth angle; and, I(µ, φ) is the radiance observed by the satellite 

instruments. The relative azimuth angle φ can be specified as follows: 
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φ =

ϕ −ϕ0 for 0° ≤ ϕ −ϕ0 ≤180°

360°− ϕ −ϕ0 for ϕ −ϕ0 >180°

 

 
 

 
 

                                   (4.15) 

where ϕ0 and ϕ are the solar and satellite viewing azimuth angles, respectively. The solar 

and satellite viewing geometries are demonstrated by the coordinate system oxyz (see 

Fig. 4.3) in which the o is the viewing target on the Earth surface, the z axis is along the 

direction of the ellipsoid normal, and the x axis points toward the local north. 

Figures 4.4 and 4.5 show the simulated cloud bi-directional reflectances using the 

six ice cloud models. The cloud reflectances were computed by Discrete Ordinates 

Radiative Transfer (DISORT) [Stamnes et al., 1988] assuming a homogenous ice cloud 

layer over a black surface, a cloud optical thickness of 1, and θ0=30°. In each panel of 

Figs. 4.4 and 4.5, θ increases from 0° to 90° along the radial direction, and 

€ 

ϕ0 −ϕ  varies 

along the angular direction from 0° to 360°. At a wavelength of λ=0.866 µm, Fig. 4.4 

clearly shows the cloud reflectance is sensitive to viewing geometries. At θ0=30°, the 

maximum values of the cloud reflectances are associated with the forward directions  
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Fig. 4.3 Solar and satellite viewing geometries. θ0 and θ range between 0° and 90°; ϕ0 

and ϕ range between 0° and 360°; and Θ varies from 0° to 180°. 
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Fig. 4.4 Cloud bidirectional reflectances computed for the HC, RC, IC, HP, RP, and IP 

ice cloud models for θ0=30°, De=50 µm, and λ=0.866 µm. 
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Fig. 4.5 Same as Fig. 4.4 except for λ=2.13 µm.  

 



 

 

81 

where θ is between 80° and 90°. In the backscattering directions, the cloud reflectance 

maxima occur at θ=30° and are correlated to the phase function maxima at Θ=180°. 

Clearly, the cloud reflectances in Fig. 4.4 are sensitive to the use of ice cloud models. For 

θ=0-45°, a range frequently used for satellite-based retrievals, the HP, RP, and IP 

reflectances are much smaller than their columnar counterparts. This is probably due to 

stronger forward scattering by plates (Fig. 4.2). The relative maxima at Θ=180° in the 

HC and HP phase functions (Fig. 4.2), yield the nearly pinpoint backscattering 

reflectance maxima seen in both Figs. 4.4 and 4.5. However, these maxima are 

significantly reduced for the inhomogeneous ice crystals and absent for the rough crystal 

reflectances as a result of their smoother phase functions. The sensitivity of cloud 

reflectances to the choice of ice cloud model is evident in the simulations at both 

wavelengths. Therefore, the ice crystal habit fractions in the ice cloud models will 

significantly affect the simulations of cloud reflectances and the retrieval of ice cloud 

properties.  

 

4.3 Data and methodology 

 

4.3.1 Terra MODIS and MISR data 

Terra, launched on 18 December 1999, is a scientific research satellite component 

of the Earth Observing System (EOS). The MODIS instrument is designed to monitor the 

state of the Earth’s environment including the radiation processes occurring in the 

atmosphere and at the Earth’s surface. MODIS has 36 bands ranging in wavelengths from 

0.414 µm to 14.235 µm [Ardanuy et al., 1991]. In this study, the MODIS bands centered 
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at 0.86 and 2.13 µm are used to derive the ice cloud optical thickness and effective 

particle sizes over ocean because of the relatively small oceanic reflectance and 

atmospheric absorption at those wavelengths [Gatebe et al., 2005; Pinker and Laszlo, 

1992]. In the retrieval process, the viewing and illumination geometries and reflectances 

at the top of the atmosphere (TOA) are provided by the MODIS Level-1B Calibrated 

Geolocation Data Set (MOD 02) at a spatial resolution of 1 km × 1 km. The cloud 

thermodynamic phase is taken from the 1-km resolution cloud product (MOD 06). The 

MOD 02 and MOD 06 data are stored in MODIS granules, each consisting of a 5-minute 

data swath.  

The Terra MISR instrument is designed to simultaneously provide measurements 

of daytime shortwave radiances from 9 distinct cameras that view the nadir direction and 

the forward and aftward local vertical directions [Diner et al., 1989; Diner et al., 1998; 

Diner et al., 2002]. MISR’s cameras are designated as Df, Cf, Bf, Af, An, Aa, Ba, Ca, 

and Da, where n denotes the nadir direction, and f and a indicate whether the camera 

points forward or aftward along the Terra ground track. Except for the nadir camera, D, 

C, B, and A represent the satellite viewing zenith angles of 70.5°, 60.0°, 45.6°, and 26.1°, 

respectively. Each of the 9 MISR cameras views the Earth in four spectral bands with 

central wavelengths at 0.446 (blue band), 0.558 (green band), 0.672 (red band), and 0.866 

µm (NIR band) [Diner et al., 2002].   

The Sun-synchronous Terra orbits have an exact 16-day repeating cycle. Because 

of this periodicity, MISR Level 1-2 data and data processing are divided into 233 discrete 

paths for the entire mission period. Each MISR path is further divided into 180 blocks 

with block 1 starting in the Arctic and block 180 ending in the Antarctic. Each block has 
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a fixed sub-orbital area and corresponds to a fixed latitude, but block number is a non-

uniform function of latitude. For the local mode radiances in the MISR Level-1B2 

products (MI1B2T), MISR retains the full spatial resolution (275 m × 275 m) for all 

spectral bands and views, and each block has 512 × 2048 pixels. In the global mode, only 

the red-band and nadir-view radiances of the MIB2T have the full spatial resolution while 

other bands and views have data at a 1.1 km × 1.1 km resolution.  

The MISR Level-1B2 data and the retrieved Reflecting Level Reference Altitude 

(RLRA) values are used to develop the MISR Level 2 cloud product (MIL2TCAL) where 

the multi-angle reflectances from the 9 cameras are registered at the height of the 

reflecting level [Diner et al., 1997]. The 2.2-km resolution MIL2TCAL data are 

employed to derive ice cloud optical thicknesses using multi-angle cloud reflectances 

measurements.  

Figure 4.6 shows a RGB image of MODIS radiances over the central Pacific 

Ocean acquired at 20:50 UTC, 2 July 2009. The image was created using a MODIS 

Level-1B granule, which corresponds to 1354 × 2030 1-km pixels. The white boxes are 

the simultaneous MISR observation domains for blocks 78-95 in Path 60. In Fig. 4.6, the 

MISR region can be seen overlapped by the MODIS granule. By matching the MODIS 

data at 2.13 µm with the overlapping MISR data it is possible to provide additional 

information, e.g., particle size, to the MISR retrievals of ice cloud optical properties. 

 Figure 4.7a compares the MODIS band 1 (centered at 0.65 µm) and MISR red 

band (centered at 0.672 µm) reflectances for the region covered by the MISR blocks in 

Fig. 4.6. The MODIS and MISR reflectances are sorted into 1° × 1° latitude-longitude 

regions in Fig. 4.6 when the viewing zenith angles of the MODIS instrument are within  
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Fig. 4.6 MODIS RGB (R for band 1; G for band 4; B for band 3) image over central 

Pacific Ocean, 2050 UTC, 2 July 2009. The white boxes indicate blocks 78 through 95 of 

MISR Path 60. 
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Fig. 4.7 (a) MODIS band 1 (centered at 0.65 µm) and MISR red band (centered at 0.672 

µm) reflectances and (b) MODIS band 2 (centered at 0.86 µm) and MISR NIR band 

(centered at 0.866 µm) reflectances for the region covered by the MISR blocks in Fig. 

4.6.  
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0.5° of the MISR An camera.  The averaged reflectances and viewing zenith angles over 

the 1° × 1° regions are given as follows: 
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RMODIS =

RMODIS,iµ0,MODIS,i
i=1

NMODIS

∑

µ0,MODIS,i
i=1

NMODIS

∑
 ,                                       (4.16) 
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∑  ,                                          (4.18) 
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θMISR =
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θMISR ,i
i=1

NMISR

∑  ,                                                (4.19) 

where N is the number of pixels within a 1° × 1° region and the subscripts, MODIS, 

MISR and i denote MODIS, MISR, and pixel number, respectively. From Fig. 4.7a, it is 

clear the MODIS and MISR reflectances have a strong linear relationship in the same 

viewing directions. The relative difference (RD) between the MODIS band 1 and MISR 

red band reflectances is specified by 

                             

€ 

RD =
1
NR

RMISR − RMODIS

RMISRi=1

NR

∑ ×100% =16.48%,                                (4.20) 

where NR is the total number of the 1° × 1° regions in the MISR blocks seen in Fig. 4.6, 

and R represents the measured reflectance. The difference between the RMODIS and RMISR 

is partially due to the different solar radiances in MODIS band 1 and MISR red band. 

Figure 4.7b is the same as Fig. 4.7a except the comparisons are performed between the 

reflectances in MODIS band 2 (centered at 0.86 µm) and the MISR NIR band (centered 
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at 0.866 µm). The RD of the reflectances at around 0.86 µm is 15.54%. Therefore, the 

observations from the MODIS and MISR instruments are consistent with each other. 

 

4.3.2 Algorithm to retrieve ice cloud optical thickness using MODIS and MISR data  

The first step in determining the optimal ice cloud model is the retrieval of the ice 

cloud optical and microphysical properties. The cloud reflectances are simulated in 

MODIS bands 2 and 7 and the MISR NIR band for the cloud optical thickness τ=0.05, 

0.1, 0.2, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0, 25.0, 30.0, 35.0, 

40.0, and 50.0. The cloud optical thicknesses at λ = 0.866 µm (hereafter referred to as 

τ0.866) are used as the reference optical thickness. The optical thicknesses at other 

wavelengths is related to τ0.866 by 

                                            

€ 

τ =
Qe

Qe,0.866

τ 0.866,                                                    (4.21) 

where Qe represents the extinction efficiency of a given ice cloud model. The solar and 

satellite viewing zenith angles are constructed using µ0/µ=1.0, 0.95, …, 0.0, and the 

relative azimuth angles φ are 0°, 2.5°, 5.0°, 10.0°, …, 175.0°, 177.5°, and 180.0°.  

Figure 4.8 shows a flow-chart of the algorithm for retrieving ice cloud effective 

particle sizes using MODIS data. The simulated cloud reflectances are first interpolated 

in cloud optical thickness, particle size, and solar and satellite viewing angles. For a 

cloud within a MODIS pixel, the thermodynamic phase is provided by the MOD 06. The 

effective particle size of an ice cloud is initially assumed to be 100 µm. The value of τ0.86 

is retrieved by matching the MOD02 band-2 reflectance to the reflectance simulated for 

each ice cloud model associated with De=100 µm. A new effective particle size, De2, of  
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Fig. 4.8 Flow-chart of the algorithm for retrieving ice cloud effective particle sizes using 

MODIS data. 
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Fig. 4.9 Cloud properties determined from radiances corresponding to image in Fig. 4.6. 

(a) Thermodynamic phase, (b) Ice cloud effective particle sizes derived using HC ice 

cloud model.  
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Fig. 4.10 Flow-chart of the algorithm for retrieving ice cloud optical thickness using 

matched MODIS and MISR data. 
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the ice cloud is then computed using the MOD02 band-7 reflectance and τ2.13 is 

determined with Eq (4.21) using the retrieved τ0.86. The final retrieval of the cloud 

particle size is equal to its initial guess (De1) when |De1- De2| is negligible. Otherwise, the 

retrieval process is repeated, using an adjusted De1, until the cloud effective particle size 

is retrieved or a specific stopping criterion is met.  

Figure 4.9 shows the cloud thermodynamic phases and De retrieved using the HC 

model reflectances for the image in Fig. 4.6. The MODIS-retrieved cloud particle sizes 

within the MISR blocks can be used to retrieve the ice cloud optical thicknesses from 

MISR data. Figure 4.10 outlines the process for retrieving τ0.866 at different satellite 

viewing geometries. The retrieval is limited to MISR pixels over ocean that are overcast 

by ice clouds. The MODIS retrieved cloud effective particle sizes, averaged over four 

contiguous MODIS pixels, are collocated with MISR pixels in 2.2 km × 2.2 km regions, 

when more than 70% of the MISR pixels are covered by the MODIS pixels. The 4-pixle 

De average is also compared with those for the surrounding 12 MODIS pixels to test the 

scene for uniformity. The cloud optical thickness retrieval is not performed when the De 

difference with the surrounding pixels exceeds 20 µm. The bias in cloud optical thickness 

caused by using an inappropriate De is discussed in section 4.4. The collected De is used 

in cooperation with the MISR NIR band reflectance of MIL2TCAL and the simulated 

R0.866 to derive τ0.866 for each MISR viewing geometry. 

 

4.4 MODIS retrieval dependence of cloud optical thicknesses retrieved by MISR 

The MODIS-retrieved cloud optical thicknesses are subject to uncertainties 

independent of the MODIS retrieval. As discussed in Section 4.3, cloud optical 
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thicknesses and effective particle sizes are retrieved using cloud reflectances at visible 

and near-infrared wavelengths. In the retrieval of τ, the derived cloud particle sizes are 

employed to match the model and observed reflectances. On the other hand, the retrieved 

cloud optical thicknesses can be used to compute the MODIS 2.13-µm reflectance to 

enhance the retrieval of De. This process can be applied iteratively to improve both the τ 

and De retrievals until the simulated cloud reflectances match the satellite observations. 

Therefore, biases in τ may be present when only the MISR NIR band reflectances are 

used in the retrievals.  

To illustrate such errors, Fig. 4.11a plots the lookup table reflectances for the 

MODIS band 7 (black lines) and the MISR NIR band (red lines) for the HC model for 

two relative azimuth angles, 85° (Fig. 4.11a) and 177.5° (Fig. 4.11b) where µ0 and µ are 

both set to be 0.85. The red curves (MISR NIR reflectances) were computed using De=50 

µm. In Fig. 4.11a, the retrieved cloud optical thicknesses are slightly overestimated when 

De < 50 µm. For clouds consisting of larger ice crystals, the retrieved cloud optical 

thicknesses with MISR NIR band reflectances are significantly underestimated. The bias 

caused by the absence of the MODIS band 7 reflectances varies with the ice cloud 

models and solar and satellite viewing geometries of the lookup tables. The lookup table 

reflectances plotted in Fig. 4.11b reveal that the errors in the cloud optical thicknesses 

using MISR data with De=50 µm are more extreme when retrieved near the 

backscattering direction.  

Figure 4.12 shows the relative errors in retrieved cloud optical thickness (REτ), 

using the six ice cloud models with De=50 µm. These errors are defined as 
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Fig. 4.11 MODIS band 7 and MISR NIR band reflectances (black) for variable particle 

size and optical thickness and MISR NIR band reflectances (red) for De = 50 µm. All 

calculations performed for the HC model at µo = µ = 0.85, and φ = (a) 85°, (b) 177.5°. 
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Fig. 4.12 Relative errors in τ using HC, RC, IC, HP, RP, and IP models with De = 50 µm 

and Θ = (a) 0°-45°, (b) 45°-90°, (c) 90°-135°, and (d) 135°-180°. 
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REτ =
1
Nτ

τMISR ,i − τ i
τ ii=1

Nτ

∑ ×100%,                                               (4.22) 

where τi is the cloud optical thickness used to simulate the MODIS band 7 and MISR 

NIR band reflectances, τMISR,i is the optical thickness retrieved using the lookup table of 

MISR NIR band reflectances, and Nτ is the total number of τi for each De. Figure 4.12a- 

4.12d show REτ averaged over the scattering angles Θ ranges, 0°-45°, 45°-90°, 90°-135°, 

and 135°-180°, respectively. In the region of forward scattering (see Fig. 4.12a), REτ is 

most sensitive to ice crystal habit and size. Fortunately, reflectances at Θ=0°-45° are 

infrequently used in satellite-based remote sensing. The REτ at Θ=45°-90° is within 

±10% for most of the models and particle sizes. For Θ=90°-135°, the REτ values for the 

column models are nearly 0% for De < 60 µm and reach -20% for the largest crystals. The 

REτ values for the plate models in Fig. 4.12c are positive for De=0-50 and 120-180 µm, 

indicating an overestimate of τ for such clouds. For De=50-120 µm, REτ is slightly 

smaller than 0. In the region of back scattering (Fig. 4.12d), REτ for the column models is 

negligible. However, the optical thicknesses of plates are significantly underestimated 

when De=50 µm is used in the retrieval.  

 From the results shown in Figs. 4.11 and 4.12, the average REτ for the column 

models are within ±10% for the scattering angles related to satellite-base remote sensing. 

For plates, using an estimated cloud particle size may lead to substantial errors, especially 

for ice clouds with extremely small or large sizes. Thus, employing the MODIS retrieval 

of ice cloud effective particle sizes can efficiently remove the MISR retrieval biases that 

would otherwise result from the assumption of a constant particle size in the retrievals.  
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4.5 Results 

Based on the algorithm described in section 4.3, τ is retrieved for the 9 MISR 

viewing geometries for the matched MODIS and MISR pixels. The difference between 

the cloud optical thicknesses from the 9 viewing angles and its average can be used to 

evaluate the accuracy of the retrieval. With the presence of other uncertainties in the 

retrieval of ice cloud optical properties, the most appropriate ice cloud model will give 

the smallest optical thickness differences (OTDs) values and RMS ε of optical thickness 

and is formulated as, 
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OTDi, j =
τ i, j− < τ i > j

< τ i > j

                                                        (4.23) 
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1
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∑ ,                                                    (4.24)  

                                        

where τi,j is the retrieved ice cloud optical thickness for each available MISR pixel, <τi>j 

is the averaged value of τi,j over the 9 MISR viewing geometries, and NP is the number of 

available MISR pixels.  

 

4.5.1 Errors in retrieved optical thickness for matched MODIS and MISR granules pixels 

 Table 4.1 lists the values ε for the matched MODIS and MISR data from the 

granules shown in Fig. 4.6 and those over central Pacific Ocean on 19 February 2010 at 

21:40 UTC (the MODIS RGB image of radiances is shown in Fig. 4.13; and the 

thermodynamic phases of the clouds and the retrieved ice cloud effective particle sizes 

are displayed in Fig. 4.14.). For the retrievals using data from the granule in Fig. 4.6, the 

smallest error is clearly that for the RC model. The IP model yields the best performance  
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Table 4.1. RMS, ε, of ice cloud optical thickness retrieved from matched MODIS and 

MISR data for one 5-miute MODIS granule using 6 different models. 

Ice cloud model 2050 UTC, 2 July 2009 2140 UTC, 2 July 2009 
HC 0.245 0.198 
RC 0.176 0.168 
IC 0.256 0.195 
HP 0.2576 0.163 
RP 0.2376 0.166 
IP 0.2446 0.155 
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Fig. 4.13 Same as Fig. 4.6, except for 2140 UTC, 19 February 2010. The white boxes 

indicate blocks 83 through 100 of MISR Path 68. 
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Fig. 4.14 Cloud properties determined from radiances corresponding to image in Fig. 

4.13. (a) Thermodynamic phase, (b) Ice cloud effective particle sizes derived using HC 

ice cloud model.  
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in retrieving τ for the 19 February case. However, the retrieval errors for the HP, RP, and 

RC models are not much greater than the IP minimum. Because of the natural variability 

of the cloud particle habits, the differences between the 2 July and 19 February results is 

not surprising. 

Figure 4.15 shows the histograms of De and τ retrieved using the HC model for 

the matched MODIS and MISR data for the granules taken 2 July 2009 and 19 February 

2010 as shown in Figs. 4.6 and 4.13, respectively. The distributions of De and τ for the 

data in Fig. 4.6 are centered at around 70 µm and 15, respectively. For the retrievals 

using data from 19 February 2010, the particle sizes of the clouds are slightly smaller 

than 70 µm and the maximum optical depth occurs around τ=3.  

Because the RC model error is small for both days and has the least error for both 

days combined, it would be the most appropriate model overall for these two cases. 

Although the IP model has lowest error for the 19 February case, its overall error is ~19% 

larger than that for the RC model. Since the IP model is the most appropriate one for the 

19 February case and the retrieved optical depths are, on average, considerably less than 

those retrieved for the 2 July case, it would appear that the IP or any of the plate models 

would be best for optically thin clouds. However, the RC model error is only 8% greater 

than ε(IP) for that case. Thus, the use of plates to optimally retrieve τ for optically thin 

clouds is somewhat ambiguous. Further classification of the errors according to optical 

depth range would be required to determine if the model errors vary with τ. 
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Fig. 4.15 Histograms of the ice cloud (a) effective particle size and (b) optical thickness 

retrieved using the HC model for the matched MODIS and MISR data shown in Figs. 4.6 

and 4.13. 
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4.5.2 Examination of ice cloud models using 1-day of matched MODIS and MISR data  

 To further examine the potential of finding an ice cloud model that produces the 

least biased retrievals of ice cloud properties, models containing various mixtures of the 

six hexagonal and plate models are tested using MODIS and MISR data on a global scale. 

Following the results above using the two granules of matched MODIS and MISR data, 

RC data are assumed to be the major component for the habit mixtures. The habit 

fractions of the ice crystals in the ice cloud models are specified as follows: 
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CIP =
(1−CRC )ξ6

ξ2 + ξ3 + ξ4 + ξ5 + ξ6
 ,                                            (4.30) 

where ξ1, ξ2, ξ3, ξ4, ξ5, and ξ6 are independent random numbers uniformly distributed in 

[0, 1].  

 Two hundred sets of habit fractions were initially examined using the two cases 

represented in Figs. 4.6 and 4.13. Table 4.2 lists the habit mixture models having the 

minimum τ RMS errors for CRC varying within the fractional intervals, (0.4, 0.5), (0.5, 

0.6), (0.6, 0.7), (0.7, 0.8), (0.8, 0.9), and (0.9, 1.0). The RMS errors of cloud optical 

thickness generally decrease with increasing CRC, which is associated with the overall  
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Table 4.2. Ice cloud models and standard deviations of cloud optical thickness for the 

MODIS and MISR granules on 2 July 2009 and 19 February 2010. 

0.9<CRC<1.0 
Ice cloud model CHC CRC CIC CHP CRP CIP ε 

M1 0.0001 0.9974 0.0014 0.0009 0.0002 0.000 0.171 
M2 0.0023 0.9828 0.0034 0.0067 0.0003 0.0045 0.171 

0.8<CRC<0.9 
M3 0.0423 0.8913 0.0004 0.0115 0.0063 0.0482 0.171 
M4 0.0004 0.8848 0.0115 0.0063 0.0485 0.0485 0.172 

0.7<CRC<0.8 
M5 0.0353 0.7963 0.0390 0.0598 0.0158 0.0538 0.172 
M6 0.0270 0.7875 0.0584 0.0723 0.0045 0.0503 0.172 

0.6<CRC<0.7 
M7 0.0589 0.6987 0.0361 0.0710 0.0374 0.0979 0.173 
M8 0.0068 0.6817 0.0759 0.0807 0.0228 0.1321 0.173 

0.5<CRC<0.6 
M9 0.0701 0.5217 0.0191 0.0779 0.1609 0.1503 0.174 

M10 0.0190 0.5389 0.0775 0.1602 0.1495 0.0549 0.174 
0.4<CRC<0.5 

M11 0.0091 0.4818 0.0066 0.0254 0.2528 0.2243 0.174 
M12 0.0057 0.4026 0.0221 0.2196 0.1948 0.1552 0.174 
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good error (~0.172) of the RC model for the two cases combined. Including some 

fraction of other habits in the mixture only reduces the minimum 2-case error by 0.6% 

(models M1 and M2) compared to the pure RC model.  

Among the ice cloud models in this study, those consisting of a single ice crystal 

habit and M1, M3, M5, M7, M9, and M11 are further tested using all daytime matched 

MODIS and MISR data taken over ocean on 2 July 2009. A total of 129 MODIS granules 

and 15 MISR paths are involved. Figure 4.16 shows the histograms of De and τ retrieved 

using the HC model applied to the global 2 July dataset. Compared to Fig. 4.15a, the 

distribution of the cloud particle sizes in Fig. 4.16a is populated with ice particles 

covering a broad range with a peak at 60 µm. For the retrieved cloud optical thickness, 

the peak of the distribution occurs near 4, with ∼50% of the population having τ<15. The 

retrieved ice cloud properties in Fig. 4.16 are based on 244611 2.2 km MISR pixels, 

which indicates that more than 100 and 2000 retrievals contribute to any interval 

displayed in Figs. 4.16a and 4.16b, respectively. The large number of samples from all 

over the globe confirm that the results for this 1-day dataset are much more representative 

of ice clouds over the global than the two cases shown in Figs. 4.6 and 4.13. 

 Figure 4.17 compares the ice cloud optical thicknesses derived using MISR 

measurements at 9 different viewing angles. The retrievals of τ for Fig. 4.17 were 

obtained using the RC model. The optical thickness for each MISR viewing angle, <τ>i, 

is specified by  
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Fig. 4.16 Same as Fig. 4.15, except for 1 day of data taken over ocean, 2 July 2009.  
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Fig. 4.17 (a) Average ice cloud optical thicknesses retrieved for each of the 9 MISR 

cameras using the RC model for 1 day of matched MODIS and MISR data taken over 

ocean, 2 July 2009. (a) 0°  < θ0 <  45°; (b) 45° < θ0 < 90° and 170° < φ < 180°. 
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,                                        (4.31) 

where <τ> is the averaged value of <τ>i over the 9 MISR viewing angles; and NP1, NP2, 

NP3, NP4, NP5, NP6, NP7, and NP8 are the numbers of MISR pixels for each interval of <τ>. 

At 0° < θ0 < 45°, the retrieved τ is slightly dependent on satellite viewing geometries, 

particularly when <τ> < 10 (see Fig. 4.17a). The agreement between the retrievals 

developed at small solar zenith angles is related to the phase function being less sensitive 

to ice cloud models in the backscattering directions. For 45° < θ0 < 90° and the relative 

azimuth angle φDf of the MISR Df camera between 170° and 180°, retrievals developed 
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over small viewing angles agree more with <τ>, while the retrieved ice cloud optical 

thicknesses tend to be overestimated and underestimated fore and aft of the local vertical 

directions (see Fig. 4.17b). The effect can be explained by cloud side illumination and 

shadowing by 3D clouds [Davies, 1984; Iwabuchi and Hayasaka, 2002; Loeb and 

Davies, 1997; Loeb and Coakley, 1998].  

 Figure 4.18 shows the normalized densities of ice cloud OTDs as functions of Θ 

retrieved using a water cloud model (Fig. 18a) and the HC model (Fig. 4.18b) for 263657 

and 244611 MISR pixels, respectively. Mie theory [Wiscombe, 1977] was employed to 

compute the scattering properties of water cloud particles whose refractive indices are 

1.3244 + i3.58×10-7 and 1.2901 + i3.94×10-4 for λ=0.866 µm and λ=2.13 µm, 

respectively. Generally, the RMS values of the normalized OTDs in Fig. 4.18 are much 

larger than those derived for the two granules examined earlier (see Tables 4.1 and 4.2) 

because population of optically thick clouds is larger for the global dataset. The ε 

resulting from retrievals based on the water cloud model is significantly larger than that 

from using the ice cloud model. In addition, compared to Fig. 4.18a, the OTDs derived 

using the HC model are more symmetrical around a zero-bias line. These results confirm 

that the water cloud model is not appropriate for retrieving ice cloud optical properties, a 

conclusion reached from other types of analyses (e.g., Minnis et al.[1993]; Doutriaux-

Boucher et al. [2000] ).  

 Figures 4.19 and 4.20 show the normalized densities of ice cloud OTDs retrieved 

using the HC, RC, and IC models as functions of Θ. The OTDs for the RC model are 

smaller and more symmetrical around the zero-bias line than the other two models. It is  
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Fig. 4.18 Normalized densities of ice cloud optical thickness differences using (a) water 

cloud model and (b) HC model for 1 day of matched MODIS and MISR data taken over 

ocean, 2 July 2009.  
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Fig. 4.19 Same as Fig. 4.18, except using (a) HC, (b) RC, and (c) IC models. 
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Fig. 4.20 Same as Fig. 4.19, except only for normalized OTDs between -0.01 and 0.01. 
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Fig. 4.21 Same as Fig. 4.19, except for using (a) HP, (b) RP, and (c) IP models. 
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Fig. 4.22 Same as Fig. 4.21, except only for normalized OTDs between -0.01 and 0.01. 
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evident from the close up plot in Fig. 4.20 that more MISR retrievals using the RC 

scattering properties are associated with OTDs in the range of -0.01 to 0.01.  

 Figures 4.21 and 4.22 show the normalized densities of ice cloud OTDs using the 

HP, RP, and IP models as functions of Θ. Compared to the results in Fig. 4.19, fewer 

valid retrievals were obtained using the plate models. None of the plate models yield the 

degree of OTD symmetry about the zero bias that was found for the RC model retrievals. 

Overall, among the six ice crystal habits used for the results in Figs. 4.19-4.22, the RC 

model yields the least angular dependence of the τ retrieval on viewing angle. This is 

consistent with the initial test of ice cloud models using the two MODIS granules.  

 Table 4.3 lists the average standard deviation of retrieved τ for all of the ice cloud 

models tested using the 1-day MODIS-MISR dataset. The smallest value of ε, 0.365, is 

found for the M3 model. Figure 4.23a shows that the normalized densities of M3 OTD 

produce a pattern similar to that found using the RC model (Fig. 4.19b). Figures 4.23b 

and 4.23c display the OTD frequency differences between the M3 and HC results and the 

M3 and RC results as functions of Θ. The OTD distribution from M3 is quite different 

from that for the HC retrievals. Conversely, the M3 and RC distributions are very similar 

as indicated by the frequent occurrence of small differences in Fig. 4.23c. From the 

comparison of OTDs between the M3 and RC results and their small differences in ε 

from Table 4.3, it can be concluded that the M3 is minimally better at retrieving an 

angularly consistent τ. The asymmetry factors, g, of the ice cloud models are listed in 

Table 4.4. For De=50 µm, it can be found that g generally decreases when roughened 

surface and internal air bubbles are account for, which is consistent with the results 

reported by Yang et al. [2008b] and Xie et al. [2009]. At λ=0.866 and 2.13 µm, the ε does  
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Table 4.3. Ice cloud models and standard deviations of cloud optical thickness for the 

MODIS and MISR granules at a 1-day interval on 2 July 2009. 

Ice cloud model ε Ice cloud model ε 
HC 0.403 M1 0.367 
RC 0.368 M3 0.365 
IC 0.389 M5 0.366 
HP 0.375 M7 0.369 
RP 0.484 M9 0.388 
IP 0.394 M11 0.407 
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Table 4.4. Ice cloud models and their asymmetry factors for De=50 µm. 

Ice cloud model g (λ=0.866µm) g (λ=2.13µm) 
HC 0.7938 0.8452 
RC 0.7820 0.8309 
IC 0.7862 0.8389 
HP 0.9172 0.9352 
RP 0.8529 0.8906 
IP 0.9104 0.9286 

M1 0.7822 0.8310 
M3 0.7868 0.8351 
M5 0.7916 0.8392 
M7 0.7971 0.8439 
M9 0.8091 0.8537 

M11 0.8159 0.8589 
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Fig. 4.23 (a) Normalized density of ice cloud optical thickness differences using the M3 

model, (b) OTDMix-OTDHC and (c) OTDMix-OTDRC as functions of scattering angle for 1 

day of matched MODIS and MISR data taken over ocean, 2 July 2009. 
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not have a linear relationship with g as evident by Tables 4.3 and 4.4. However, Ice cloud 

models with relatively small g normally have better performance in the retrieval of ice 

cloud properties. 

 Figure 4.24 replots the normalized densities of the M3 OTDs for two different 

ranges of <τ>, 0-5 (Fig. 4.24a) and 5-20 (Fig. 4.24b). From Fig. 4.24, the M3 model 

performed well in retrieving ice cloud properties for both optically thin and thick clouds. 

Based on the comparison between the data in Fig. 4.24a and 4.24b, the OTDs of optically 

thin cirrus clouds are concentrated closer to 0. The greater errors for optically thick cirrus 

cloud retrievals may be, in part, due to a greater contribution of 3D effects [Iwabuchi and 

Hayasaka, 2002].  

 From these results, it can be concluded that among the tested ice crystal 

distributions, the M3 model is the best model for retrieving cloud optical thickness from 

solar reflectance measurements. However, its accuracy is only slightly better than that 

found for the simpler roughened hexagonal ice column model, RC, and three other habit-

mixture models. All 5 represent significant improvements over the use of smooth 

hexagonal columns and plates, roughened plates, and inhomogeneous plates. The goal of 

this study was to determine the optimal model for simple shapes and combinations of 

those simple shapes. As noted earlier, many other habits and combinations of habits are 

possible and they may yield smaller dependencies of the retrieved τ on the viewing and 

illumination geometry. However, much additional study is required to examine the 

sensitivity of the retrieved optical thickness to more complex shapes and combinations. 
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Fig. 4.24 Normalized density of ice cloud optical thickness differences using the M3 

model (a) 0 < <τ> < 5 and (b) 5 < <τ> < 20. 
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4.6 Summary 

In this study, we examined a broad range of ice cloud models that consist of 

smooth, roughened, homogeneous, and inhomogeneous hexagonal ice crystals with 

various aspect ratios. The sensitivity of cirrus bulk scattering properties and solar 

reflectances to these ice cloud models is investigated using the IGOM and DISORT 

models. At shortwave wavelengths, the smoothed scattering phase function is shown for 

ice cloud models with surface roughened or inhomogeneous ice crystals. It was also 

demonstrated that cloud bidirectional reflectance is sensitive to the particular ice cloud 

habit with the smoothest reflectance fields resulting from the use of severely roughened 

ice columns. 

The MODIS cloud reflectances from bands 1 and 7, averaged over 1° × 1° 

latitude-longitude regions, are consistent with those in MISR red and NIR bands. An 

algorithm was developed to retrieve ice cloud optical thickness using matched MODIS 

and MISR data. The MODIS data are used to derive ice cloud particle size. The retrieved 

ice cloud particle sizes are then collocated to the MISR pixel for cloud optical thickness 

retrievals at the 9 MISR views. Errors in cloud property retrievals are examined when 

MODIS retrievals are not provided. For the solar and satellite viewing angles applied 

most closely to the operational conditions in cloud property retrievals, the relative errors 

in cloud optical thickness are within ±10% when the ice cloud model that consists of only 

columns. For the plate ice cloud model, substantial errors may arise from the absence of 

MODIS retrievals of cloud particle size. Therefore, particle-size dependent biases can be 

efficiently removed by using the MODIS-retrieved particle size in the MISR retrieval of 

ice cloud optical thickness. 
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 The ice cloud optical thicknesses are retrieved for the 9 MISR viewing geometries 

in the overlap regions of MODIS and MISR granules. The differences between cloud 

optical thickness retrieved at the 9 views and their mean are used to characterize the 

retrieval accuracy. Ice cloud models containing single and mixed ice crystal habits are 

initially examined using MODIS and MISR data at two 5-minute intervals. The ice cloud 

model with surface roughened columns has the best overall performance in fitting the 

reflectances with the cloud property retrievals. The ice cloud models are further tested 

using the daytime MODIS and MISR data taken over ocean for the entire day of 2 July 

2009. The retrieved ice cloud optical thicknesses tend to be overestimated and 

underestimated fore and aft of the local vertical directions. Employing mixtures of 

inhomogeneous and homogeneous ice crystals with surface roughness is found to further 

reduce the uncertainty in the ice cloud retrievals, but only by a small amount. A new ice 

cloud model containing a mixture of ice crystal habits or a distribution of severely 

roughened hexagonal ice columns is recommended for the future satellite-based retrievals 

of ice cloud properties for both optically thin and thick clouds. 
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CHAPTER V 

 SUMMARY AND CONCLUSIONS 

 

Representation of ice clouds in radiative transfer simulations is subject to 

uncertainties associated with the shapes and sizes of ice crystals within cirrus clouds. 

This doctoral study represents an effort to improve the ice cloud models used in the 

operational retrieval of ice cloud properties. Realistic ice crystal geometries are defined 

on the basis of the observations of ice crystals and the ice crystal habits used in the 

current satellite-based remote sensing of cirrus clouds. An algorithm is then developed in 

order to employ the new ice crystals to the ice cloud models. 

The single-scattering properties of inhomogeneous ice crystals containing air 

bubbles are first investigated. Unlike the IHM model developed by Labonnote et al. 

[2001], large air bubbles are included within hexagonal ice crystals on the basis of the 

observations made by Tape [1994]. The IGOM [Yang and Liou, 1996b] is used to 

simulate the scattering of light by the inhomogeneous ice crystals with random 

orientations. The effect of the inhomogeneous ice crystals is to smooth the phase 

functions, diminish the 22° and 46° halo peaks, and reduce the backscatter in comparison 

with the case of bubble-free ice crystals. This feature is consistent with those reported by 

Labonnote et al. [2001] and Yang et al. [2008b] because the air bubbles within the ice 

crystals may cause the spreading of the rays that associated with the minimum deviation 

of refraction. However, the air bubbles in the current ice crystal geometry reduced the 

overall ice water content compared to the IHM model. The asymmetry factors of 

inhomogeneous ice crystals decrease as the ratio of air-bubble volume to ice crystal 
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volume increases. The reflectances simulated for inhomogeneous ice crystals are larger 

than those computed for homogeneous ice crystals at a wavelength of 0.65 µm. Thus, the 

retrieved cloud optical thickness is reduced by employing inhomogeneous ice cloud 

models. At a wavelength of 2.13 µm, including air bubbles in ice crystal morphology 

may also increase the reflectance. This effect implies, particularly in the case of large air 

bubbles, that the retrieved effective particle size for inhomogeneous ice crystals is larger 

than that retrieved for homogeneous ice crystals.  

 Errors in the simulation of light scattering by aggregates may also have significant 

impacts on the retrieval of ice cloud properties. In regions of deep tropical convection, ice 

particles often undergo aggregation and form complex chains. The effect of the 

representation of aggregates on electromagnetic scattering calculations is investigated by 

developing an algorithm to efficiently specify the geometries of aggregates and to 

compute some of their geometric parameters such as the projected area. Compared to the 

previous studies on aggregates [Evans et al., 2005; Um and McFarquhar, 2009; Yang and 

Liou, 1998], the current algorithm is able to represent the great natural variability of the 

actual aggregates. The ADDA [Yurkin et al., 2007; Yurkin and Hoekstra, 2009] and 

IGOM [Yang and Liou, 1996b] are used to compute the scattering properties of individual 

aggregate ice particles whose size parameters are smaller and larger than 25, respectively. 

Aggregates are defined as hexagonal plates attached together in a chain-like manner. It 

has been found that an aggregate model containing 10 ensemble members provides an 

accurate and computationally efficient way to represent all aggregates occurring within 

ice clouds. Furthermore, the aggregate model can be used to study the influence of these 

complex ice particles on satellite-based remote sensing of ice clouds. The computed 



 

 

124 

cloud reflectances for aggregates are different from those associated with randomly 

oriented individual hexagonal plates. When aggregates are ignored, simulated cloud 

reflectances are generally lower at visible and near-infrared wavelengths resulting in 

larger effective particle sizes but smaller optical thicknesses. The present aggregate 

model may potentially be useful in remote sensing of ice cloud properties. 

To improve the retrieval of ice cloud properties, we examined several ice cloud 

models consisting of smooth, roughened, homogeneous, and inhomogeneous hexagonal 

ice crystals with various aspect ratios. The sensitivity of the bulk scattering properties and 

solar reflectances of cirrus clouds to specific ice cloud models is investigated using the 

IGOM [Yang and Liou, 1996b] and the DISORT [Stamnes et al., 1988] model. The ice 

crystal habits may significantly affect the simulations of cloud reflectances at visible 

through near-infrared wavelengths. The relative maxima of the reflectances associated 

with forward and backward scattering are reduced from the use of roughened ice crystals. 

A new algorithm is developed to help determine an appropriate ice cloud model for 

application to the satellite-based retrieval of ice cloud properties. The ice cloud particle 

size retrieved from MODIS data, collocated with MISR observations, is used to infer the 

optical thicknesses of ice clouds for 9 MISR scattering angles. It was demonstrated that 

substantial errors of cloud optical thicknesses may arise when MODIS retrievals are not 

provided and hexagonal plates are assumed in the ice cloud model. The differences 

between view-dependent cloud optical thickness and the averaged value over the 9 MISR 

viewing angles are used to evaluate the ice cloud models. In the case for 2 July 2009, the 

ice cloud model with mixed ice crystal habits is the best fit to the observations. The ice 

cloud model also produces consistent cloud property retrievals for the 9 MISR viewing 
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configurations within the measurement uncertainties. Compared to the studies reported 

by Doutriaux-Boucher et al. [2000] and McFarlane et al. [2005], this current work is an 

initial effort on improving the ice cloud models by using pixel-by-pixel retrievals of ice 

cloud properties from satellite viewing angles. Employing other ice crystal habits, i.e., 

bullet rosettes, droxtals, hollow columns, and aggregates deserves further study and may 

further improve the performance of the ice cloud models in the retrieval of ice cloud 

properties.  
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APPENDIX A 

ESTIMATING THE RELATIVE POSITION OF HEXAGONAL PARTICLES 

 

Figure A1 shows the geometries of hexagonal particles used in our study. In 

particle A, the faces, edges, and vertices of the particle are indicated by 

€ 

FiA (iA =1,2,...,8), 

€ 

L jA ( jA =1,2,...,18) , and 

€ 

PkA (kA =1,2,...,12), respectively. 

€ 

ciA (iA =1,2,...,8)  are the 

position vectors of the centers of the particle faces, 

€ 

f iA (iA =1,2,...,8)  indicate the normal 

directions of the particle faces, and 

€ 

pkA (kA =1,2,...,12)  and 

€ 

l jA ( jA =1,2,...,18) are the 

vectors of the vertices and edges, respectively.  

The distance between two hexagonal particles that are not overlapped in the oxyz 

coordinate can be written by 

                   

€ 

D =

D(PkA ,FiB ,kA =1,2,...,12,iB =1,2,...,8)
D(PkB ,FiA ,kB =1,2,...,12,iA =1,2,...,8)
D(L jA ,L jB ,iA =1,2,...,18, jB =1,2,...,18)

,                                          (A1) 

where 

€ 

 indicates the minimum value of the variables. 

 

€ 

D(PkA ,FiB ,kA =1,2,...,12,iB =1,2,...,8)  are the distances between a vertex 

(

€ 

PkA ,kA =1,2,...,12) of particle A and a face (

€ 

FiB ,iB =1,2,...,8) of particle B, and can be 

determined by  
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Fig. A1 Geometries of hexagonal particles. 
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€ 

D(PkA ,FiB ,kA =1,2,...,12,iB =1,2,...,8) =

pkA − pu (kA =1,2,...,12,iB =1,2,...,8)

for Pu ∈ FiB

D(PkA ,LiB _m1,m1=1,2,...4(or 6))

(kA =1,2,...,12,iB =1,2,...,8)

for Pu ∉ FiB

 

 

 
 
 
 
 

 

 
 
 
 
 

,      (A2) 

                                                                                                                                   

where 

€ 

LiB _m1 represents the edges on the face 

€ 

FiB , and 

€ 

pu  is the position vector of 

€ 

Pu  and 

can be given by 

                              

€ 

pu = pkA + f iB
fiB ⋅ (ciB − pkA )

f iB
2 .                                                          (A3) 

The distance between 

€ 

PkA  and 

€ 

LiB _m1 can be derived as follows: 

€ 

D(PkA ,LiB _m1,m1=1,2,...4(or 6)) =

pkA − pv for Pv ∈ LiB _m1

pkA − piB _m1_m2 (m2 =1 and 2) (m1=1,2,...4(or 6))

for Pv ∉ LiB _m1

 

 

 
 
 

 

 
 
 

,(A4) 

where 

€ 

PiB _m1_m2  represents the vertices on 

€ 

LiB _m1, and 

€ 

pv  is the position vector of 

€ 

Pv  and 

can be given by 

                

€ 

pv =
(pkA − piB _m1_m2) ⋅ (piB _m1_1 − piB _m1_ 2)

piB _m1_1 − piB _m1_ 2
2 (piB _m1_1 − piB _m1_ 2)

+ piB _m1_1 (m1=1,2,...4(or 6))

.               (A5) 
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€ 

D(L jA ,L jB , jA =1,2,...,18, jB =1,2,...,18)  in Eq. (A1) is the distance between 

€ 

L jA ( jA =1,2,...,18)  and 

€ 

L jB ( jB =1,2,...,18)  from particle A and B, respectively, and can 

be given as follows: 

    

€ 

D(L jA ,L jB , jA =1,2,...,18, jB =1,2,...,18) =

p jA _m3 − p jB _m4 (m3,m4 =1 and 2)

D(PjA _m3,L jB ,m3 =1 and 2)

D(PjB _m4 ,L jA ,m4 =1 and 2)

D(Pw,L jA ) for Pw ∈ L jB

,  (A6) 

where 

€ 

D(PjA _m3,L jB ,m3 =1 and 2) and 

€ 

D(PjB _m4,L jA ,m4 =1 and 2)  can be derived 

from Eq. (A4).  The position vector of the 

€ 

Pw  in Eq. (A6) is given by 

               

€ 

Pw = p' jA _1 + (p' jA _1 − p' jA _ 2)
(p' jA _1 − p jB _1) × (p jB _ 2 − p jB _1)
(p' jA _ 2 − p' jA _1) × (p jB _ 2 − p jB _1)

 

 
 
 

 

 
 
 
z

 ,                (A7) 

where  

              

€ 

p' jA _1 = p jA _1 + (l jA × l jB )
(l jA × l jB ) ⋅ (p jB _1 − p jA _1)

l jA × l jB
2 ,                                        (A8)         

              

€ 

p' jA _ 2 = p jA _ 2 + (l jA × l jB )
(l jA × l jB ) ⋅ (p jB _1 − p jA _ 2)

l jA × l jB
2 .                                      (A9) 

The particles A and B are not overlapped in space if they satisfy, 

                          

  

€ 

D(PkA ,FiB ,kA =1,2,...,12) ≠ 3 3
iB=1

8

∑ aB + LB

D(PkB ,FiA ,kB =1,2,...,12) ≠ 3 3
iA=1

8

∑ aA + LA

L jA
jA=1

18

∑  FiB
iB=1

8

∑ =∅

 

 

 
 
  

 

 
 
 
 

 ,                                    (A10) 
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where 

€ 

aA  and 

€ 

aB  and 

€ 

LA  and 

€ 

LB  are the semi-widths and lengths of the hexagonal 

particles, respectively. The derivation of 

€ 

D(PkA ,FiB ,kA =1,2,...,12,iB =1,2,...,8)  and 

€ 

D(PkB ,FiA ,kB =1,2,...,12,iA =1,2,...,8)  can be found in Eqs. (A1) and (A2). Figure A2 

shows two types 

€ 

FiB . If 

€ 

FiB  has a rectangular shape, the relationship between 

€ 

L jA  and 

€ 

FiB  in Eq (A10) can be derived as follows: 

                   

  

€ 

L jA FiB ≠∅ for D(L jA ,LiB _m5)
m5=1

4

∑ ≠ aB + LB

L jA FiB =∅ for D(L jA ,LiB _m5)
m5=1

4

∑ = aB + LB

 

 

 
 

 

 
 

,                                    (A11) 

where 

€ 

D(L jA ,LiB _m5,m5 =1,2,..,4)  is the distance between 

€ 

L jA  and the boundaries of 

€ 

FiB . 

The derivation of 

€ 

D(L jA ,LiB _m5,m5 =1,2,...4)  can be found in Eq (A6). If 

€ 

FiB  has a 

hexagonal structure as shown in Fig. A2, 
  

€ 

L jA FiB  can be given by 

                         

  

€ 

L jA FiB ≠∅ for D(L jA ,LiB _m6)
m6=1

6

∑ ≠ 3 3aB

L jA FiB =∅ for D(L jA ,LiB _m5)
m6=1

6

∑ = 3 3aB

 

 

 
 

 

 
 

.                               (A12) 

 

 

 

 

 

 

 

 



 

 

146 

 

 

Fig. A2 Two types of faces for a hexagonal ice crystal. 
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APPENDIX B 

COMPUTE PROJECTED AREA OF AN AGGREGATE  

 

Figure B1 shows an aggregate A in the oxyz coordinate system. The projected 

area of an aggregate can be computed by an algorithm based on the Monte Carlo method. 

Consider a random disk Di that is perpendicular to its center position vector 

€ 

pi0 . The 

radius of Di is equal to the maximum dimension of the aggregate Dm and a random point 

Pi on the disk can be derived from 

                  

€ 

pi − pi0 = Dm ξA ,                                                                           (B1) 

                  

€ 

pi ⋅ pi0 = pi0
2
,                                                                                   (B2) 

                  

€ 

(pi − pi0) ⋅ (pB − pi0) = Dm ξA pB − pi0 cos(2πξB )                            (B3) 

where ξA and ξB are independent random numbers that are uniformly distributed on [0, 

1], and 

€ 

pB  is the position vector of a fixed point on the face containing Di, which can be 

given by 

                                          

€ 

pB = (0,0,
pi0

2

(pi0)z
)   .                                                                (B4) 

For a line Li that satisfies  

                                          

€ 

Pi ∈ Li
li = pi0

 
 
 

,                                                                               (B5) 

we consider a Mi given by 
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Fig. B1 A schematic illustrating the computation of the projected area of an aggregate ice 

crystal.  
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€ 

Mi =

1 for Li Fj
j=1

8N

∑ ≠∅

0 for Li Fj
j=1

8N

∑ =∅

 

 

 
 

 

 
 

,                                                       (B6) 

where Fj indicates a face of aggregate A in Fig. B1, and N is the number of the hexagonal 

particles in A. The relationship between Li and Fj can be derived using Eqs (A11) and 

(A12). 

The projected area of aggregate A can be derived by 

                                               

€ 

S = πDm
2

Mi
i=1

N

∑
NL

,                                                                (B7) 

where NL is the number of Di in the computation. The algorithm to compute the projected 

area can be verified by replacing aggregate A with a hexagonal column whose projected 

area can be simply determined by 

                                              

€ 

S =
3
4
a( 3a + 2L),                                                           (B8) 

where a and L represent the semi-width and length of the hexagonal column, 

respectively. This result is obtained by using the fact that the projected area of a convex 

body at random orientation is simply one-fourth of its surface area. Our results indicate 

that the projected area of an aggregate can be accurately computed for the case 

NL>100,000. 
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