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a b s t r a c t 

A multi-scale methodology for the radiative transfer analysis of heterogeneous media composed of 

morphologically-complex components on two distinct scales is presented. The methodology incorporates 

the exact morphology at the various scales and utilizes volume-averaging approaches with the corre- 

sponding effective properties to couple the scales. At the continuum level, the volume-averaged coupled 

radiative transfer equations are solved utilizing ( i ) effective radiative transport properties obtained by di- 

rect Monte Carlo simulations at the pore level, and ( ii ) averaged bulk material properties obtained at par- 

ticle level by Lorenz–Mie theory or discrete dipole approximation calculations. This model is applied to 

a soot-contaminated snow layer, and is experimentally validated with reflectance measurements of such 

layers. A quantitative and decoupled understanding of the morphological effect on the radiative transport 

is achieved, and a significant influence of the dual-scale morphology on the macroscopic optical behavior 

is observed. Our results show that with a small amount of soot particles, of the order of 1ppb in vol- 

ume fraction, the reduction in reflectance of a snow layer with large ice grains can reach up to 77% (at 

a wavelength of 0.3 μm). Soot impurities modeled as compact agglomerates yield 2–3% lower reduction 

of the reflectance in a thick show layer compared to snow with soot impurities modeled as chain-like 

agglomerates. Soot impurities modeled as equivalent spherical particles underestimate the reflectance re- 

duction by 2–8%. This study implies that the morphology of the heterogeneities in a media significantly 

affects the macroscopic optical behavior and, specifically for the soot-contaminated snow, indicates the 

non-negligible role of soot on the absorption behavior of snow layers. It can be equally used in technical 

applications for the assessment and optimization of optical performance in multi-scale media. 

© 2017 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Radiative transfer in heterogeneous media is observed in a vari-

ety of significant technical applications. These media serve as high-

temperature solar absorbers in solar energy conversion processes

[1] , as solar absorber and charge generators in photovoltaics de-

vices [2] , or reflect the solar radiation back into the atmosphere

from the snow covered earth surface [3,4] . The maximization of

the absorption in solar energy conversion devices or the accurate

characterization of the reflection behavior of earth surfaces for cli-

mate modeling are objectives when investigating these systems.

The radiative characterization of such media is challenging and is

generally done by a combined two-step approach [5,6] : ( i ) deter-

mination of the radiative properties on the scale of the typical

structural heterogeneity using Mie theory or Monte Carlo meth-

ods, and ( ii ) solution of the single-phase radiative transfer equation
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RTE) using radiative transfer theory for the determination of the

acroscopic optical properties. This approach relies on the validity

f the phenomenological radiative transfer theory on the macro-

cale [7] and on the accurate prediction of the radiative properties.

 variety of systems have been investigated using this approach

nd few examples studies include the characterization of packed

eds of large opaque and semi-transparent spheres [8,9] , or foams

nd fibrous media [10] . Mie theory and its modification are typi-

ally applicable to structures with spherical or fibrous shapes only.

o account for more complex morphologies, the direct solution of

he Maxwell’s equations is required. Examples of the solution of

he Maxwell’s equation or its approximation by discrete dipole ap-

roaches have been presented for three-dimensionally ordered ce-

ia particles [11,12] . For larger-scales down to about a microme-

er, microscopy-based approaches (e.g. tomography) are used in or-

er to incorporate the detailed morphological information. Monte

arlo techniques are then applied in order to determine the ra-

iative properties in a spectral range for which geometrical op-

ics can be applied [13–15] . Alternatively, combined experimental-

umerical approaches can be used for the determination of the

https://doi.org/10.1016/j.jqsrt.2017.11.025
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Fig. 1. Schematic of the different scales accounted for in the multi-scale problem, consisting of the sub-micron scale incorporating ice and soot (left), the mm-scale incor- 

porating air and ice-soot phases (middle), and the macro-scale incorporating the semi-transparent snow pack (right). 
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a  
adiative properties: the macroscopic optical properties are mea-

ured and computational techniques are used to inversely estimate

he radiative properties [5] . For example, the radiative properties

f a packed bed of zinc-oxide have been determined using di-

ectional transmittance measurements in combination with Monte

arlo simulations [16] , or the transport radiative properties of

orous ceria have been determined using directional-hemispherical

eflectance and directional transmittance measurements in combi-

ation with two-flux approximation and Monte Carlo calculations

17,18] . 

An additional complexity is added to radiative transport prob-

ems in heterogeneous media when the media exhibit morpholog-

cal details at various scales, namely structural details with large

haracteristic size parameters ( x = π ·d/ λ> 1, d being a characteris-

ic length) and structural details with small characteristic size pa-

ameters ( x < 1). A variety of technical and naturally occurring sys-

ems exhibit such morphologies, e.g. photoelectrodes synthesized

sing host-guest approaches [19] , solar absorbers with dual-scale

orosities [20] , or snow packs with soot impurities [21] . In order

o optimize the multi-scale morphologies for better absorption be-

avior (e.g. of the solar absorber) or to increase the understand-

ng of the reflection behavior as a result of these multi-scale mor-

hologies (e.g. for the snow pack with soot impurities) theoreti-

al approaches which can accurately account for the complex mor-

hologies at the various scales are required. Such approaches not

nly provide in-depth understanding of the morphological influ-

nce on the macroscopic optical characteristics, but they also help

o de-convolute the influence associated to the bulk material prop-

rties, multi-scale morphologies, and boundary conditions on the

acroscopic radiative behavior. Furthermore, they provide path-

ays for morphology tailoring and materials-by-design on multiple

cales for improved application performance. 

We provide an advancement of the general theoretical radia-

ive characterization approach to heterogeneous media, consider-

ng media with morphological characteristic at two distinct scales

escribed by their size parameters significantly above and be-

ow one. We apply the method to an example application: soot-

ontaminated snow layers. 

. Problem statement and assumptions 

The multi-scale media considered exhibits morphological char-

cteristics at two distinct scales, where the small scale is charac-

erized by a small size parameter (i.e. diameter/wavelength), x < 1,

nd the medium scale is characterized by x > 1. The different scales

re schematically shown in Fig. 1 for our application example: a

now pack with agglomerated soot impurities embedded in the

ce particles. The snow layer (the macro-scale) is composed of two

hases (medium-scale): one transparent phase (air) and one semi-

ransparent phase (ice with soot impurities modeled as one homo-

eneous ice-soot phase). The small-scale investigations look into
he details of the complex soot agglomerates embedded in the ice

submicron-scale). 

The simplest case of such a medium consists of three compo-

ents: air, ice, and soot. The physical properties of each of these

omponents are assumed ( i ) isotropic, ( ii ) homogeneous, ( iii ) non-

olarizing and polarization-independent, and ( iv ) independent of

he radiation intensity and temperature. The components are at lo-

al thermodynamic equilibrium, and at rest compared to the speed

f light and therefore quasi-steady radiative transport is assumed. 

The physical properties – the complex index of refraction – of

he component with characteristic sizes at the sub-micron scale

re assumed to be size independent and continuous. The compo-

ents are randomly oriented in the host component and the clear-

nce between the components is large enough that independent

cattering can be assumed. 

The component with characteristic sizes at the mm-scale are

ssumed to be much larger than the typical wavelengths of in-

erest and, consequently, the laws of geometrical optics are valid.

iffraction effects and dependent scattering effects are neglected.

he two-phase media at the mm-scale is assumed to be composed

f a transparent phase (air) and a semi-transparent, homogeneous

nd isotropic phase (ice-soot mixture). The snow layer is exposed

o external radiation (solar irradiation) of either collimated or dif-

use character. 

. Methodology 

The methodology accounts for three scales described as small

 x < 1), medium ( x > 1), and large scale ( x � 1), and consists

f the following steps: ( i ) obtaining the detailed 3D morphology

f the sub-micron scaled structures ( x < 1) and its incorporation

nto the solution of the Maxwell’s equations for the determina-

ion of the spectrally-resolved discrete-scale absorption and scat-

ering efficiency factors and scattering phase functions, ( ii ) obtain-

ng the detailed 3D morphology of the micron sized structures

 x > 1) and its incorporation into the solution of the discrete-

cale radiative transfer equations (RTEs) for the determination of

he spectrally-resolved effective extinction and scattering coeffi-

ients and effective scattering phase functions, and ( iii ) incorpo-

ation of the two-scale effective radiative transport properties into

he coupled multi-phase volume-averaged RTEs for the determina-

ion of the spectrally-resolved averaged intensity vector field and

eat transfer fluxes for the determination of reflectance, absorp-

ance, and transmittance. Fig. 2 shows the flowchart of the cou-

ling between the effective properties at distinct scales and the

acroscopic optical behavior. 

.1. Small-scale investigations 

The bulk properties account for morphological characteristics

t the sub-micron scale ( x < 1). Two approaches are chosen for
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Fig. 2. Flow diagram of the analysis path of the multi-scale problem consisting of the small, medium, and large scales. 
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the determination of the sub-micron scale radiative properties: ( i)

Lorenz–Mie theory for spherically shaped objects, and ( ii) the di-

rect solution of the Maxwell equation on non-spherical objects

[22] . The Maxwell’s equations are solved by using the discrete

dipole approximation (DDA) where the complex structures are

approximated by a large numbers of dipoles and the calculated

dipole moments are used for the determination of the scattering

and extinction efficiency coefficient factors, and scattering phase

function [23,24] . 

Lorenz–Mie theory is generally used to solve the electromag-

netic field around an irradiated perfectly spherical particle. It pro-

vides the exact solutions to Maxwell’s equations with the corre-

sponding boundary conditions [22] . In the case when the spheres

are surrounded by a highly absorbing medium, a generalized form

of the Lorenz–Mie theory can be used [25] . We used the open

source code BHMIE for the calculations for the Lorenz–Mie calcu-

lations [22] and an open source code provided by Jeppe et al. for

the generalized Lorenz–Mie calculations [25] . 

However, when the particles have arbitrary and complex struc-

tures, such as being clustered or aggregated, Lorenz–Mie theory is

not applicable, instead the electromagnetic field around these com-

plex structures has to be directly determined solving the Maxwell’s

equations with this complex interface boundary condition. We

used the discrete dipole approximation (DDA) model, introduced

by Purcell and Pennypacker [26] , to solve the Maxwell’s equation

in this complex computational domain, as the direct solution is

computationally demanding. Wheeler et al. [11] compared the di-

rect solution of the Maxwell’s equations with the DDA approach

for a complex particle and suggested that DDA can provide accu-

rate solutions at reduced computational cost. This observation co-

incides with our experience. 

We used DDSCAT, an open source code for DDA calculations,

which solves the problem of a finite target interacting with a

monochromatic plane wave incident from infinity, for the calcu-

lation of the radiation characteristics of more realistic morpholo-

gies of the soot agglomerates [23,27] . The applicability of DDA is

given only if a specific prerequisite is satisfied: the discrete lat-

tice spacing should be small enough compared to the structure

and the radiation wavelength. A numerical condition can be for-

mulated based on this prerequisite, namely the system needs to

satisfy | m | ωs ≤ 1 ( m being the refractive index, ω = 2 π / λ, s be-

ing the lattice spacing satisfying V = Ns 3 , N being the number of

dipoles). It is known that for a material with a large refractive in-

dex, | m | � 1, DDA can significantly overestimate absorption cross
ections, even when respecting the condition | m | ωs ≤ 1 [23,27–29] .

owever, this case is not relevant in our application. We perform

he DDA calculation for targets in multiple random orientations, to

btain orientation-independent optical properties. 

The characterizations of the radiative properties at the small-

cale are coupled to the medium-scale by summing the extinction

oefficient of the independently absorbing and scattering agglom-

rates (determined by Mie or DDA calculations), 

d , 2 b,λ = 

3 

2 

f v 

a eff

(
Q a ,λ + Q s ,λ

)
= κd , 2 b,λ + σd , 2 b,λ, (1)

or which f v is the volume fraction in the host medium, and a eff is

he effective radius of the equivalent-volume sphere [30] . 

The absorbing behavior of the embedding phase (phase a is ho-

ogeneous ice, phase b is the agglomerates) is given by electro-

agnetic theory [22] , 

d , 2 a,λ = 

4 πk 2 a,λ

λ
, (2)

nd allows for the determination of the extinction coefficient of

he ice-soot mixture phase (phase 2) [30] , 

d , 2 ,λ = (1 − f v ) κd , 2 a,λ + βd , 2 b,λ, (3)

o be used in subsequent medium-scale calculations of the effec-

ive properties. The scattering function is directly applicable to the

edium-scale calculations. 

.2. Medium-scale investigations 

Volume-averaging approaches provide the theoretical basis for

he radiative characterization in morphologically-complex multi-

hase media, introducing effective transport properties to account

or the geometrical complexity. These effective properties can be

ostulated and defined by volume averaging of the two radia-

ive transfer equations (RTEs) of the two discrete-scale phases (in

ur example air and ice-soot mixture) and by applying the proper

nter-phase boundary conditions. The utilization of the spatial av-

raging theorem and subsequent closure of the resulting equations

eads to the introduction of the effective properties [31,32] . For

 system with a two phase medium (phase i and phase j ), the

equired effective properties are σ s, ii , σ s, ij , β i , �ii , and �ij . σ s, ii 

nd �ii are the effective scattering coefficient and phase function

elated to internal scattering and interface reflection phenomena

e.g. σ s, ii = σ s,d, i + σ s,int, ii , see Eqs. (1) and (2) for σ s,d, i of phase
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Table 1 

Morphological characteristics of the characteristic snow samples and of snow sam- 

ples approximated by a packed bed of equivalent spheres (subscript eq) [14] . 

Type Porosity 

Specific 

surface 

(mm 

−1 ) 

Edge length 

of cubical 

REV (mm) 

Mean ice 

particle 

diameter (mm) 

ds 
0.85 8.2 0.63 

0.05 

ds_eq 0.10 

mII 
0.81 5.5 1.37 

0.13 

mII_eq 0.19 

dh 
0.67 2.8 3.33 

0.40 

dh_eq 0.58 

ws 
0.38 3.0 3.93 

0.66 

ws_eq 0.73 

h  

[
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t

R

T
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) within phase i. σ ij and �ij are the effective scattering coeffi-

ient and phase function associated with radiation refracting from

hase i to phase j . The effective extinction coefficient β i is the

um of effective absorption and scattering coefficients, incorporat-

ng morphology-dependent properties ( σ s,int, ii and σ s,int, ij ) as well

s bulk-phase properties ( βd, i , see Eq. (3) for phase 2). A collision-

ased Monte Carlo method is used for the determination of the

ffective properties [33,34] . A large number of stochastic rays is

aunched within a representative elementary volume (REV). The

ays are emitted isotropically and are uniformly distributed over

he REV. They undergo internal scattering and absorption, and re-

ection and refraction at the phase i – phase j interfaces, where

he Fresnel equations and the generalized Snell’s law are applied.

e assumed the soot particles to be well dispersed within the

ce grain, therefore the air-ice/soot mixture interface was treated

quivalent to an air-ice interface. 

The exact morphology of the morphologically complex media

n the medium-scale (mm-scale) is incorporated into the calcu-

ations by using X-ray tomography for obtaining the 3D morphol-

gy and a histogram-based segmentation and digitalization, follow-

ng the approach described by Petrasch et al. [35] and Haussener

t al. [33] . The calculations are therefore performed on the exact

orphology, i.e. the tomographic data, where a level-set based ap-

roach is chosen for the identification of the phase interface. This

lgorithm identifies the intersection point between a ray and the

hase interface by following the ray in discrete steps until the

oundary is reached, followed by applying the bisection method

or the exact determination of the interface. The surface normal is

alculated by using a linear interpolation in three dimensions. 

.3. Large-scale investigations 

On the large-scale (continuum-scale) the intensity vector field

ithin a heterogeneous medium composed of two homogeneous

hases is given by two volume-averaged RTEs [31] : 

  · ∇ I i,λ
(
x , ̂ s 

)
= −

[
κd , i,λ + σs , d , i,λ + σs , int , ii,λ + σs , int , i j,λ

]
I i,λ

(
x , ̂ s 

)
+ n 

2 
i,λκd , i,λI b , i,λ( x ) 

+ 

1 

4 π

∫ 
4 π

I i,λ
(
x , ̂ s in 

)[
σs , d , i,λ�d , i,λ

(
ˆ s in , ̂  s 

)
+ σs , int , ii,λ�int , ii,λ

(
ˆ s in , ̂  s 

)]
d 	in 

+ 

σs , int , ji,λ

4 π

∫ 
4 π

I j,λ
(
x , ̂ s in 

)
�int , ji,λ

(
ˆ s in , ̂  s 

)
d 	in , 

i, j = 1 , 2 and i � = j (4) 

here I i represents the volume-averaged intensity of phase i; κ ,

, β , �, represent the effective or discrete absorption coefficient,

cattering coefficient, extinction coefficient, and scattering phase

unction. The subscript d represents bulk properties of the phases

hich incorporate effects of morphological characteristics with di-

ensions at the small scale ( x < 1) and are calculated accord-

ng to the description in Section 3.1 . The subscript int represents

he effective properties which incorporate effects of morpholog-

cal characteristics with dimensions at the medium scale ( x > 1)

nd are calculated according to the description in Section 3.2 . A

ath length-based Monte Carlo method is applied to solve the two

olume-averaged RTEs, Eq. (4) , with appropriate boundary condi-

ions [31] . We use a semi-infinite slab of thickness l slab as the

odel domain. If not stated otherwise, the reference thickness is

 slab = 4 cm. The boundary conditions for the slab are: diffuse irra-

iating flux, ˙ q in , from the front (at z = 0), and absorbing front and

ack (at z = l slab ) boundaries. The lateral edges of the slab are as-

umed infinitely large, equal to periodic boundaries. The medium

onsidered here is a cold medium. The temperature is so low so

hat the radiative transfer can be decoupled from other modes of
eat transfer and the temperature and its variation can be ignored

30] . 

The macroscopic optical properties, namely, the fraction of inci-

ent radiation which is reflected, R , transmitted, Tr , and absorbed,

 , by the slab with thickness l slab are determined based on the in-

ensity fields: 

 = 

2 ∑ 

i =1 

∫ 
4 π I −

i,λ

(
z = 0 , ̂ s 

)
d	

˙ q in 
(5) 

 r = 

2 ∑ 

i =1 

∫ 
4 π I + 

i,λ

(
z = l slab , ̂ s 

)
d	

˙ q in 
(6) 

 = 1 − R − T r (7)

The superscript of I describes the intensities in forward or back-

ard direction ( + , −), and the subscript i whether we use the in-

ensity of phase 1 (air) or phase 2 (ice-soot mixture). 

. Application to snow with soot impurities 

The methodology introduced was applied to snow layers com-

osed of a packed bed of air and ice particles, where the ice parti-

les are contaminated with soot impurities. The importance for the

haracterization of the radiative behavior of snow is related to the

act that the total net anthropogenic radiative forcing is predicted

o be 1.6 + 0.8/ −1.0 W/m 

2 , of which in average 0.1 W/m 

2 are asso-

iated to changes in surface albedo due to soot impurities in snow

ut with a large uncertainty of + / −0.1 W/m 

2 [36] . 

.1. Agglomerate and snow morphologies 

Snow and agglomerated soot have both very complex and

tochastic morphologies. We chose four distinct snow samples ( Fig.

 ): ( i ) decomposed snow (ds), ( ii ) metamorphosed snow (mII), ( iii )

epth hoar (dh), and iv ) wet snow (ws), which have been incorpo-

ated using X-ray tomography [14] . They represent a broad range of

now types naturally occurring. Besides, based on the exact mor-

hology, four corresponding artificial snow samples were gener-

ted with the same porosity and specific area surface, composed

f identical overlapping semi-transparent spheres (ds_eq, mII_eq,

h_eq, and ws_eq). The porosity ranges between 0.85 and 0.38

or the ds and ws snow types, respectively, and the characteris-

ic mean ice particle diameter ranges between 50 and 660 μm for

he ds and ws snow types, respectively [14] . These morphologi-

al characteristics (summarized in Table 1 ) have been previously

alculated based on two-point correlation functions (porosity and

pecific surface), mathematical opening operations (size distribu-

ions), and porosity calculations of increasing subvolumes (repre-

entative volume) [13] . 
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Fig. 3. Morphology of the four characteristic snow types investigated: (a) decomposed snow (ds), (b) metamorphosed snow (mII), (c) depth hoar (dh), and (d) wet snow 

(ws). All samples have an edge length of 4 mm. 

Fig. 4. Morphology of the agglomerates composed of N p = 60 (a,c) and N p = 100 (b,d), agglomerated in a compact (a,b) and chain-like (c,d) form. The primary particle 

diameter of the agglomerates is d p = 20 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Modeling approach for agglomerated soot in ice particles of snow: (a) ho- 

mogeneously distributed primary soot particles, (b) homogeneously distributed ag- 

glomerated soot particles modeled by an equivalent larger sphere, and (c) homoge- 

neously distributed agglomerates. 
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The soot agglomerates are approximated by a collection of

monodisperse, spherical particles with a primary particle diameter

size, d p , and composed of a certain number of particles, N p . We

chose four distinct soot agglomerates ( Fig. 4 ) with: ( i ) d p = 20 nm,

N p = 60, ( ii ) d p = 20 nm, N p = 100, ( iii ) d p = 40 nm, N p = 60, and ( iv )

d p = 40 nm, N p = 100. The corresponding effective radius of the ag-

glomerates is between 39 and 93 nm. 

Soot primary particle diameter sizes ranging from 10–30 nm

have been reported for soot generated from diesel combustion sys-

tems [37] . Xu et al. [38] measured primary particle sizes in ax-

isymmetric laminar co-flowing jet diffusion flames. The primary

particle diameter varied between 10 and 60 nm, dependent on the

collection height above the flame, the flame size and characteris-

tic residence time [39,40] . In terms of the soot size, depending on

various formation processes, N p covers a large range. Soot parti-

cles which were collected from the atmosphere have aerodynamic

diameters of 50 to 300 nm reported by Adachi et al. [41] , and N p 

ranging from few tens to several thousands. 

The aggregates were created by randomly accumulating spher-

ical primary particles, ensuring that each particle has at least one

connection with another particle. The resulting agglomerates ex-

hibited a variety of shapes. For each type, two extreme agglom-

erate shapes were considered: a compact structure and a chain-

like structure to span the typically observed agglomerate struc-

tures [40] . The fractal dimension ranged between 2.35–2.17 and

2.03–2.08 for the compact and the chain-like agglomerates, re-

spectively, and the anisotropy ranged between 0.186–0.202 and

0.310–0.302 for compact and chain-like agglomerates, respectively

( Table 2 ). The anisotropy was quantified based on a mean intercept

length calculation [13] , where anisotropies close to 0 represent

isotropic media and anisotropies close to 1 strongly anisotropic

media. The experimentally determined fractal dimension of soot

particles spans a range between 2.1 (for flame-generated soot par-

ticles) and 2.3 (for diesel exhaust particle matter) [42] . The vari-

ation of the fractal dimension in a flame was experimentally and

numerically investigated by Stasio et al. [43] ranged between 2.7

and 1.2, dependent on the residence time in the flame. 
g  
Additionally, we ( i ) approximated the soot agglomerates by an

quivalent sphere with the same volume as the agglomerates: 

 eff = 

1 

2 

3 
√ 

N p d p , (8)

nd ( ii ) by non-agglomerated homogeneously distributed primary

oot particles ( Fig. 5 ). As presented in Eq. (8) , the effective radius

 eff for the two agglomerates (case c in Fig. 5 ) is equal to the

adius of the equivalent sphere (case b in Fig. 5 ), while for ho-

ogenously distributed primary soot particles (case a in Fig. 5 ),

 eff = d p /2. These are also the ɑ eff used in Eq. (1) for the calculation

f the small-scale properties. 

The physical properties of soot differ significantly dependent on

he chemical composition and formation process. The implemented

pectral dependence of the refractive indexes for soot and ice are

lotted in Fig. 6 . We used two sets of complex refractive indexes,

 , of soot: ( i ) the GEISA database [44] , originating from mea-

urements Shettle and Fenn [45] , and ( ii ) measurements reported

y Chang and Charalampopoulos [46] . At 550 nm, m 1 = 1.75 + 0.44i

nd m 2 = 1.74 + 0.59i. If not indicated otherwise, the data from

EISA and Shettle and Fenn was used [45] . The refractive index

f pure ice as reported by Wiscome and Warren was used [3] . 

.3. Small-scale radiative properties 

The calculation of the radiative properties of the soot ag-

lomerates was performed at 55 distinct wavelengths between
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Table 2 

Morphological characteristics of soot agglomerates. The type identifier has as the first subscript small (20 nm) or large (40 nm) primary particle diameter, small 

(60) or large (100) number of particle per agglomerate, and a compact (d) or chain-like (c) agglomerate structure. 

Type Primary particle diam. (nm) Particle number Porosity Specific surface (μm 

−1 ) Effective radius (nm) Fractional dimension 

a_ssd 20 
60 0.21 

50.3 
39 2.35 

a_lsd 40 25.1 

a_sld 20 
100 0.08 

21.8 
46 2.17 

a_lld 40 10.9 

a_ssc 20 
60 0.03 

8.1 
78 2.03 

a_lsc 40 4.0 

a_slc 20 
100 0.03 

7.8 
93 2.08 

a_llc 40 3.9 

Fig. 6. Real part (solid line, left y -axis) and imaginary part (dashed line, right y -axis) of refractive index of (a) soot from [45] (black) and [46] (red), and (b) ice [3] . (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

0  

1

 

c  

t  

t  

[  

c  

F  

w

d  

t  

v  

w  

b

 

a

M  

w  

p  

a  

g  

b  

t  

o  

d

 

t  

g  

e

a  

N  

(  

a  

t  

i  

i  

i  

w  

N  

l  

m  

o  

s  

r  

w  

b  

p  

a

 

a  

T  

m  

h  

t  

i  

e  

c  

w  

s  

b

t  

s  

i  

a

 

l  

t  

t  

s  

d  

s  
.3 μm and 2.5 μm ( 
λ= 0.05 μm for 0.3 μm < λ≤ 0.5 μm and

 μm < λ≤ 2.5 μm, and 
λ= 0.025 μm for 0.5 μm < λ≤ 1 μm). 

Fig. 7 shows the predicted spectral extinction, absorption effi-

iency factors, ratios between scattering extinction efficiency fac-

ors, Q s / Q e , and the asymmetry factor, g , all as a function of

he wavelength, λ, calculated by DDSCAT [23,24,27] and BHMIE

22] for the four soot agglomerate models (compact agglomerate,

hain-like agglomerate, equivalent sphere, and primary particles,

ig. 5 ). We show the results for distinct sets of soot agglomerates

ith different values of m, d p and N p . The set of soot with m 1, 

 p = 20 nm and N p = 60 was chosen as reference case in this sec-

ion. The calculation grid spacing, s , used was 7 nm, satisfying the

alidity criteria for DDA, | m | ωs ≤ 1 [47,48] . In addition, the results

ere the averaged values over 64 different calculations obtained

y randomly varying target orientations [29,49] . 

We used the original Lorenz–Mie theory (applicable for non-

bsorbing ambient medium) instead of the generalized Lorenz–

ie theory (applicable for absorbing ambient medium) for the full

avelength range. For small wavelengths ( < 2.5 μm) the imaginary

art of the refractive index of ice is significantly smaller than the

bsorption of soot, resulting in differences between original and

eneralized Lorenz–Mie results of less than 0.01%. When ice phase

ecomes highly absorbing ( λ> 2.5 μm), the generalized Lorenz–Mie

heory should be considered. However, in this case, the influence

f the soot particle is negligible and the absorption in the ice is

ominating (see Fig. 9 a). 

The aggregate structure and size, and monomer size affected

he magnitude of Q e but not the trend with respect to λ. The ag-

regate composed of particles with doubled primary particle diam-

ter ( d p = 40 nm, N p = 60) yielded around 1.7 to 2 times larger Q e 

t λ= 0.3 μm than the soot particles in reference case ( d p = 20 nm,

 p = 60). The effect of increasing number of particles per aggregate

 d p = 20 nm, N p = 100 instead of N p = 60) was less significant, only

bout 20% increase in Q e was observed. The different sensitivity in

he extinction properties is associated with the different increase

n the effective size, or effective radius ɑ , for soot agglomerates
eff
n the reference case (for d p = 20 nm, N p = 60, ɑ eff = 39 nm), which

s doubled for soot of d p = 40 nm and N p = 60 (i.e. ɑ eff = 78 nm),

hile ɑ eff is increased by only 18% for soot of d p = 20 nm and

 p = 100 (to ɑ eff = 46 nm). This implies a possible monotonic re-

ation between Q e and ɑ eff, namely that Q e = c ·ɑ eff where c is a

orphology-dependent coefficient which accounts for the effect

f the exact structure on the optical properties. Variation of the

oot bulk properties, i.e. m , shows an obvious dependency of the

adiative properties on the exact value of m and also affects the

avelength-dependent evolution of the properties. Similarly, it has

een reported in the literature that the effect of chemical com-

osition of primary particle may have strong impact on the mass

bsorption cross section for the complete soot ensemble [50] . 

Q a was exponentially decreasing with increasing wavelength

nd shows a similar proportional relationship between Q a and ɑ eff.

his size dependent behavior has also been described by Kahnert’s

ass absorption cross section [51] . The morphology-dependent be-

avior of Q a was generally less important compared to Q e over

he investigated wavelength range for most soot cases. This find-

ng is consistent with the statement of Radney et al., who reported

xperimental data with insignificant differences in the absorption

ross sections between different morphologies in soot particles at

avelength of 405 nm [52] . Here, an evident difference was ob-

erved for the soot set of d p = 40 nm and N p = 60 for wavelengths

elow 0.5 μm: compact aggregated soot yielded 14% higher Q a 

han volume-equivalent spherical soot, and chain-like aggregated

oot absorbed 11% more than compact aggregates. This finding is

n agreement with what has been observed by Kahnert and Dev-

sthale [53] and Scarnato et al. [49] . 

The scattering interaction was decreasing with increasing wave-

ength, where, in turn, absorption dominated. We observed that

he scattering efficiency was significantly overestimated (compared

o agglomerates) when the soot was modeled as an equivalent

phere, independent of d p or N p . Generally, soot agglomerates with

ensely packed bodies tend to scatter more, owing to the enhanced

cattering interaction between monomers. This difference was fur-
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Fig. 7. (a) Q e , (b) Q a , (c) Q s / Q e , and (d) g as a function of wavelength λ for the four agglomerate models: primary particle sphere (black), volume-equivalent sphere (red), 

compact aggregate (green), and chain-like aggregate (blue); with corresponding sets of refractive index m i , particle number N p and primary particle diameter d p : ( i ) m 1 , 

N p = 60, d p = 20 nm (solid lines); ( ii ) m 2 , N p = 60, d p = 20 nm (dotted lines); ( iii ) m 1 , N p = 60, d p = 40 nm (dash-dot lines); ( iv ) m 1 , N p = 100, d p = 20 nm (dashed lines). (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 8. Scattering phase function, �d,2 , as a function of scattering angle, θ , for the four agglomerate models: primary particle sphere (black), volume-equivalent sphere (red), 

compact aggregate (green) and chain-like aggregate (blue); with corresponding sets of refractive index m i , particle number N p and primary particle diameter d p : ( i ) m 1 , 

N p = 60, d p = 20 nm (solid lines); ( ii ) m 2 , N p = 60, d p = 20 nm (dotted lines); ( iii ) m 1 , N p = 60, d p = 40 nm (dash-dot lines); ( iv ) m 1 , N p = 100, d p = 20 nm (dashed lines), all for 

λ= 0.5 μm (a), λ= 1.5 μm (b) and λ= 2.5 μm (c), respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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�  
her enlarged for the soot aggregates with larger primary diameter:

he ratio of Q s / Q e increased by 85% at λ= 0.3 μm for compact ag-

regates compared to chain-like agglomerates (for d p = 40 nm and

 p = 60). In addition, an increase of 46% in Q s / Q e at λ= 0.3 μm was

bserved for soot aggregates composed of more particles (increas-

ng N p from 60 to 100, both for d p = 20 nm). Liu et al. [54] have re-

orted the same tendency in the simulated scattering cross section

nd Q s / Q e at a certain wavelength by using the T-matrix method

or a series of fractal aggregates samples. 

For all modeled configurations and morphologies, g was posi-

ive in the considered spectrum, indicating that more light is scat-

ered in the forward direction. Generally, g approached zero with

ncreasing wavelength. For the soot made of d p = 20 nm, g was

lose to zero ( g = 0.01 at λ= 0.3 μm and g = 0.002 at λ= 2.5 μm),

hich implies the scattering is almost isotropic or the scattering

s symmetric about a scattering angle of 90 ̊ [22] . For the small-

st sized soot at reference condition ( d p = 20 nm and N p = 60), g of

he soot modeled as equivalent sphere was similar to g of the soot

odeled as compact agglomerate, and both were decreasing expo-

entially with the increasing λ. g of the soot modeled as chain-like

gglomerate had a much larger g (1.8 times larger than compact

gglomerates at λ= 0.3 μm) and followed a decreasing trend, about

0% to 60% “slower” than the other two agglomerate models. Sim-

lar trends were observed for increasing primary particle sizes or

gglomerates with increased particle number. Generally, the scat-

ering behavior of soot agglomerates significantly depended on its

xact morphology, while the refractive index had no significant im-

act on it. 

The detailed scattering behavior of the agglomerated soot, �d,2 ,

s a function of the scattering angle, θ , at wavelengths λ= 0.5, 1.5,

nd 2.5 μm are presented in Fig. 8 . We showed the four soot ag-

lomerate models with four sets of combinations of refractive in-

exes, primary diameter and particle number. For primary spher-

cal soot of small size, at the presented wavelengths, the direc-

ion of least scattering appeared at 90 °, while the scattering into

orward and backward directions was nearly symmetric. When in-

reasing the soot size, either by extending the primary diameter

r by adding more particles, the scattering became non symmetric

bout 90 ° Instead the forward scattering in the range between 0

o 90 ° was enhanced while the backward scattering in the range

etween 90 to 180 ° was decreased. However, while generally the

orward scattering was more pronounced than backward scatter-

ng, the latter was not insignificant, the positive g results from a
ymmetric scattering about 90 ° rather than a dominance of for-

ard scattering. 

Scarnato et al. [49] also has predicted that increasing par-

icle size leads to a rise in forward scattering. The largest

orphology-related differences in �d,2 were observed at a short

of 0.5 μm. The chain-like agglomerated soot scatters around 57%

ore light than compact agglomerated soot at an angle of 0 °
or d p = 20 nm and N p = 60, 50% for d p = 40 nm and N p = 60, and

2% for d p = 20 nm and N p = 100. With increasing size, the differ-

nce in �d,2 due to morphology decreased. Additionally, this dif-

erence is also decreasing with the increasing λ. Therefore, we

oncluded that lacy, chain-like structures tends to have stronger

orward scattering than compact structures. The scattering phase

unction showed no sensitivity to the refractive index. 

After adding soot impurities into the bulk ice phase, the new

ulk properties of the ice-soot mixture will change according to

qs. (1) –(3) . To evaluate the impact of soot impurities on the

ixed ice-soot phase, we present one example case, assuming the

dded soot agglomerate is composed of particles of d p = 20 nm

nd N p = 60, with a volume fraction of f v = 10 −6 . Fig. 9 shows the

xtinction coefficient, βd,2 , and the scattering albedo, σ s,d,2 / βd,2 ,

f the ice-soot mixture. In the long wavelength range, the ex-

inction of the ice-soot mixture is completely dominated by the

ce absorption, addition of soot has no effect on the mixed ice-

oot phase. However, soot impurities significantly affect βd,2 and

s,d,2 / βd,2 in the short wavelength range ( λ< 1.4 μm). The soot

mpurities increase βd,2 and introduce scattering to the ice-soot

hase. βd,2 increased from 0.0 0 08 to 212 m 

−1 at λ= 0.3 μm, rep-

esenting the largest possible increase. Among different soot mor-

hologies, equivalent spherical soot is the most scattering one. An

bvious difference was found in σ s,d,2 / βd,2 between compact and

hain-like agglomerated soot ( Fig. 9 ): the compact soot scatters

bout 70% more than chain-like soot agglomerate over the short

ange of wavelengths (up to λ= 0.6 μm) investigated. This finding

s in accordance with the previously presented results of the effi-

iency ratio, and is due to the enhanced interaction between the

articles arranged closer together for the compact agglomerated

oot than the chain-like agglomerated soot [54,55] . 

.4. Medium-scale radiative properties 

As the two-phase medium effective properties, σ s,int, ii , σ s,int, ij ,

int, ii , �int, ij , by definition, are solely dependent on the snow mor-
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Fig. 9. (a) βd,2 and (b) σ s,d,2 / βd,2 of pure ice and ice with soot agglomerates composed of N p = 60 and d p = 20 nm, for f v = 10 −6 in a wavelength range of 0.3 ≤λ≤ 3 μm. 

Fig. 10. Comparison of calculated and measured R of pure snow slabs and snow slabs with soot impurities for snow with grain diameters of (a) 110 μm, and (b) 220 μm. 

The experimentally measured values are from Hadley et al. [56] . The calculated R are shown for four different soot models: primary spheres (yellow), equivalent spheres 

(red), compact (blue) and chain-like (green) agglomerates with d p = 40 nm and N p = 100. The two sets of lines are for two different f v = 8.0 ·10 −7 and 1.6 ·10 −6 , respectively. 

The dash-dotted lines (grey and black) are the measured experimental results for pure and contaminated snow layers. The contaminated layers contain soot agglomerates 

with weight fractions of 860 and 1680 ppm, respectively. The error bars indicate the variations reported in the measurements. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 
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phology, they are equivalent to what has been reported previously

for these snow types [14] . σ s,int, ij and σ s,int, ii are closely linked to

the interface reflection behavior and, consequently, σ s,int, ij is mir-

roring the behavior of σ s,int, ii . σ s,int,21 is additionally influenced by

the presence of total reflection phenomena in the ice particle. β1 

is independent of λ because it is a function of the interface geom-

etry only as the gas phase is transparent. σ s,22 , β2 and �22 include

also the bulk radiative behavior of the mixed ice-soot phase (phase

2) and therefore are changing when soot impurities are added, fol-

lowing the same trends of the corresponding soot properties at the

small-scale. β2 follows qualitatively the λ-dependence of βd,2 . For

β2 , λ< 1.4 μm, the role of soot impurities is dominant; λ> 1.4 μm,

the influence of ice absorption becomes relevant to σ s,21 . There-

fore, β2 calculated by Monte-Carlo simulation follows qualitatively

the λ-dependence of βd,2 . 

4.5. Macroscopic optical properties 

The macroscopic optical properties, R, Tr and A , of a snow slab

of 4 cm thickness were calculated by using the previously deter-

mined small- and medium-scale optical properties, which account

for the complex geometry of the snow layer and the agglomerated

soot. 

As listed in Table 1 , four exact characteristic snow types and

four corresponding simplified morphological snow types are con-
idered. We explored the change of the macroscopic optical prop-

rties of snow slabs when soot impurities are present. 

.5.1. Experimental validation 

We validated our multi-scale model by comparing the simu-

ated results with the experimental results reported by Hadley

t al. [56] under the same condition, specifically their measured

eflectance, R , for 0.4 μm < λ< 1 μm ( Fig. 10 ). 

The pure snow samples they measured were densely packed

now layers of 2 cm thickness with a density 0.55 kg m 

-3 made

y freezing droplets of water. Consequently, their snow type was

omposed of spherical ice particles. The optical effective diameters

f the spherical ice grains were 110 and 220 μm, respectively. In

rder to have the same pure snow layer, we generated pure snow

tilizing monodisperse non-overlapping spherical (MNOS snow) ice

rains with the identical grain diameter, thickness and density

s in their experimental setup. The comparison results are plot-

ed separately for snow samples with two sizes ( Fig. 10 ). A good

greement between our calculated R and their experimental mea-

urement was obtained. The experimental data used here was ex-

racted from the origin data without their adjustment factor [56] .

adley et al. used this factor to fit their experimental results with

he results of the Snow, Ice and Aerosol Radiation (SNICAR) model

57] . This factor, correcting for their different geometry (2 cm-

epth in the experiment and infinitely deep slab for the SNICAR
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Fig. 11. R as a function of volume fraction, f v , for soot particles of different mor- 

phology and with different primary particle diameter. 
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odel), is not needed in our case as we model the same geometry

hat was experimentally investigated. 

For the validation of the model for contaminated snow layer,

e needed to adjust our soot properties in order to fit them

ith the experimentally used soot. The mass absorption coef-

cient (MAC) for the soot impurities at a certain wavelength,

AC = 3 Q abs /(4 ρsoot a eff), is introduced. Hadley et al. experimentally

easured a MAC of 15 ± 1 m 

2 g −1 at λ= 532 nm, and reported a

AC range of 7.5–15 m 

2 g −1 for similar soot. 

We chose two of their reported cases with concentrations

g.m 

−1 ) of impurities inside the snow of 860 and 1680 ppm. We

sed soot agglomerates with N p = 100, d p = 40 nm, and m 2 for

he comparison. The corresponding MAC values of the chosen

oot at λ= 550 nm with an assumed soot density of 1 g 1 cm 

−3 

3,4] are 11.6 m 

2 g −1 for primary spheres, 9.6 m 

2 g −1 for volume-

quivalent sphere agglomerates, 10.0 m 

2 g -1 for compact agglom-

rates, 10.3 m 

2 g −1 for chain-like agglomerates, respectively. 

The colored lines in Fig. 10 represent the averaged simulated

esults (based on three randomly generated MNOS morphologies)

or pure snow layers and contaminated snow layers containing the

orresponding soot morphology types. The upper set of lines is for

now layers including impurities with f v = 8.6 ·10 −7 , and the lower

et of lines is with f v = 1.68 ·10 −6 , which correspond to the mea-

ured mass proportion of 860 ppm and 1680 ppm, respectively. 

The experimental and computed results followed the same

avelength-dependence. There was a significant overlap between

he experiment and model, indicating that our multi-scale model

an qualitatively and quantitatively describe the macroscopic radia-

ive properties of contaminated snow layers. In the low wavelength

egion ( λ< 0.65 μm), the agglomerate models utilizing chain-like

nd compact agglomerates provide a better agreement than the

odel utilizing volume-equivalent spheres and primary spheres.

he snow containing volume-equivalent spherical soot yields 2%

igher R than that with aggregated soot at λ= 0.4 μm. The extra

eflection for the equivalent sphere agglomerates resulted from the

nhanced scattering, and the lower absorption (see Section 4.3 ).

he snow containing primary spherical soot has 2% lower R com-

ared to the two aggregated soot models at this wavelength

 λ= 0.4 μm). This is due to higher cross section (MAC) yielded

y primary spherical soot at short wavelengths. The crossover of

 for the various soot models at λ ≈ 0.65 μm follows from the

ame observation as for the small scale radiative properties (see

ection 4.3 ). At larger wavelengths, absorption in the ice grain

tarts to dominate, leading to lower reflectance of the snow lay-

rs and less sensitivity of the behavior to the agglomerate model. 

The small discrepancy between the calculated R and experi-

entally measured R is expected due to the simplified soot as-

umption, namely homogeneous distribution of the soot agglomer-

tes and uniform agglomerate morphology. However, the soot con-

ained inside the snow layer can exhibit a range of morphologies

nd sizes ( N p , d p ) [58] , and a range of bulk properties, all result-

ng from variations in the formation process. Additionally, soot has

 tendency to move towards the ice grain boundaries in both dry

nd wet snow, leading to a less homogeneous soot distribution in

he ice grain [58] . 

The sensitivity of the results with respect to the choices in soot

oncentration, primary particle size, and soot type are shown in

ig. 11 . As an example, we chose the snow layer with a small grain

ize of diameter 110 μm at an incident wavelength of λ= 0.5 μm for

 p = 100 and refractive index m 2 . 

R was not equally sensitive to f v , d p , and morphology. Gen-

rally with an increasing f v , the R of mixed snow layer was de-

reasing. At a soot content of f v = 10 −7 , doubling d p resulted in in-

reased R by 1.4% for agglomerated particles and 3.9% for spheri-

al equivalent spheres. This increase was enlarged when increas-

ng the volume fraction: for agglomerated particles compared to R
t f v = 10 −7 , it was 3 times larger for f v = 10 −6 , 9 times larger for

 v = 10 −5 , and 23.9 times larger for f v = 10 −4 . Similar trends were

bserved for equivalent spherical particles: the difference in R with

oubled primary diameter compared to f v = 10 −7 was 3.3 times

arger for f v = 10 −6 , 8.4 times larger for f v = 10 −5 , and 13.7 times

arger for f v = 10 −4 . The equivalent spherical soot always showed

maller effect on R than aggregated one. While only subtle differ-

nce between various agglomerates was found, compact agglom-

rated soot generally showed higher reflection than chain-like ag-

lomerates. 

.5.2. Sensitivity to snow morphology 

Fig. 12 shows the evolution of R and A for a 4cm-thick snow

lab made of the four different snow types with identical combi-

ation ( N p = 60 and d p = 20 nm) and volume fraction ( f v = 10 −6 ) of

oot impurities. 

The different characteristic snow slabs show different magni-

udes in R but similar spectral dependencies. R decreases for ds,

II, dh to ws snows, according to their decreasing porosity and

ncreasing ice grain size. The addition of soot impurities lowered

 and Tr , and increased A . The macroscopic optical properties fol-

ow the evolution of βd,2 with respect to λ. The most important

ffect of the soot impurities on the macroscopic optical behavior

s observed in the short wavelength range (0.3 μm < λ< 1.4 μm),

hile they don’t affect R, Tr , and A in the longer wavelength range

 λ> 1.4 μm) where the absorption of the ice dominates. Although

he amount of added soot impurities is equal for all snow types,

hey differently affect the macroscopic properties for the different

now types. The reduction of the reflectance R is about 34% and

4% for ds and mII snow, respectively, whilst it can reach 68% and

9% for dh and ws, respectively, at λ of 0.3 μm. The same behav-

or is found for A . The enhancement of A in dh and ws was more

mportant than in ds and mII. At λ= 0.3 μm, A increases from 0

o 0.38, 0.47, 0.7, and 0.81 for ds, mII, dh, and ws, respectively.

he radiative properties of snow with larger ice particle sizes were

ore sensitive to the addition of soot impurities. These results

re in accordance with the predictions by Warren and Wiscombe

4] , reporting that the reduction of albedo in coarse-grained snow

s greater than in fine-grained snow for a given concentration of

oot. 

.5.3. Sensitivity to soot morphology 

We focus on discussing the macroscopic optical properties

ithin the spectrum from 0.3 μm to 1.4 μm where the soot im-

urities most importantly influence the radiative behavior of the

now layers. The calculated spectral R of a snow slab containing
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Fig. 12. (a) R and (b) A of the studied soot-contaminated snow slabs ( l slab = 4 cm) for snow types ds (I.), mII (II.), dh (III.) and ws (IV.). The soot agglomerates consist of 

N p = 60 and d p = 20 nm with f v = 10 −6 . The radiative properties of clean snow are shown as reference. 
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o  
soot agglomerates made of different combinations of m, d p , N p and

f v for snow type ds (high porosity and fine grained snow) and ws

(low porosity and coarse grained snow) is shown in Fig. 13 . Signif-

icant variations in R can be observed for the different soot impu-

rities and morphologies, with magnitudes dependent on the snow

morphology. Generally, the largest R is observed for soot particles

modeled as homogenously distributed primary spheres, consistent

with the calculated small and medium scale properties. Soot mod-

eled as equivalent sphere showed the second largest R . Soot ag-

glomerates made by chain and compact agglomerates decreased R

the most. For the smallest agglomerates ( d p = 20 nm, N p = 60) at

0.3 μm, equivalent spherical soot and agglomerated soot decreased

R by 5% and 7% with respect to snow containing primary spheri-

cal soot impurities, respectively, for fine-grained ds snow. In com-

parison, the reduction of R was 8% and 16% in the coarse-grained

ws snow. By enlarging the primary diameter of the soot or adding

more soot particles to increase the agglomerate size, the decrease

in R was generally enhanced. However, additional observation was

made for the soot with d p = 40 nm and N p = 60 in the spectrum

range near 0.3 μm: the effect of equivalent-volume spherical soot

on R reduction was suppressed at small λ( < 0.5 μm), and enhanced

at large λ, which resulted from the contribution of higher scatter-

ing and lower absorption of equivalent-volume spherical soot at

short spectrum (see Section 4.3 ). 

The soot with compact shape yielded 2% higher R than the one

with chain-like shape within ds snow. This is consistent with the

tendency we found in small and medium scale radiative proper-

ties, compact soot scattered more and absorbed less than chain-

like soot. A more pronounced difference of 3% between the com-

pact and chain-like aggregates on R was observed for ws snow. The

coarse-grain snow amplified the difference of R due to the chang-

ing morphology of soot impurities. 

R was sensitive to the amount of soot ( f v ) and optical charac-

teristics ( m ). By decreasing the soot content inside the snow from

f v = 10 −6 to 10 −7 , R was reduced by 37% and 157% at λ= 0.3 μm

for ds and ws snow, respectively. At the same wavelength when

the refractive index of soot impurities was changed from m to
1 
 2 , R was shifted in by average 30% and 15% for ds and ws snow,

espectively. 

. Summary and conclusion 

We developed a methodology to optically characterize het-

rogeneous media composed of morphologically-complex compo-

ents on two distinct scales. We applied the method to soot-

ontaminated snow layers and characterized their macroscopic op-

ical properties in a spectral range of 0.3–3 μm. On the small-scale

 x = π ·d/ λ< 1), inspired by SEM images, the soot impurities were

odeled as ( i ) homogeneously distributed primary spheres, ( ii ) ag-

lomerates approximated as spheres with agglomerate-equivalent

iameter, ( iii ) compact agglomerates made of a random accumu-

ation of primary spheres, and ( iv ) chain-like agglomerate made

f an accumulation of random primary spheres. The agglomer-

tes were made of a different combinations of primary diameter,

 p , and particle number, N p . Lorenz–Mie theory and the discrete

ipole approximation (DDA) method were used to predict the op-

ical properties of the agglomerate, namely extinction efficiency,

bsorption efficiency, scattering efficiency, asymmetry factor, and

cattering phase function. On the medium-scale ( x > 1), the de-

ailed 3D morphology of four characteristic snow types was ob-

ained by X-ray tomography and incorporated into the direct so-

ution of the discrete-scale radiative transfer equations (RTEs) for

he determination of the effective extinction and scattering coeffi-

ients, and effective scattering phase functions. On the large-scale

 x > > 1), the two-scale radiative transport properties were incor-

orated into the coupled multi-phase volume-averaged RTEs, ap-

lied to a semi-infinite slab of snow, for the determination of the

veraged intensity vector field and heat transfer fluxes, in order to

stimate fraction of incident radiation that is reflected, R , transmit-

ed, T , and absorbed, A , in the slab. This model was experimentally

alidated with reflectance measurement of contaminated snow

ayers. 

Significant differences were found in the calculated macroscopic

ptical properties of soot-contaminated snow layers, dependent on
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Fig. 13. (a) and (c) R with respect to wavelength λ in the range of 0.3 μm to 1.4 μm for snow type ds and ws with contaminated soot agglomerates composed of ( i ) m 1 , 

d p = 20 nm, N p = 60, f v = 10 −6 (solid line), ( ii ) m 1 , d p = 40 nm, N p = 60, f v = 10 −6 (dashed line), ( iii ) m 1 , d p = 20 nm, N p = 100, f v = 10 −6 (dotted line), respectively. (b) and (d) R 

with respect to λ for snow type ds and ws with contaminated soot agglomerates composed of ( i ) m 1 , N p = 60, d p = 20 nm, f v = 10 −6 (solid line), ( ii ) m 1 , N p = 60, d p = 20 nm, 

f v = 10 −7 (dashed line), ( iii ) m 2 , N p = 60, d p = 20 nm, f v = 10 −6 (dotted line), respectively. 
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he approach used to approximate the soot agglomerates. For ex-

mple, on the small scale, the ratio Q s / Q e of agglomerates approx-

mated as equivalent spheres was 5 times higher than the value

alculated for chain and compact-like agglomerates, at λ= 0.3 μm.

hese results indicated that using Lorenz–Mie theory would not

uffice in accurately predicting the radiative characteristics and in-

tead DDA-based methods or the direct solution of the Maxwell’s

quations, both capable of incorporating the arbitrary shapes and

nisotropic physical properties, should be used. Generally, soot in

ompact agglomerates tended to scatter more but absorb less than

hain-like agglomerates. Q s / Q e increased by 85% for compact ag-

lomerates compared to chain-like agglomerate ( λ= 0.3 μm where

he difference was most significant for the spectral range con-

idered). This difference was amplified when increasing the soot

ize (either by increasing the primary particle size or the num-

er of agglomerated particles). For long wavelengths, the scatter-

ng phase function indicated a tendency to be symmetrically dis-

ributed around a scattering angle 90 ̊. At short λ, the scattering

as more significant dependent on the morphology and forward

cattering was more pronounced. Increasing the primary particle

ize enhanced forward scattering in all types of soot agglomerates.

On the large scale, a remarkable reduction in R and T and a sig-

ificant increase in A for all types of snow slabs were observed

hen soot impurities were added. Those results were in agree-

ent with previously published experimental measurements and
alculated predictions of contaminated snow [4,41,58] . Moreover,

he snow slab with bigger grain size yielded a greater sensitivity

o the soot additives and their morphological characteristics (com-

actness and size). For example, for the presented smallest sized

oot ( d p = 20 nm, N p = 60), equivalent spherical soot and agglom-

rated soot yielded 5% and 7%, respectively, lower R than primary

pherical soot (all at λ of 0.3 μm) within fine-grained ds snow. In

omparison, the extent of reduction was 8% and 16%, respectively,

ithin coarse-grained ws snow. Moreover, the coarse-grain snow

mplified the difference in R due to the changing morphology of

oot impurities. 

We validated the methodology by comparing the numerical re-

ults of the macroscopic optical properties, specifically R , with re-

orted experimentally measured R . The computational and experi-

ental results overlapped quantitatively and qualitatively with re-

pect R for two different snow types (characterized by two differ-

nt grain sizes) and two different soot volume fractions, indicating

hat our presented methodology and its results provide plausible

uantification and is predictive for trends. Further improvement

ould be done, for example, by assuming less uniform soot charac-

eristics and a less homogeneous agglomerate distribution within

he ice grain. 

The tomography-based, multi-scale methodology proves to be a

owerful method to determine the optical characteristics of com-

lex heterogeneous medium, particularly shown here for the radia-
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tive problem in soot contaminated snow slabs. We derive a relation

between large-scale radiative properties and small- and medium-

scale morphology, which has not been systematically studied be-

fore. Our results allow for the de-convolution of different effects on

the radiative characteristics, effects resulting from size, morpho-

logical and material properties at different scales and for different

boundary conditions. In summary, our developed methodology of-

fers a novel approach for the determination of macroscopic optical

properties of contaminated snow based on its complex structure

on small, medium and large scale, considering a multiphase radia-

tive transfer approach. It allows quantifying the changes in macro-

scopic radiative properties resulting from changes in morphology

of snow and soot on medium and small scale. In general, the ap-

proach is applicable to other natural and technical multi-scale me-

dia and, therefore, allowed for the investigation of new sets of

research problems in which detailed radiative characterization at

the small scale is crucial for the behavior and performance on the

macro-scale. 
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