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a b s t r a c t

A geometric-optics surface-wave approach has been developed for the computation of

light absorption and scattering by nonspherical particles for application to aggregates

and snow grains with external and internal mixing structures. Aggregates with closed-

(internal mixing) and open-cell configurations are constructed by means of stochastic

procedures using homogeneous and core-shell spheres with smooth or rough surfaces

as building blocks. The complex aggregate shape and composition can be accounted for

by using the hit-and-miss Monte Carlo geometric photon tracing method. We develop

an integral expression for diffraction by randomly oriented aggregates based on

Babinet’s principle and a photon-number weighted geometric cross section. With

reference to surface-wave contributions originally developed for spheres, we introduce

a nonspherical correction factor using a non-dimensional volume parameter such that it

is 1 for spheres and 0 for elongated particles. The extinction efficiency, single-scattering

albedo, and asymmetry factor results for randomly oriented columns and plates

compare reasonably well with those determined from the finite-difference time domain

(FDTD) and the discrete dipole approximation (DDA) computer codes for size para-

meters up to about 20. The present theoretical approach covers all size ranges and is

particularly attractive from the perspective of efficient light absorption and scattering

calculations for complex particle shape and inhomogeneous composition.

We show that under the condition of equal volume and mass, the closed-cell

configuration has larger absorption than its open-cell counterpart for both ballistic and

diffusion-limited aggregates. Because of stronger absorption in the closed-cell case,

most of the scattered energy is confined to forward directions, leading to a larger

asymmetry factor than the open-cell case. Additionally, light absorption for randomly

oriented snowflakes is similar to that of their spherical counterparts under the

condition of equal geometrical cross section area for both external and internal mixing

states; however, nonspherical snowflakes scatter less light in forward directions than

spheres, resulting in a substantial reduction of the asymmetry factor. We further

demonstrate that small soot particles on the order of 1 mm internally mixed with snow

grains could effectively reduce snow albedo by as much as 5–10%. Indeed, the

depositions of black carbon would substantially reduce mountain-snow albedo, which

would lead to surface warming and snowmelt, critical to regional climatic surface

temperature amplification and feedback.
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1. Introduction

Understanding the direct and indirect radiative forcings

of aerosols requires both fundamental knowledge and

reliable data concerning their scattering and absorption

properties. The single-scattering properties of aerosols are

determined by their size, shape, and refractive index

associated with chemical composition. Aerosol geometrical

shapes are diverse, ranging from quasi-spherical to highly

irregular. In addition to complex particle geometry, the

inhomogeneous composition of aerosols has been com-

monly observed. Black carbon (BC) particles, which have

highly complex and often inhomogeneous morphologies,

are a type of aerosols that profoundly affects global and

regional climates.

In the atmosphere, BCs strongly absorb sunlight, heat

the air, and contribute to global warming [1,2]. Recent

investigations indicate that the magnitude of the direct

radiative forcing due to BC exceeds that from methane and

may be the second most important component of global

warming after carbon dioxide in terms of direct forcing

[3,4]. In addition to the direct climate effect, BC particles,

acting as CCN, can inhibit cloud formation [5]. The magni-

tude of BC absorption greatly depends on its refractive

index (especially its imaginary part), shape, and size

distribution; it also depends on the mixing state of BC

particles. BCs are byproducts of solid, liquid, or vapor

combustions, generated directly through the aggregation

of molecules formed in combustion processes from coal,

biomass burning, and biofuel. Recent estimates place the

global emission of BC aerosols from biomass burning at

6–9 Tg/yr, and from fossil fuel burning at 6–8 Tg/yr [6]. BC

emission levels have been especially high in China, due to

the low-temperature household burning of coal and bio-

fuels [7]. Model simulation results have suggested that

anthropogenic fossil fuel soot exerts a positive radiative

forcing of 0.5–2W/m2 at the top of the atmosphere [8] and

that BCs produced in China induce a positive radiative

forcing at the top of the atmosphere and a negative forcing

at the surface [9]. However, reducing uncertainties in

direct radiative forcing due to BC depends on an accurate

accounting of its fundamental absorption and scattering

properties.

BC particles can be internally and externally mixed with

other nonabsorbing materials [10]. The identical amount of

BC under different types of mixing can result in fairly

different absorption properties. The efficiency of absorption

of a certain amount of BC is determined by its mass

absorption coefficient, which depends on particle size and

the type of mixing between BC and nonabsorbing compo-

nents, such as organic matter and sulfates. In the case of an

external mixture where individual pure BC particles are

parallel to nonabsorbing particles, the BC mass absorption

efficiency is about the same for pure BC particles. However,

BC particles that form at relatively high temperatures are

likely to be coated by a nonabsorbing shell to form an

internal mixture. Another type of internal mixture is a long-

chain aggregate of BC particles formed at high temperatures,

which can also be coated with nonabsorbing materials to

form an internally mixed heterogeneous structure. These

opened clusters usually collapse to form closely packed

sphere-like structures as a result of aging or interactions

with water vapor and clouds. Owing to their production

mechanisms, BCs are confined to the 0.01 mm size range.

However, aggregation of freshly produced particles may

yield particle sizes above that range. Small spherical soot

particles coagulate to form chain-like aggregates. These

irregularly shaped particles have been found to be fractal,

and have special optical properties. The mass median

diameter of BC in the atmosphere is small, between 0.1

and 0.5 mm. In urban air, two size modes can often be

detected: a smaller mode resulting from freshly formed

primary aerosols and a larger mode resulting from coagula-

tion processes. Because of their small size, BC aerosols

normally have a long lifespan in the atmosphere.

The radiative transfer schemes that have been used in

GCMs and climate models have not taken into account

the effects of aerosol nonsphericity and inhomogeneous

structure. Neglecting these effects could substantially

underestimate or overestimate aerosol radiative forcing

[11]. For example, the asymmetry factor of realistic

aerosols, which is directly related to the albedo effect,

can differ significantly from their spherical counterparts

[12]. It follows that a spherical ‘‘equivalence’’ (and homo-

geneous) assumption can lead to erroneous assessment

of aerosol radiative forcing. ‘‘Exact’’ numerical and theo-

retical solutions for scattering and absorption for realistic

irregular ice particles and aerosols in planetary atmos-

pheres that are consistent with the first principle appear

to be extremely difficult, if not impossible, in view of

the complexity and intricacy of their shape, size, and

composition. In the following, we briefly review the

methodologies that have been developed for the studies

of light absorption and scattering by aggregates.

A number of computer models have been developed to

simulate diffusion-limited aggregates and fractal clusters

for light absorption studies [13–15]. Several authors have

undertaken various approaches, including the Volume

Integral Equation Formulation, the method of moments,

the Extended Boundary Condition Method, and other

approaches to calculate the scattering and absorption

of aerosol particles with branched-chain structures and

cluster of spheres [16–20]. Microwave analog experiments

have been used to determine the light-scattering proper-

ties of aggregates for a combination of composition, size,

and shape [21]. The optical properties of particulate carbon

in terms of the material composition and morphology of

soot have been evaluated to investigate their effects on

extinction efficiency of aggregates and internal mixing of

carbon with sulfate [22]. Light scattering by aggregates has

also been computed from the T-matrix method to investi-

gate the optical properties of comet dust [23]. Moreover,

the scattering properties of randomly oriented soot aggre-

gates consisting of fractal clusters of small homogeneous

spherules have been extensively studied using the super-

position T-matrix method [24–26].

We have developed a geometric optics approach

coupled with surface-wave contributions for light scatter-

ing by homogeneous spheres and spheres with a shell

structure [27]. In this development, we modified the

ray-by-ray integration approach [28], which is particularly

useful for the computation of extinction and absorption
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cross sections for a particle composed of a spherical core

surrounded by a concentric shell. This geometric-optics

surface-wave theory for light scattering by spheres considers

the surface-wave contribution as a perturbation term to the

geometrics optics core that includes the Fresnel reflection–

refraction and Fraunhofer diffraction. For surface-wave

contributions, the analytical expressions derived for the

terms involving the extinction and absorption cross sections

and radiation pressure on the basis of the complex angular

momentum theory [29] were followed. Reliability and

accuracy of the geometric-optics surface-wave (GOS)

approach have been assessed by comparison with the results

determined from the Lorenz-Mie (LM) theory. The extinction

efficiency, single-scattering albedo, and asymmetry factor

results computed by GOS and LM are shown to be in close

agreement for a combination of real-imaginary refractive

indices as functions of size parameter [27].

The GOS approach has also been applied to spheres

composed of a spherical core and a shell with a number of

real and imaginary refractive indices and size combinations.

The resulting computations were assessed with those eval-

uated from an efficient algorithm [30] based on the analy-

tical LM solution for spherical core-shell structure. The same

order of accuracy has been demonstrated as the cases

involving homogeneous spheres. To simulate the core-shell

structure of soot aerosols, we have extended the hit-and-

miss Monte Carlo photon tracing program for homogenous

particles [31,32] to concentrically stratified spheres [33].

The close agreement between GOS and the ‘‘Exact’’ LM-like

solution provides the foundation to conduct physically

reliable light absorption and scattering for aerosol aggre-

gates with internal and external mixing, and closed- and

open-cells, which can be built from homogeneous and

concentric shell spheres with smooth and/or rough surfaces.

Our objective is to demonstrate an attractive light scattering

and absorption approach to complement existing methodol-

ogies cited above.

Accordingly, the present paper is organized as follows.

In Section 2, we describe an approach to construct

aggregates by means of stochastic processes. This is

followed in Section 3 by the development of the GOS

approach for nonspherical particles in general, and aggre-

gates in particular. Verification of the GOS approach and

pertinent computation results for light absorption and

scattering by aggregates and snow grains with external

and internal mixing configurations are discussed in

Section 4. Concluding remarks are given in Section 5.

2. Construction of aggregates based on stochastic

processes

In the present study, the particle that constitutes the

building element of an aggregate has the following shape: a

homogeneous sphere with smooth and irregular surfaces;

and a sphere with core-shell structure in which the outer

shell surface can be irregular, as shown in Fig. 1a. Surface

irregularity can be imposed by perturbing the direction of

the normal on surface of each sphere randomly when a

light ray hits the surface. Specifically, the zenith angle Wi

and azimuthal angle ji of an individual normal to the light

beam is perturbed stochastically from the original direction

in the form: Wi ¼ WmRN and ji ¼ 2pRN, where the notation

Wm denotes a number smaller than p/2 and RN is a random

number between 0 and 1. This approach followed the

pioneering work developed by Cox and Munk [34] to

represent the roughness of ocean surfaces.

For an aggregate model with a core-shell structure, we

shall consider an aggregate consisting of n concentrically

stratified spheres referred to as a ‘‘closed’’ aggregate [10,35],

as shown in Fig. 1b. Each sphere has a core of an absorbing

aerosol and a shell of a nonabsorbing aerosol. The shell

radius rshell is the same as the radius of a homogeneous

sphere. The ratio of the core radius rcore to the shell radius

rshell is denoted by R, which ranges from 0 to 1. As stated

above, irregularity can be introduced on the surface of

aggregates; however, the inner boundary of a closed aggre-

gate will be fixed as smooth for simplicity of analysis. There

is another kind of internal mixture, referred to as ‘‘open’’

[36]. An open aggregate is defined by (n�m) absorbing

spheres (e.g. soot particles) surrounded by m nonabsorbing

spheres (e.g. ammonium sulfate particles). The ratio of n�m

to m has been selected to make the volume and mass the

same as closed aggregates for consistent comparison in light

absorption and scattering calculations.

Aggregated aerosols are constructed stochastically

following a procedure described by Friedlander [14]

involving three kinds of agglomerate formation: ballistic

aggregation (BA), diffusion-limited aggregation (DLA), and

reaction-limited aggregation (RLA). For ballistic particle-

cluster aggregation, a particle is first fixed at the origin,

followed by injection of another particle from a point

arbitrarily selected on a large sphere surrounding the

origin, which proceeds along a straight line. If the latter

hits the former, they are attached together; otherwise, the

former particle moves away from the large sphere. This

process is repeated until a desirable number of attached

particles has been reached. In the case of diffusion-limited

aggregation, an approaching particle undergoes a random

walk instead of a straight path described above. Here

random walk implies that a series of sequential move-

ments in which the direction of each move is randomly

determined as follows:

x0i ¼ xiþ2
ffiffiffi

2
p

ðRN�1=2Þ, i¼ x,y, z ð1Þ

where xi is a position, x0i is a subsequent position, and RN

is a random number from 0 to 1. The RLA particle is

similar to DLA; however, it requires repeated collisions

before cohering. In the following study, we shall confine

our efforts to BA and DLA in association with light

scattering and absorption calculations due to the similar-

ity of RLA to BA. After Mandelbrot [37], fractal (Hausdorff)

dimension Df can be expressed as follows:

npr
Df

g ð2Þ

where n is the number of spherules in an aggregate and rg,

the aggregate radius of gyration, is defined by

r2g ¼
1

n

X

n

i ¼ 1

ri�r0
�

�

�

�

2 ð3Þ
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where r0 is the position of center of mass given by

r0 ¼
1

n

X

n

i ¼ 1

ri ð4Þ

Based on the preceding definitions, BA and DLA aggre-

gates, as illustrated in Fig. 1c have fractal dimensions

of 2.45 and 2.27, respectively.

Shown in Fig. 1d is a chain aggregate soot particle,

referred to as ‘‘cat in the hat’’ [14], collected from ambient

air on the UCLA campus. The corresponding computer

modeled aggregates are displayed below in blue. Once the

shape and composition are defined, we can carry out

light absorption and scattering calculations accordingly.

However, it is not clear whether these particles are asso-

ciated with the state of open- or closed-cells. Our modeling

efforts are in line with the observations presented by

Martins et al. [10], (Fig. 5). The present closed-cell model

presented in Fig. 1c mimics those presented by Strawa

et al. [35], (Fig. 1), while the open-cell aggregate structure

shown in that figure is similar to the coated soot particles

generated by Stratmann et al. [36], (Fig. 4). Furthermore,

Jacobson [11] discussed cases involving ‘‘high shell/core

ratio’’ and ‘‘low shell/core ratio’’ as possible ‘‘models.’’

3. Light absorption and scattering by aggregates:

A geometric-optics surface-wave approach

3.1. Geometric optics

Fig. 2 illustrates the geometric optics (reflection/refrac-

tion and diffraction) and surface-wave approach applied to

a group of shell spheres, which form an aggregate. The

geometric reflection and refraction can be carried out

using the hit-and-miss Monte Carlo photon tracing once

the shape and composition of an aggregate are defined

from the stochastic processes described in Section 2.

Following the ray-by-ray integration approach [27,28],

the extinction and absorption cross sections for a single

Fig. 1. Illustration of the morphology and composition of aggregates: (a) basic building blocks, including homogeneous or shell-core spheres with

smooth and/or rough surfaces; (b) definitions of open- and closed-cells; (c) definitions of ballistic and diffusion-limited aggregates constructed by means

of stochastic procedures (see text for further explanation); and (d) observed soot particles in the air and computer generated models. (For interpretation

of the references to color in this figure, the reader is referred to the web version of this article.)
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aggregate are defined by

se ¼
2p

k2
Re S11ðê0ÞþS22ðê0Þ

� �

ð5Þ

sa ¼
1

2

X

g

X

1

p ¼ 1

exp �2k
X

p�1

j ¼ 1

mi,jdj

0

@

1

A 1�expð�2kmi,pdpÞ
� �

t21r
p�1
1 þt22r

p�1
2

� �

ð6Þ

where k is the wavenumber, Re denotes the real part, S11
and S22 are two diagonal elements of the scattering

amplitude matrix in the forward direction, ê0 denotes

the incident direction, the subscript index p(¼1,2,3,y)

denotes the internal localized ray, g in the first summation

of the absorption cross section covers all incident photons

impinging onto the sphere, mi,j(or p) represents the ima-

ginary part of the refractive index for an inhomogeneous

sphere, dj(or p) is a vector distance between two points, and

t2j r
p�1
j (j¼1, 2) denotes the cumulative product of Fresnel

coefficients.

We shall now consider a group of aggregates in space. In

view of their irregular shape and small size, three-dimen-

sional random orientation appears to be an excellent

assumption for light absorption and scattering studies.

Under this condition, we may then define an effective

geometric cross section area to evaluate the extinction and

absorption efficiencies. For this purpose, let A be the area of a

square, which is sufficiently large to cover the geometric

cross section of an aggregate, and set this square equal to L2,

where L denotes the particle’s maximum dimension. Further,

let Na be the number of photons incident on aggregates,

which is dependent on the particle’s orientation, and Nt be

the number of total photons used in the calculation. Thus,

the effective geometric shadow of an aggregate on a plane

perpendicular to the incident light beam, whose propagation

direction is along the z-axis, can be defined as follows:

Asða,bÞ ¼ A½Naða,bÞ=Nt� ð7Þ

where a and b are angles, which denote the orientation of

an aggregate in a two-dimensional plane with reference

to the incident light beam. It follows that for an ensemble

of randomly oriented aggregates, the extinction and

absorption efficiencies averaged over all orientations can

be written in the form

Qext,abs ¼
Z

a

Z

b

se,a a,bð Þcosadadb
.

Z

a

Z

b

As a,bð Þcosadadb:

ð8Þ

Next, we shall discuss the diffraction component for

aggregates. The original theoretical development of diffrac-

tion begins with Babinet’s principle, which states that the

diffraction pattern in the far field (Fraunhofer diffraction)

from a circular aperture is the same as that from an opaque

disk or sphere of the same radius. Following this principle

and in order to apply it to randomly oriented nonspherical

particles, we may use the effective geometric cross section

area defined in Eq. (7). Thus, the diffracted intensity Id for

an ensemble of randomly oriented aggregates can be

expressed by [38,39]

Idp

Z

a

Z

b

ZZ

As

exp �ikr x,y,a,bð Þdxdy
� �

�

�

�

�

�

�

�

�

2

cosadadb ð9Þ

where r is the distance between a point in the shadow As

and a distant point from the shadow. Analytical solutions

for Eq. (9) exist only for simple nonspherical shapes, such

as column, plate, and spheroid [31,32,40]. However,

‘‘exact’’ numerical calculations can be carried out for

irregular particles such as aggregates to obtain the dif-

fracted energy.

On the basis of the scattered intensities determined

from geometric reflection and refraction and diffraction

Fig. 2. Graphical depiction of the geometric optics and surface waves approach for light scattering by an ensemble of shelled spheres (aggregate). The

geometric optics components include the hit-and-miss Monte Carlo photon tracing associated with external and internal reflections and refractions, and

diffraction based on Babinet’s optical principle for randomly oriented nonspherical particles. The surface waves travel along the edge of the particles and

propagate into shadow regions.
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for randomly oriented aggregates, the asymmetry factor g

can be determined. Subsequently, we can evaluate the

term referred to as radiation pressure efficiency [27,41],

the concept of which can be applied to nonspherical

particles as follows:

QprðGOÞ ¼ QextðGOÞ�gðGOÞ½QextðGOÞ�QabsðGOÞ� ð10Þ

where the symbol GO stands for geometric optics and Qext

and Qabs have been defined in Eq. (8).

3.2. Surface waves

Surface waves in the context of light scattering and

absorption by a sphere are generated by interactions of the

incident waves at the grazing angles near the sphere’s edge

and propagate along its surface into the shadow region

[29,41]. On the basis of theoretical postulations and numer-

ical calculations, Liou et al. [27] demonstrated that a linear

combination of the geometric optics term (reflection/refrac-

tion and diffraction, denoted by GO) and the surface-wave

adjustment (denoted by GOS) constitutes a solution close to

the exact Lorenz–Mie theory (denoted by LM) so that

QwðGOSÞ ¼ QwðGOÞþ fDQw �QwðLMÞ, w¼ ext, abs, pr ð11Þ

where Qw is the efficiency factors for extinction (ext),

absorption (abs), or radiation pressure (pr), DQw is the

surface-wave adjustment, and a parameter f has been

inserted into this equation. In our previous analysis for

spheres, we set f¼1. However, for large size parameters

greater than about 50, f is close to 0. Once Qpr has been

determined, the asymmetry factor from Eq. (10) associated

with GOS can be written in the form

gðGOSÞ ¼ 1�QprðGOSÞ=QextðGOSÞ
� �

=$ðGOSÞ ð12Þ

where the single-scattering albedo $ is defined by Qsca/Qext

and Qsca¼Qext–Qabs.

Surface waves differ from diffraction, which originates

from the incomplete wave front due to the blocking of the

incident wave by the scattering particle and is governed by

the geometric cross section area facing the incident light

beam. However, surface waves propagate along the particle’s

surface and hence must be associated with light absorp-

tion in addition to scattering. The theoretical foundation

for surface waves exists only for spheres as discussed

previously. For nonspherical particles, a physically based

adjustment must be developed in order to effectively

account for the factor of shape. Irregular surfaces will

suppress the propagation of these waves and reduce the

effectiveness of their interactions with the particle, slow

down the waves so to speak. Spheres, by virtue of smooth

surfaces, are the most efficient geometry for wave propaga-

tion. Thus, the parameter introduced in Eq. (11) must be less

than 1 for nonspherical particles: i.e., it is close to zero for an

elongated particle since the probabilities for the forward and

backward propagations of surface waves would be limited in

this case. Volume (three-dimensional) must also play a key

role in the effectiveness of surface-wave contributions.

Two types of volume can be defined. We may define a

volume for an aggregate as follows:

Vv ¼ n� 4pr3v=3 ð13Þ

where rv is the radius of a sphere used to build an aggregate

and n is the total number of spheres. We may also define a

volume corresponding to the geometric cross section area,

As, defined in Eq. (7) such that

Va ¼ n� 4pr3a=3 ð14Þ

where pr2a ¼As. We postulate that the correction parameter

in Eq. (11) for nonspherical particles may be defined by the

ratio of two volumes as follows:

f ¼ Vv=Va ¼ ðrv=raÞ3: ð15Þ

We find that Vv (or rv) is smaller than Va (ra) so that f is

equal to or less than 1. For spheres, rv¼ra, so that f¼1; for

elongated particles, rv5ra so that f�0. These limits

provide a theoretical basis and boundary conditions for

the application of Eq. (11) to nonspherical particles.

4. Computational results and discussion

We first conduct a comparison of the preceding theore-

tical developments for application to nonspherical columns

and plates to those determined from the Finite Difference

Time Domain (FDTD) method pioneered by Yee [42]

and later employed by Yang and Liou [43] to study the

light scattering and absorption properties of nonspherical

ice crystals. Yang et al. [44] carried out comprehensive

computations employing FDTD and a modified and

improved geometric optics method [45] for a number of

ice crystal shapes and sizes covering a spectrum of wave-

lengths, and provided a database for application to remote

sensing and radiative transfer. We also compare our pre-

sent results to those computed from the Discrete Dipole

Approximation (DDA) method originally developed by

Purcell and Pennypacker [46] and later by Draine and

Flatau [47] in which the single-scattering results for small

size parameters for column and plate can be computed

from existing programs [48]. DDA calculates light scattering

and absorption by a target with arbitrary geometry in which

the target is defined by an array of discrete dipoles located

on a cubic lattice. Both the FDTD and DDA methods require

a tremendous amount of computational effort for moderate

size parameters, particularly when the 3D orientation of

nonspherical particles is accounted for in the computations.

For this reason, it is quite challenging to employ FDTD and

DDA for many practical applications involving nonspherical

particles with size parameters larger than about 20.

We have selected two wavelengths for comparison

purposes: 3.7 and 23 mm with refractive indices for ice of

1.4005� i0.007201 and 1.4424� i0.02701, respectively [44].

Fig. 3 illustrates a comparison of the single-scattering

parameters (extinction efficiency, single-scattering albedo,

and asymmetry factor) for randomly oriented columns (a)

and plates (b) as a function of size parameter defined as

xmax¼krmax(¼Lmax/2), where Lmax denotes the maximum

dimension and k is the wavenumber. Because of their

computational limitations, FDTD and DDA results are shown

for size parameters less than about 20. For column, GOS

results compare closely with values computed from FDTD

and DDA for both wavelengths (3.7 and 23 mm) for the three

single-scattering parameters. We note that GOS results

show slight systematic overestimations in the extinction

K.N. Liou et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 112 (2011) 1581–15941586



efficiency for size parameters smaller than about 2–3. For

plate, GOS results compare closely with values calculated

from FDTD and DDA for single-scattering albedo as well as

asymmetry factor. Some deviations are shown in the

extinction efficiency curves; in particular, the GOS approach,

which is a linear combination of geometric optics and

surface waves, does not depict the fluctuations produced

in FDTD results in the case of 23 mm. In addition to the

preceding comparisons, we have made an effort to compare

with pertinent results presented in Liu et al. [26]. For

Fig. 3. Comparison of the single-scattering parameters (extinction efficiency, single-scattering albedo, and asymmetry factor) for randomly oriented

columns (a) and plates (b) as a function of size parameter xmax, which is defined as 2prmax/l, where rmax denotes one half of the maximum dimension and

l is the wavelength, computed from the geometric optics and surface-wave approach (GOS) for size parameters up to 100, and from the finite-difference

time domain (FDTD) and the discrete dipole approximation (DDA) computer codes for size parameters smaller than about 20.
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illustrative purposes, we selected a case involving a homo-

geneous sphere aggregate with m¼2–i1, n¼200, Df¼2.46,

a¼0.015 mm, and l¼0.87 mm based on the results

presented in their Table 2 and Fig. 2. Following GOS and

using these parameters as input, we conducted computa-

tions for extinction and absorption cross sections and

asymmetry factor, and obtained Cext¼0.0518 mm2,

Cabs¼0.0318 mm2, and g¼0.143. Compared with Liu et al.’s

values of Cext¼0.0287 mm2, Cabs¼0.0245 mm2, and g¼0.177,

some differences are noted, which could be due, in part, to

the aggregate shape generated from our stochastic pro-

cesses denoted in Section 2. Also, as noted for the column

case above, GOS results depicted slight systematic over-

estimations in the extinction efficiency for size parameters

smaller than about 2.

The preceding comparisons were intended to check the

applicability of the new theoretical development (GOS) for

light scattering and absorption by nonspherical particles,

which is computationally efficient and can be readily

applied to a spectrum of size parameters and irregular

shapes such as aggregates, complementary to existing

methodologies. In what follows, we present a number of

sample calculations to demonstrate GOS’s applicability to

aggregates and snow grains.

Fig. 4 shows the extinction efficiency Qext, the single-

scattering albedo $, and the asymmetry factor g as a

function of size parameter xmax defined previously. In

these calculations, 256 (arbitrarily selected) rough-surface

spheres were used to build aggregates. For the case of

closed-cell, each building sphere contained a 90% soot core

with a refractive index of 2� i1 [22], coated by a 10% shell

layer of nonabsorbing ammonium sulfate with m¼1.53.

For the case of open-cell, 187 were soot and 69 were

sulfate particles, such that the volume and mass of the

total building spheres were the same. This ratio is close to

the configuration presented in Martins et al. [10]. For the

former, which consists of internally mixed spheres, the

two types of aggregates (BA and DLA) were constructed

following the stochastic procedure described in Section 2.

For the latter, the 187 soot spheres were first constructed

stochastically as a core, followed by 69 ammonium sulfate

spheres, which were located outside of this core. These

aggregate models correspond to the ‘‘low shell/core ratio’’

internal mixing discussed by Jacobson [11].

Fig. 4. Extinction efficiency Qext, the single-scattering albedo $, and the asymmetry factor g for a group of randomly oriented aggregates (Ballistic and

Diffusion Limited) in terms of open- and closed-cell configurations as a function of xmax using a wavelength of 0.67 mm in the calculations. The size

parameter xmax=2prmax/l, where rmax is half of the particle maximum dimension and l is the wavelength.
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For the same volume and mass, closed-cell cases

(internally mixed spheres) have larger absorption (smal-

ler single-scattering albedo, second panel) than their

open-cell counterparts with differences on the order of

10–15%. Due to stronger absorption, most of the scattered

energy for closed-cell cases is confined to forward direc-

tions, leading to larger asymmetry factors, as shown in

the bottom panel. Under the condition of the same

volume and mass, the extinction efficiencies for closed-

cell cases are larger than the open-cell counterparts

associated with larger absorption and stronger forward

scattering. Also, DLA absorbs and scatters slightly more

than BA because of a larger geometrical cross section.

Another parameter of interest is specific absorption aa,
defined as the absorption cross section per unit mass,

which can be measured in laboratory [22,49,50]. It is

given by

aa ¼ sa=M¼ AsQabs
P

iriVi

ð16Þ

where sa is the absorption cross section, M is the mass,

As is the average geometric cross section defined in

Eq. (7), Qabs is the absorption efficiency, ri is the density,

and Vi is the volume. The summation over i covers

the inhomogeneous part of spherule if applicable. We

used rsulf ¼1 g/cm3 in the calculations. Also, two values

of the refractive indices were used for soot: 2� i1

(rsoot�2 g/cm3) and 1.75� i0.75 (rsoot�1.8 g/cm3), repre-

senting upper and lower limits respectively [22]. These

are very close to the best value of 1.95� i0.79

recommended by Bond and Bergstrom [49], (p. 47 and

Fig. 7). Our absorption and scattering calculation results

using this value are within the range of the preceding

values.

Fig. 5 depicts specific absorption as a function of size

parameter xmax, derived from the extinction efficiency and

single-scattering albedo values displayed in Fig. 4. The

specific absorption for DLA is greater than that for BA

because the average geometric cross sectional area for the

former is larger than that for the latter when volume and

mass are kept the same. Also, the specific absorption for

closed aggregates is larger than that for open aggregates

corresponding to differences in the single-scattering

albedo shown in Fig. 4. Sheridan et al. [51] conducted a

comprehensive evaluation of the aerosol absorption

measurement techniques and found that the specific

absorption at a wavelength of 0.53 mm for pure kerosene

soot with a mode radius of 0.15 mm has a value of

7.571.2 m2/g. This error bar appears to be in line with

that presented in Bond and Bergstrom [49]. The composi-

tions associated with absorption measurements appear to

be largely externally mixed ammonium sulfate and ker-

osene soot aerosols that were collected during the experi-

ments. We have placed the measured values (circles with

error bar) along with our computational results for BA and

DLA associated with open- and closed-cell conditions, and

demonstrated the compatibility of theoretical results

and measured values. For size parameters larger than

10, the dependence of specific absorption on the refrac-

tive indices selected in this study become less significant,

Fig. 5. Specific absorption (m2/g) for two types of aggregates (Ballistic, BA; and Diffusion Limited, DLA) for closed- and open-cell configurations. The

upper and lower limits for the refractive indices of soot used in the calculations are also shown in the figure. Also depicted in the figure are laboratory

measured values in terms of mean and standard deviation presented by Sheridan et al. [51].
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because photons travel within aggregates are substan-

tially absorbed due to longer path and intense absorption.

Also, we compared specific absorption values with those

presented by Liu et al. [26], who used the superposition

T-matrix method to evaluate the absorption cross section

for aggregates discussed previously. Using their Table 2,

we obtained upper limits for aa of 3.5 and 4.3 (m2/g)

for the case of m¼1.75� i0.5 and 2� i1, respectively.

These values do not vary significantly with aggregate

size. We fully realize that a more comprehensive and

careful comparison between theoretical and experimental

results is a subject for further investigation and would

require the size, shape, and composition information for

direct input into the light absorption and scattering

program.

To study the absorption and scattering properties of

internal and external mixtures for aerosols, spheres

were used and the radii of core and shell spheres for

internal mixture were defined as rsoot and rsulf, respec-

tively. For external mixture, the radii of core and shell

spheres are denoted as rsoot* and rsulf*. In this study, we

used the index of refraction of 2� i1 in the calculations.

Two external mixings are shown in Fig. 6: Soot is on the

surface of the nonabsorbing sulfate (Case 1) or some

distance away from it (Case 2). The GOS results of

the single-scattering properties (extinction efficiency,

single-scattering co-albedo, and asymmetry factor) for

the two cases are essentially the same based on our

theoretical calculations (Fig. 6). For this reason, we shall

select Case 2 to compare with internal mixing results.

In order to have a physically-based comparison, we

have made the same volume and mass for the two

configurations. Fig. 6 depicts the three single-scattering

properties as a function of rsulf (keeping rsoot/rsulf¼0.1, left

panel) and rsoot (keeping rsulf¼10 mm, right panel). The

extinction efficiency and asymmetry factor values are

very similar for external and internal mixings because

the contributions of diffraction and surface waves are

about the same for the two configurations. However, the

single-scattering co-albedo for internal mixing displays a

factor of 2.55 greater than that for external mixing,

principally due to the trapping of photons within the

particle.

In the following, we investigate the effect of absorbing

aerosols on single-scattering properties associated with

external and internal mixing. Three shapes were used in

this investigation: sphere, plate, and plate with rough

surfaces. The spherical ice particle has a radius of 50 mm,

while randomly oriented pristine and rough-surface

plates have the same cross section area. The top panel

of Fig. 7 illustrates the shape effect on the single-scatter-

ing co-albedo and asymmetry factor for pure ice using the

0.55 mm wavelength. Although the shape effect is not

significant in terms of single-scattering co-albedo, its

effect on the asymmetry factor g is substantial. The pure

spherical ice scatters much more light in forward direc-

tions with a g value of about 0.89, whereas the g value

reduces to 0.81 for the case involving plate with rough

surfaces. The irregular plate has a noticeable smaller value

as compared to the pristine plate, caused by the reduction

in forward diffraction. The middle and bottom panels

show the effects of external and internal mixing states,

respectively, on the absorption and scattering properties

of snowflakes. As illustrated in the middle-left panel, the

single-scattering co-albedo (1–$) (¼Cabs/Cext) for exter-

nal mixture is proportional to rsoot
2

or the soot’s geometric

cross section area. The numerator Cabs is approximately

given by (1–$)�2prsoot
2

, while the denominator Cext
is close to a constant value of 2p� (50 mm)2. Thus, if

we express (1�$) as a function of rsoot
2

, it has a constant

value of about 0.3696. Compared to external mixing, the

single-scattering co-albedo for internal mixing (bottom-

left panel) is enhanced by a factor of �1.9 with a slight

dependence on snowflake shape. For the asymmetry

factor, the results for external and internal mixings,

shown in the middle and bottom panels, are similar to

those presented in the top panel: i.e., the forward scatter-

ing nature of these particle configurations remains about

the same.

Lastly, we study the effect of external and internal

mixings on snow albedo. We presented the cases for soot

aggregates and dust particles by employing a wavelength

of 0.55 mm and the cosine of the solar zenith angle m0 of

0.5 in the calculations. The top panel of Fig. 8 shows

the single-scattering co-albedo for three snow grains

(represented by snowflakes) of 50 mm radius contami-

nated by soot (rsoot) or dust (rdust) with radii ranging from

0.1 to 5 mm. As illustrated in Fig. 7, the asymmetry factor

values for the three irregular shapes are very close. In

radiative transfer calculations, we assume that the snow

layer is semi-infinite and homogeneous and that the

independent scattering concept may be applied since in

general the distances between snow grains are much

larger than visible wavelengths [52,53]. We follow the

adding/doubling principle for radiative transfer in which

the phase function is expressed in terms of the Henyey–

Greenstein function defined by the asymmetry factor g as

follows:

PHGðcosYÞ ¼ ð1�g2Þ=ð1þg2�2gcosYÞ3=2: ð17Þ

The lower panel shows the snow albedo defined by

the ratio of the reflected (diffuse) solar flux and the

incident solar flux both at the top of a snow layer as

follows [31]:

rðm0Þ ¼
Fm
dif

0ð Þ
m0F�

¼ 1

p

Z 2p

0

Z 1

0

Rðm,f; m0,f0Þmdmdf ð18Þ

where R is the bidirectional reflection function expressed

in terms of the cosine of the zenith angle m and azimuthal

angle j. The albedo of pure snow is about 0.98. In the

cases of external and internal mixings, snow albedo

reduces to 0.97 and 0.95, respectively, for rsoot of 0.1 mm.

However, an rsoot of 1 mm in the internal mixing case is

shown to reduce the snow albedo to 0.9. The reduction of

snow albedo is smaller for dust particles due to their

weaker absorption. It is clear that repeated wet and dry

depositions involving black carbon and dust would sub-

stantially darken the snow layer.
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5. Concluding remarks

We have developed a geometric-optics surface-wave

approach for the computation of light absorption and

scattering by nonspherical particles for application to

aggregates and snow grains with external and internal

mixing structures. Aggregates are formed by stochastic

procedures using homogeneous and core-shell spheres,

which can be composed of smooth or rough surfaces,

as building blocks. In the theoretical development,

we followed the concept of adding the surface-wave

contribution as a perturbation term to the geometric

optics core, including Fresnel reflection–refraction and

Fraunhofer diffraction. In the reflection and refraction

components, the complex aggregate shape and composi-

tion can be accounted for by using the hit-and-miss

Monte Carlo photon tracing method. We followed Babi-

net’s principle for diffraction in the far field in a 2D

domain and developed an integral expression for diffrac-

tion by randomly oriented aggregates based on a

weighted geometric cross section, which takes into

accounts the number of photons impinging on the parti-

cle. With reference to surface waves, a nonspherical

correction factor was introduced using a non-dimensional

volume parameter such that the wave contribution is 1

for spheres and �0 for elongated particles. We performed

comparison of the single-scattering results, including

extinction efficiency, single-scattering albedo, and
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asymmetry factor, for light scattering by columns and

plates for which the results computed from the FDTD and

DDA methods can be used for cross checking.

We demonstrated that the extinction efficiency, the

single-scattering albedo, and the asymmetry factor for

randomly oriented columns and plates as a function of

size parameter evaluated from the geometric-optics and

surface-wave theory are comparable to the results derived

from the FDTD and DDA counterparts for size parameters

smaller than about 20, beyond which the rigorous numer-

ical approaches are computationally unfeasible. The

present theoretical approach covers all size ranges and is

particularly attractive from the perspective of treating

light absorption and scattering by complex particle shapes

and inhomogeneous compositions.

Application of the geometric-optics and surface-wave

approach was performed with reference to a number of

aggregate configurations generated by stochastic proce-

dures, including ballistic and diffusion-limited aggregates

with closed and open configurations (see Fig. 1). We

showed that under the condition of equal volume and

mass, closed-cell cases have larger absorption than their

open-cell counterparts for both BA and DLA. Owing to

stronger absorption in closed-cell cases, most of the
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scattered energy is confined to forward directions, leading

to a larger asymmetry factor than open-cell cases.

Attempts were also made to compare computed specific

absorption results with those determined from laboratory

experiments for homogeneous aggregates based on

photoacoustic techniques. However, it is clear that much

work still needs to be done regarding closure comparison

for case studies using measured size, shape and composi-

tion for input to theoretical models. Nevertheless, we

have illustrated compatibility between theoretical results

and measured values.

The effects of particle shape on internal and external

mixing were investigated employing sphere, plate, and

plate with rough surfaces. Light absorption for randomly

oriented plates is close to that of the spherical counterpart

under the condition of equal geometrical cross section for

both external and internal mixing states. However, plates

scatter less light in forward directions than spheres result-

ing in a reduction by about 9% in the asymmetry factor.

We further studied the effects of internal and external

mixing of soot and dust particles associated with snow-

flakes on snow albedo. In this quest, we used an adding/

doubling radiative transfer program for an infinite, homo-

geneous snow layer to evaluate its albedo and demon-

strated that an internally mixed small soot and dust

particle of the order of 1 mm could effectively reduce snow

albedo by as much as 5–10%. Indeed, the dry and wet

depositions of black carbon and dust particles would

substantially reduce the albedo of mountain snow (i.e. it

would become darker), leading to surface warming and

snowmelt, providing the effective positive feedback, and

amplifying regional climatic surface temperature warming.
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