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1. Introduction

1.1 Atmospheric mineral dust

Atmospheric mineral dust is an abundant constituent in the atmosphere,

being the second most common aerosol type after the sea spray (IPCC,

2014). This dust originates mainly from arid regions of the Earth, and

is transported in the atmosphere by wind. The transportation distances

can be very substantial, such as from Sahara desert in northern Africa

to Amazon rainforest region, thousands of kilometers away (Okin et al.,

2004; Yu et al., 2015). Therefore, dust exists in the atmosphere globally,

instead of being limited to the source regions.

Mineral dust is known to have a significant impact on the amount of So-

lar radiative forcing, roughly one-third of that of CO2 (IPCC, 2014; Hay-

wood et al., 2003). Additionally, the sign of the effect varies: in some

areas, dust has a net warming effect, and in other areas, it has a net cool-

ing effect. The exact reasons for this variability are not known, but it has

been suggested that the sizes, shapes and compositions of the dust parti-

cles in the region might be the key (Haywood et al., 2011). Additionally, it

is known that the sign and the magnitude of the effect depend on the ver-

tical distribution of dust in the atmosphere in a complex way (Zhu et al.,

2007).

In addition to the direct radiative effects, dust particles act as nuclei

for cloud particle formation, fertilize forests thousands of kilometers from

the dust sources, and cause problems for human and animal health and

machinery. Therefore, in addition to accounting for dust in weather and

climate models, it is also useful to be able to detect dust in the atmosphere,

or even be able to identify its properties.
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Introduction

1.2 Interaction of radiation with particles

As an incident electromagnetic wave arrives at a dielectric particle, such

as a dust particle, the oscillation of the electromagnetic field causes the

charges in the particle to oscillate, and thus to produce their own sec-

ondary electromagnetic waves. The secondary waves have the same fre-

quency as the incident wave, but typically have a phase difference. The

phase difference is caused by a lag between the exciting oscillation, that

is, the incident wave, and the resulting oscillation of the charges. The

specific amount of the phase difference depends on the difference of the

incident wave frequency and the resonant frequency of the charge. For

dust particles at visible light frequencies, the phase lag is typically be-

tween 90◦ and 180◦ (Feynman et al., 1977; Hecht and Zajac, 1974).

This form of scattering is called elastic scattering; however, there are

processes that occur where the scattered wave is shifted in frequency and

these processes are called inelastic. Since these are usually much weaker

for the types of particles considered here, we will neglect them in this

study. All of the secondary waves further react with the charges of the

particle, and the superposition of all of the secondary waves is the result-

ing scattered field. Additionally, a part of the energy of the incident field

may be absorbed by the particle as other forms of energy, such as heat.

Finally, assuming the temperature of the particle is above the absolute

zero, the particle emits radiation, the wavelength spectrum depending on

its temperature and emittance.

1.3 Computational single scattering in atmospheric context

To study the radiative effects of dust particles, or indeed any scatterers,

single-scattering calculations are employed. Single scattering events are

the fundamental interactions between electromagnetic radiation and dis-

crete, individual particles, such as the aerosol particles in the atmosphere.

The incident radiation, such as that from the Sun, interacts with a parti-

cle, which scatters part of that radiation to different angles. Importantly,

the polarization state of the scattered radiation can be different from that

of the incident radiation. A well-known macroscopic example is sunlight

glint from water or other dielectric reflective horizontal surfaces. Scat-

tering by such surfaces causes the light to be horizontally polarized, and

blocking this horizontally polarized light with polarized sunglasses, for

16
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Figure 1.1. Schematic of orientation-averaged single scattering. The incident radiation
coming from left in the image is scattered after the interaction. The distance
of the curve from the particle corresponds to the relative intensity at differ-
ent scattering angles, taken from an example computational dust particle
simulation. Most of the scattered radiation is directed near the propagation
direction of the incident radiation (largest distance), and there is an addi-
tional local peak around the exact backscattering direction.

example, allows for better visibility. The scattering interactions on a par-

ticle scale are more complex than those at water surfaces, and the angular

dependence of scattered polarization components, as well as the total in-

tensity, depend greatly on the particle size, shape, composition, and other

features, such as fine-scale surface roughness. A particular feature of dust

particles is that their sizes are typically in the same scale as visible light

wavelengths, which means that very few approximations in the solution

methods that work either for smaller or larger particles can be used. This

will be considered in more detail in Section 3.1.

It is useful to separate the scattering applications into passive and ac-

tive. In passive applications, the incoming radiation comes from the Sun,

or other natural sources, and is unpolarized and difficult to control on a

large scale. In active applications, on the other hand, the measurement

setup includes a radiation generator, which allows much more flexibility

in defining the incident field and makes them less dependent on the time

of the day or the season, for example. Examples of passive instruments

include cameras, photometers and even our own eyes, while active instru-

ments include for example radars and lidars. However, some instruments

can be operated in several modes, such as using a flash with a camera, or

using a radar in a passive mode. Finally, in most active applications there

are also natural sources of radiation to account for, such as background

lighting or radio transmissions.
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Most complex interactions between solar radiation and the atmosphere,

such as aerosol radiative effects, stem from one or more single scattering

events between emission from the source and the final absorption. Light

can also be reflected completely or partially to space, in which case the en-

ergy is not fully absorbed in the system. Models that simulate these com-

plex interactions featuring several sequential single scattering events are

called multiple-scattering models. A subcategory of multiple-scattering

models, called radiative transfer models, describe how radiative energy

is absorbed and emitted at the surface and by gases and collections of

aerosols at different atmospheric layers, thus driving heating or cooling

of the atmosphere and the ground. As increasingly complex and sophisti-

cated multiple-scattering models are being built, it is easy to forget that

the single scattering by complex atmospheric particles, which is a crucial

part of these models, is still a partially open problem. It naturally follows

that if the single-scattering interactions are not characterized accurately,

the multiple-scattering results stemming from repeated single-scattering

events may be prone to inaccuracies outside the parameter domain where

the results have been directly validated against observational data.

Computational single scattering is a field focused on solving single-scat-

tering events numerically. It is a growing and a relatively young multidis-

ciplinary field. Lately, accurate single-scattering simulations have been

made possible for increasingly large and complex particles by increases

in computational power, which allows for light scattering by atmospheric

particles of realistic sizes to be resolved with sufficient precision. Starting

with descriptions of the incident light and the scatterer, such as an aerosol

particle, the scattered radiation can be calculated by solving the funda-

mental Maxwell’s equations for the radiation-scatterer-system. While the

principle is straightforward, for wavelength-scale particles there are great

practical challenges. Analytical solutions exist only for a limited set of

regular shapes, such as spheres. However, dust particles and many other

aerosols have complex shapes, which are poorly approximated by simple

geometrical shapes. For all scatterers for which analytical solutions do

not exist, more complex simulation schemes have to be used, or a simple

shape has to be assumed regardless of physical resemblance.

Detailed studies of light scattering by specific particle features are hard

to perform experimentally due to the challenges in isolating the features

in dust samples and the small sizes of the particles, which makes the

computational approach attractive as a complementary method. Using
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the computational approach, the physical properties of the scatterer can

be defined freely and known with certainty, in contrast to the experimen-

tal approach where finding a sample containing the desired feature may

be challenging, and the particle properties might be hard to measure. Ad-

ditionally, a computational approach allows for the retrieval of scattering

properties at all scattering angles, with incident radiation coming from

any number of desired directions. In most remote measurements, only a

restricted number of incident or measurement directions are possible, and

even in the laboratory, measuring the scattered radiation at the full spher-

ical solid angle is challenging. However, most importantly, the computa-

tional approach allows the link between microphysical representation of

the particle and its scattering qualities to be established precisely. Cur-

rently, techniques exist for determining either the particle physical char-

acteristics or its scattering properties accurately in a laboratory. However,

getting a good physical description, including that of internal structure,

as well as a full scattering measurement of the same particle, is extremely

tricky and has not been done. Therefore, while there are great challenges

in the computational approach, it nevertheless allows a much more de-

tailed and comprehensive approach than what is currently possible with a

purely experimental setup. Naturally, combining both approaches should

allow for the most accurate investigations.

1.4 Motivation and aim of the thesis

The purpose of my work has been to investigate various understudied

aspects of single scattering by wavelength-scale dust particles, such as

fine-scale surface roughness and internal structure. Previously, these as-

pects have mostly been studied either qualitatively, or in a context that

might obfuscate the results, such as using very regular and smooth base

shapes in roughness studies. Here, they are studied with very few sim-

plifications, with the aim of being as close to physical realism as possible.

Moreover, I have evaluated some of the assumptions made in remote sens-

ing retrievals, in order to examine how well founded these retrievals are.

I hope that my results will motivate people to verify the scattering param-

eters used in multiple-scattering models and other models which derive

from single scattering, because otherwise one must question the accuracy

of the derivative models.

In Chapter 2 I describe the necessary background of the parts of elec-
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tromagnetic theory that are relevant for single-scattering studies, and

explain the specific theories and notations commonly used in the single-

scattering field. Chapter 3 explains how scattering schemes depend on

the relative size of the scatterer with respect to the wavelength of the

incident radiation, and describes some of the most common model shapes

and corresponding methods for calculating scattering by wavelength-scale

particles. Chapter 4 describes how detailed dust particle physical charac-

teristics can be represented or generated in a computational approach.

In Chapter 5 I show how these detailed characteristics affect scattering

based on modeling studies, and compare some of the results with recent

experimental measurements. Finally, Chapter 6 summarizes the work

done and discusses the implications and the work that lies ahead.
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2. Relevant single-scattering theory

2.1 Electrodynamics

Here, I give a review of the electrodynamic background of the scattering

problem. I intend to give a streamlined version of the theories in ques-

tion instead of a full derivation, and as a consequence, several steps are

omitted.

Electromagnetic interactions are characterized by the four Maxwell’s

equations (Griffiths, 1999):

∇ ·E =
ρ

ε0
(2.1)

∇ ·B = 0 (2.2)

∇×E = −∂B

∂t
(2.3)

∇×B = μ0(J+ ε0
∂E

∂t
) (2.4)

where E is the electric field, ρ is the total charge density, ε0 is the permit-

tivity of vacuum, B is the magnetic flux, μ0 is the permeability of vacuum,

and J is the current density.

The equations above are in their macroscopic, or differential, formula-

tion. The equations can also be formulated as integrals, and this is called

the microscopic, or integral, form. However, the macroscopic form is more

common in atmospheric light scattering field, as it makes many of the

solution methods more straightforward to derive.

In scattering applications, the interest is typically in the fields within

matter. To be better able to achieve this, the charge density is separated
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Relevant single-scattering theory

into free and bound charge densities,

ρ = ρf + ρb (2.5)

and similarly the current density into free, bound and polarized current

densities:

J = Jf + Jb + Jp. (2.6)

Bound charge density is produced by macroscopic polarization, P, ac-

cording to relation

ρb = −∇ ·P, (2.7)

bound current by magnetization, M, according to

Jb = ∇×M, (2.8)

and polarized current according to

Jp =
∂P

∂t
. (2.9)

Additionally, electric displacement, D, and magnetic field, H are de-

fined:

D = ε0E+P (2.10)

H =
1

μ0
B−M (2.11)

Substituting Equations (2.5) and (2.7) into Equation (2.1), and using the

identity in Equation (2.10), and similarly substituting Equations (2.6),

(2.8) and (2.9) into Equation (2.4), leads to an alternate formulation of

Maxwell’s equations (Jackson, 1999):

∇ ·D = ρf (2.12)

∇ ·B = 0 (2.13)

∇×E = −∂B

∂t
(2.14)

∇×H = Jf +
∂D

∂t
(2.15)

These equations are sometimes called the Maxwell’s equations in matter.

In atmospheric light scattering the materials studied are commonly elec-

trically neutral and non-conducting, and therefore the free charge density

22



Relevant single-scattering theory

ρf and the free current density Jf are assumed to be very small, allowing

the following simplifications to be made:

ρf = 0⇒ ∇ ·D = 0, (2.16)

and

Jf = 0⇒ ∇×H =
∂D

∂t
. (2.17)

2.2 Single scattering

Interaction of a polarized electromagnetic field with a single particle is

described by the single-scattering theory. The single-scattering theory

presents the full description of how light interacts with individual par-

ticles. Whenever light scatters multiple times before being absorbed,

the phenomenon is called multiple scattering. However, if the scatter-

ing events happen sufficiently far from each other such that each incident

field can be considered a plane wave, each individual scattering event is

still fundamentally a single-scattering event and can be considered to be

independent of the other scatterers, interacting only via the changes to

the incident plane wave. This far-field assumption is valid roughly when-

ever the distance between scatterers is much larger than their charac-

teristic sizes, which is true for most atmospheric aerosols, with a notable

exception of cloud particles. Therefore, single-scattering theory needs to

be understood also for most multiple-scattering studies.

Formally, the scattering problem is about how the presence of a scatterer

in an incident electromagnetic field changes the total field. This can be

described by an equation

Etot(r) = Ei(r) +Es(r), (2.18)

where Etot, the total field, is the field that exists in the nature and is

actually observed. Ei, the incident field, is usually known, or can be es-

timated, given that it typically originates from the Sun or is generated

by the measurement setup. Finally, Es, or the scattered field, is the per-

turbation of the field caused by the scatterer. The Equation (2.18) can be

used to solve two main categories of problems: Es can be used to calcu-

late the total field given an incident field (the direct radiative problem), or

to calculate the incident field given the measured total field (the inverse

radiative problem). The direct problem can be readily solved accurately,

given a good description of the microphysics of the scatterer and sufficient
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Relevant single-scattering theory

computing resources. On the other hand, the inverse radiative problem is

much harder, because Es typically depends on Ei. It should be noted that

the terminology of direct and inverse problems in single-scattering stud-

ies typically does not refer to the radiative problem above, but instead to

the underlying problem of calculating Es when the scatterer microphysics

and Ei are known (the direct problem), and calculating particle micro-

physics when Es and Ei are known (the inverse problem).

Next, the scattering plane is defined. The scattering plane is the plane

in the three-dimensional space which includes the source, the scatterer,

and the observer. All directions relevant to the scattering problem are de-

fined in terms of this plane. Furthermore, instead of studying the fields

and other variables as a function of the displacement vector r, deriva-

tive variables are described in terms of scattering angle, θ, which can be

determined uniquely from r given the scattering plane, the plane-wave as-

sumption, and a normalization distance. θ is defined as being zero at the

incident wave propagation direction, also called the forward-scattering

angle, while θ = 180◦ is called the backscattering angle.

The transformation from full solid angle scattering (θ and φ) to a sin-

gle angle (θ) for randomly oriented particles is done by orientation aver-

aging: the particle is rotated with respect to the incident field direction

along all three axes, and the average scattering is calculated. Finally, the

averaged scattering is integrated over the azimuth angle to acquire the

φ-independent scattering.

The single-scattering properties of a scatterer are described completely

by a scattering matrix:

S(θ) =

⎡
⎢⎢⎢⎢⎢⎣

S11(θ) S12(θ) S13(θ) S14(θ)

S21(θ) S22(θ) S23(θ) S24(θ)

S31(θ) S32(θ) S33(θ) S34(θ)

S41(θ) S42(θ) S43(θ) S44(θ)

⎤
⎥⎥⎥⎥⎥⎦
, (2.19)

where θ is the orientation-averaged scattering angle, as defined above.

The polarization state of the incident field is described by the Stokes

vector

Ii =

⎛
⎜⎜⎜⎜⎜⎝

Ii

Qi

Ui

Vi.

⎞
⎟⎟⎟⎟⎟⎠

. (2.20)

Note that the incident field is typically assumed to arrive from a spe-

cific direction, which means that its Stokes vector is not angle-dependent.
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Relevant single-scattering theory

Similarly for the scattered field, which however is angle-dependent,

Is(θ) =

⎛
⎜⎜⎜⎜⎜⎝

Is(θ)

Qs(θ)

Us(θ)

Vs(θ)

⎞
⎟⎟⎟⎟⎟⎠

. (2.21)

Then, a single-scattering interaction is described by

Is(θ) =
1

k2d2
S(θ)Ii, (2.22)

where k = 2π/λ is the wavenumber of the radiation of wavelength λ, and

d is the distance of the scatterer from the observer.

As the propagation direction vector is trivially in the scattering plane,

the electromagnetic field oscillation can be divided into two scalar compo-

nents: E‖ refers to the component of the electric field that is parallel to the

scattering plane, and E⊥ refers to the component of the electric field that

is perpendicular to the scattering plane. This allows for the components

of the Stokes vector to be defined in terms of the electric field components

as follows:

• I = E‖E∗
‖ + E⊥E∗

⊥ refers to the total intensity of the light. It is of note

that the intensity here is defined as power per area, and not power per

solid angle.

• Q = E‖E∗
‖ − E⊥E∗

⊥ refers to the linearly polarized intensity of the light.

• U = E‖E∗
⊥+E⊥E∗

‖ refers to intensity of the light that has been polarized

at 45◦ angle from Q.

• Finally, V = i(E‖E∗
⊥ − E⊥E∗

‖) refers to the circularly polarized light.

The scattering matrix has up to 16 non-zero elements, of which seven

are independent. In most atmospheric applications it is typically assumed

that the scattering particles are randomly oriented, and that either the

particles are mirror symmetric or the particles and their mirrored coun-

terparts exist in equal proportions. When the above requirements are

satisfied, the scattering matrix simplifies to only six independent non-

zero elements, which then fully describe the scattering by those particles

(Hovenier and van der Mee, 2000). These assumptions have been taken

as axioms and I have not investigated their validity, but Nousiainen and
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Kandler (2015) have shown that the scattering matrices of ensembles of

complex particles, such as atmospheric dust, follow this simplified form

closely, and thus here the results are analyzed only in terms of these six

independent elements. However, the methods used in this work do calcu-

late the full 16-element scattering matrix, and while most of the neglected

elements are indeed very close to zero, they are regardless readily avail-

able for future analysis.

This special simplified case of the scattering matrix is

S(θ) =

⎡
⎢⎢⎢⎢⎢⎣

S11(θ) S12(θ) 0 0

S12(θ) S22(θ) 0 0

0 0 S33(θ) S34(θ)

0 0 −S34(θ) S44(θ)

⎤
⎥⎥⎥⎥⎥⎦
. (2.23)

This, then, allows us to describe the scattered Stokes vector components

in terms of S and the incident Stokes vector in simple terms:

Is(θ) = IiS11(θ) +QiS12(θ) (2.24)

Qs(θ) = IiS12(θ) +QiS22(θ) (2.25)

Us(θ) = UiS33(θ) + ViS34(θ) (2.26)

Vs(θ) = −UiS34(θ) + ViS44(θ) (2.27)

The elements other than S11(θ) are commonly shown as ratios, Sx(θ)/S11(θ),

to show how different polarization types relate to the unpolarized inten-

sity, because this is usually of interest in applications. Moreover, the con-

vention is to show the ratios −S12(θ)/S11(θ) and −S34(θ)/S11(θ), where a

minus sign has been placed in front of each ratio.

In most passive atmospheric applications the elements S11(θ) and S12(θ)

are of particular interest, because the incoming radiation from the Sun is

unpolarized, and therefore Ii is the only non-zero Stokes vector element.

In this case, the single-scattering Stokes vector equations simplify to:

Is(θ) = IiS11(θ) (2.28)

Qs(θ) = IiS12(θ) = Is(θ)
S12(θ)

S11(θ)
(2.29)

Us(θ) = 0 (2.30)
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Vs(θ) = 0 (2.31)

Therefore, S12(θ)/S11(θ) = Qs(θ)/Is(θ) directly describes the degree of lin-

early polarized intensity in the scattered radiation.

In this work all of the six independent scattering matrix elements are

generally considered equally, given that they carry valuable independent

information, especially about complex characteristics. Indeed, the full

scattering matrix may prove to provide information that might allow new

active remote sensing applications to make new kinds of observations al-

together. Finally, it should be noted that the angle-dependence of the

scattering matrix elements is omitted from the notation in the remainder

of this work, outside of the equations, in the interest of clarity and ease of

reading.

2.3 Scalar observables

In this section, four commonly used derivative scattering quantities are

introduced that are relevant for many applications. Unlike the scatter-

ing matrix elements described above, all of these quantities are angle-

independent, and can be regarded as scalar properties of the scatterer.

Many of the results in this thesis are described in terms of these quanti-

ties.

First is the single-scattering albedo, ω̄, which affects the observed bright-

ness of the particle. It is calculated with

ω̄ =
Csca

Cext
, (2.32)

where Csca is the scattering cross-section, a measure of the total power

scattered by the particle, and Cext is the sum of scattering and absorption

cross sections. Therefore, an albedo of zero is equivalent to the particle ab-

sorbing all of the energy and scattering none. Correspondingly, an albedo

of unity is equivalent to the particle scattering all of the energy and ab-

sorbing none. This case is usually referred to as conservative scattering.

Second is the asymmetry parameter, g, which shows the difference of

light scattered in the forward hemisphere (θ < 90◦) and the backward

hemisphere (θ > 90◦), and is therefore useful in many radiative models.

The asymmetry parameter is obtained from S11 by:

g =
2π

k2Csca

∫ π

0
sin θ cos θS11(θ)dθ. (2.33)
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Linear depolarization ratio, δL, is a quantity typically used in lidar ap-

plications. One reason is that the scattering matrix element S22 is usu-

ally very sensitive to the shape of the particle, and therefore the linear

depolarization ratio can be used to extract information about the particle

shape, or at least to detect the presence of non-spherical particles. Linear

depolarization ratio is defined as

δL(θ) =
S11(θ)− S22(θ)

S11(θ) + S22(θ)
, (2.34)

with just δL commonly denoting δL(180
◦). However, in many real applica-

tions scattering at the exact 180◦ direction cannot be measured, in which

case the scattering angle has to be specified.

Finally, lidar ratio, R, is defined, which is also commonly used in lidar

applications. Lidar ratio is the ratio of the total extinction to the backscat-

tering cross section:

R =
Cext

Cback
=

k2Cext

S11(180◦)
. (2.35)

2.4 Refractive index

The complex refractive index, m, is a very important material parameter

used in scattering studies, as it governs how strongly and in what way the

matter interacts with light. The refractive index consists of two parts,

m = n+ iκ, (2.36)

where n is the real part and κ is the imaginary part of the refractive index.

The real part is responsive for changing the phase velocity of light, thus

refracting it, and especially in macroscopic contexts is often called just

the refractive index. The imaginary part attenuates the field in matter

according to exponential decay. Naturally, the macroscopic refraction and

attenuation laws cannot be used at the wavelength scale, and numerical

methods are needed to account for the material properly.

Via relations that are omitted here, m is linked to the relative permit-

tivity of the material, and furthermore via the Clausius-Mossotti relation

with the microscopic polarizability. Finally, the microscopic polarizabil-

ity gives rise to macroscopic polarization P that appears in the Maxwell’s

equations.
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2.5 Size parameter

When discussing a scattering problem, the primary characteristic is the

size of the scatterer in relation to the wavelength of the incident radia-

tion. The scattering properties are governed by this ratio, called the size

parameter, defined as

x =
2πr

λ
, (2.37)

where λ is the wavelength of the incident light and r is the radius of the

scatterer. The fact that the scattering properties are unaffected if both

the particle size and the wavelength of the light are multiplied by a con-

stant factor, thus keeping the size parameter unchanged, is also called

the scale invariance rule. However, it should be noted that as the refrac-

tive index typically depends on the wavelength, the scale invariance rule

does not always apply for real particles. Naturally, r is defined uniquely

only for spherical scatterers. For complex particles, radius is usually re-

placed by an equivalent radius, req, which is the radius of the sphere that

corresponds to the original scatterer in some way. Two commonly used

equivalent radii are the volume-equivalent radius, rveq and the surface-

equivalent radius, rseq. They correspond to the radius of the sphere whose

volume or surface area is equal to that of the scatterer, respectively. For

complex particles it is common to use the volume-equivalent radius, be-

cause surface area can be hard to define accurately, or be very large, for

highly irregular particles. In this work all of the size parameters are de-

fined using the volume-equivalent radii.
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3.1 Size scales of scattering

Scattering problems are commonly divided into three domains, based on

the product of the size parameter and the real part of the refractive in-

dex, xn. However, given that n of the dust particle minerals, even the

most strongly refracting ones such as iron oxides, is of the order of one

at visible wavelengths, the scattering type categorization can be simpli-

fied to depend only on the size parameter x in this order-of-magnitude

discussion. First, whenever x � 1, the field within the particle remains

virtually constant and the radiation wave is not sensitive to the details

of the scatterer, and the scattering is fairly easily characterizable. There-

fore, at these sizes, the scattering is virtually unaffected by the particle

shape, governed only by the particle size. Additionally, the angular depen-

dence of the scattered light is independent of the size of the particle. This

form of scattering is commonly called Rayleigh scattering, and includes

phenomena such as solar light scattering from air molecules (x ≈ 0.001),

which gives the sky the blue color that we see.

Second, at the other extreme, where the scatterers and their morpho-

logical features are very large compared to the wavelength, at x � 1,

lies the optical region. This region includes many everyday phenomena,

such as reflections and refractions from glass and water (x of the order

of thousands or millions), and indeed almost all interactions between vis-

ible light and macroscopic objects: a human hair thickness compared to

visible light wavelength would be x ≈ 1000. While in the Rayleigh scatter-

ing regime the scatterer details were too small for the light to distinguish

them, in the optical region the details of the scatterers are large enough

so that the wave nature of light does not matter greatly, and light can be
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approximated as localized rectilinearly propagating rays that obey macro-

scopic refraction and attenuation laws. Additionally, these interactions

are determined only by the particle properties along the local path of the

ray, instead of the light interacting with all of the charges in the particle.

However, it should be noted that many objects that would otherwise be

in the optical region may have wavelength-scale features, which require

careful treatment. Additionally, simple geometric optics models cannot

account for diffraction, which is an important phenomenon for large par-

ticles, and therefore in many practical contexts more advanced models are

needed.

Third, between these two relatively straightforward extrema lies the

resonance domain, the focus of this work. In the wavelength-scale re-

gion, very roughly 0.01 ≤ x ≤ 100, very few simplifications are valid. In

each scattering event, the electromagnetic wave interacts with the whole

particle, and complex interactions between dielectric elements within the

particle govern how the light is scattered.

The atmospheric constituents that lie fully or partially within this re-

gion for visible light include mineral dust, which is the main focus of this

study, but also many additional particle types such as water droplets and

ice crystals in clouds. Below, I describe in more details the methods and

problems relevant to wavelength-scale scattering.

3.2 Wavelength-scale scattering models

The problem of scattering by an arbitrary wavelength-scale scatterer is

generally very hard to solve, and requires time-consuming computations.

Below, I introduce three of the most common shape models used for the

wavelength-scale scattering problem, and the corresponding solution meth-

ods. The sections below are not meant to provide a comprehensive list of

all previously used shapes; for that, the reader is directed to the textbook

by Mishchenko et al. (2000). Instead, the shape models selected are those

which are in wide use for atmospheric dust particles. The scattering ma-

trix elements of a few example shapes are shown in Figure 3.1.

3.2.1 Sphere: Lorenz-Mie theory

The first modern scattering theory for wavelength-scale particles was de-

veloped independently by Lorenz (1890) and Mie (1908), after whom the
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Figure 3.1. The six independent scattering matrix elements of different example parti-
cles. Black spheres correspond to Lorenz-Mie (sphere) scattering, black bows
correspond to an example equiprobable distribution of ellipsoids, dashed cyan
lines correspond to individual realistically shaped (stereogrammetric) parti-
cles, and red shows the mean of the four individual stereogrammetric parti-
cles. The scattering matrices are orientation-averaged and have been inte-
grated over a realistic size distribution.

theory is named. Their work provided a mathematically exact solution

for scattering by homogeneous, isotropic spheres. The method is based on

expressing the fields as infinite series of spherical harmonics. While in-

finite series are naturally unwieldy for practical use, the solution can be

truncated, the number of required terms depending on the size parameter

and the refractive index of the particle.

Lorenz-Mie code for most size parameters is extremely fast to run with

modern machines, and is in wide usage for scatterers that are approxi-

mately spherical, such as raindrops. Unfortunately, Lorenz-Mie scatter-

ing is also used for scatterers that are not even remotely spherical, such

as dust particles (van de Hulst, 1957).

Dust particle scattering properties have been studied widely both in

laboratory (West et al., 1997) and from remote sensing observations (Liu

et al., 2003), and show significant deviations from scattering by spheres

(Mishchenko et al., 2000; Dubovik et al., 2006). Despite this, spheres are

still in wide use for example in aerosol property retrievals and climate

models due to their convenience.

3.2.2 Spheroid: T-matrix method

T-matrix method was developed to simulate scattering by non-spherical

particles by Waterman (1965). Similarly to Lorenz-Mie scattering, the
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method is based on expressing the fields in terms of basis functions that

are characteristic to the geometry. T-matrix, where the method gets its

name, transforms the expansion coefficients of the incident field into those

of the scattered field (Mishchenko et al., 2000). The core of the method,

therefore, revolves around calculating the T-matrix for a given scatterer.

After the T-matrix has been calculated, solving the scattered field for an

arbitrary incident field is very fast even for a large number of orientations.

Like Lorenz-Mie scattering, T-matrix method approaches the exact solu-

tion with an infinite number of expansion terms, and has to be truncated

in practice.

While in principle the T-matrix method can be used to simulate scat-

tering by most compact shapes, for complex particles calculation of the T-

matrix is usually slower than solving the scattering by alternate methods.

Typically, the shapes for which T-matrix method is efficient are rotation-

ally symmetric. Perhaps the most popular implementation of T-matrix

method was developed by Mishchenko and Travis (1998), and can simu-

late light scattering by spheroids, cylinders, and Chebyshev particles. Of

these, spheroids, which are spheres scaled along one axis, are very com-

monly used as shapes for atmospheric dust due to their success in mim-

icking scattering by atmospheric dust particles both in laboratory and in

retrievals, and the availability of pre-computed single-scattering proper-

ties as databases.

Although spheroids are the most common nonspherical scattering model,

only relatively recently several remote sensing teams such as AERONET

(Dubovik et al., 2006), MODIS (Levy et al., 2007) and PARASOL (Dubovik

et al., 2011) have been adapting them as scattering models for dust. Due

to their improved results it is expected that other teams will follow.

Validity and consistency of spheroids as proxies for dust

Spheroids are very attractive for scattering calculations due to their ease

of use, and the flexibility that ensembles of spheroids with varying axis

ratios provide, being able to replicate scattering by a very wide variety

of natural scatterers (Mishchenko et al., 1997; Dubovik et al., 2006; Bi

et al., 2009; Merikallio et al., 2013). However, spheroids are also known

to have some issues with the consistency and reliability of their perfor-

mance. Two of the well-known ones are that the shape ensemble that

replicates scattering of a given particle at one wavelength does not per-

form well at another wavelength, and that the optimal shape ensemble
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does not necessarily correspond to the real shape of the particle in any

way (Merikallio et al., 2011; Nousiainen et al., 2011). Indeed, it is eas-

ily verifiable by microscopy that real dust particles are not spheroids by

shape, and the existence of these two problems begs us to wonder whether

there are other issues.

Due to these concerns, it bears further investigation if the good match

with freely tuned spheroid shape ensembles and measurement data guar-

antees that the shape ensemble material parameters match the measured

particle in question, or if the good match is more due to the large variance

of the scattering by the shape at different parameters, thus leading more

to a mathematical fit of basis functions than a physically realistic shape.

Indeed, it does seem like a spheroid ensemble that matches one scattering

matrix element of a given measurement data optimally does not match

another scattering matrix element of the same particle at the same wave-

length (Merikallio et al., 2011). Thus, to obtain good fits, each scattering

matrix element of each measurement set would have to be fitted sepa-

rately at each measurement wavelength, which is very questionable.

Moreover, recently there have been studies that highlight potential prob-

lems with using ellipsoids for retrieving dust parameters, such as in Pub-

lication II in this thesis. Ellipsoids are generalized spheroids with two

freely adjusted axis ratios instead of only one. In Publication II, we tested

the retrieval of refractive indices of target particles by performing shape

fits of ellipsoid ensembles with varying axis ratios. For each scattering

matrix element of each tested particle we performed a fit of ellipsoid en-

sembles at different refractive indices, and measured which of the refrac-

tive index produced the best fit. For virtually all of the test cases, in-

cluding using a fixed equiprobable shape distribution instead of the freely

optimized one, we found that the best match was acquired by using the

wrong refractive index. The results were similar when the analysis was

replicated with only the spheroid subset of ellipsoids.

There is a very important key point here to be noted. If the scientific

community were to settle for an imperfect model such as spheroids, on the

basis that they work decently for a limited set of data, this might harm

the development of better models. As spheroids are a clear improvement

over spheres, there is no reason to believe that they could not be further

improved, to bring us better scattering models.
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3.2.3 Arbitrary shape: discrete dipole approximation (DDA)

A completely different approach, originally formulated by Purcell and

Pennypacker (1973), is to consider scattering by an arbitrarily arranged

collection of discrete volume elements, commonly called dipoles, in a regu-

lar lattice (Draine and Flatau, 1994; Draine, 2000). Scattering by the ob-

ject is calculated by solving the interconnected interactions between all of

the dipoles, taking into account the individual material properties of each

dipole. Therefore, DDA is capable of representing any arbitrary shape

and material composition, though always with a finite accuracy, which is

where many of the limitations of the method originate from.

The clear benefit of this approach is that the target particle shape can

be freely defined and complex, limited only by the dipole resolution. In

practice, some shapes, such as very thin flakes and membranes, are very

inconvenient to represent by a cubical lattice of dipoles, but for particles

with roughly equal dimensions, DDA has been gaining much popular-

ity with the great increases in computational resources during the last

decades. Example applications, in addition to atmospheric dust, include

interstellar dust (Draine, 1988), ice crystals in the atmosphere (Okamoto

et al., 1995), snowflakes (Tyynelä et al., 2011; Leinonen et al., 2013), soot

(Ivezić and Mengüç, 1996), and red blood cells (Yurkin et al., 2005).

Currently, DDA can be easily used with modest supercomputers for size

parameters of up to 20 and a size parameter resolution of 0.5 to 1, with

less than 1% of error in scattering matrix elements, using typical dust

refractive index of m ≈ 1.55 + i0.01, with run times of roughly six thou-

sand CPU hours per particle. In benchmark tests DDA has been tested to

work for size parameters of up to 130 with m = 1.3 + i0, and even larger

size parameters with smaller refractive indices (Yurkin et al., 2007). DDA

is commonly considered to be “asymptotically exact”, that is, to approach

the exact solution with increasing dipole resolution. The main issue with

larger sizes is that to have enough dipoles per wavelength, a sufficiently

good discretization resolution has to be used, and the computational cost

of the state of the art implementation increases as N lnN , where N is the

number of volume elements in the bounding volume lattice and ln is the

natural logarithm. Doubling the dipole resolution increases N by 23 = 8,

and therefore increases the computational cost by a factor of 8 ln 8 ≈ 16.6.

The typical implementations of DDA have memory requirements propor-

tional to N . Therefore, for very large lattice sizes, the memory require-
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ment of DDA can be the limiting factor, instead or in addition to the com-

putation time. This is relevant particularly for very fluffy particles such

as snowflakes, which can have very large bounding volumes, and can of-

ten be simulated more efficiently with alternative DDA formulations or

other methods.

DDA, specifically an implementation of DDA called ADDA (Yurkin and

Hoekstra, 2011), has been used in each of the publications in this disserta-

tion. DDA allows modeling scattering by detailed features of particles in a

way that is very difficult, or even impossible, to do if using mathematical

model shapes. Moreover, DDA allows for a bottom-up approach to scatter-

ing, where one starts by building physically realistic particle shapes out

of dipoles, and then solving their scattering properties, instead of trying

to invert a mathematical model particle ensemble that best matches the

measured scattering. It should be noted that in addition to DDA, there are

other methods with similar freedom over the shape and the composition of

the target particle, such as the finite-difference time-domain method (Yee,

1966), the pseudospectral time-domain method (Liu, 1997), and the mul-

tilevel fast multipole algorithm (Rokhlin, 1985; Ergul and Gurel, 2014).

DDA was chosen for this study over the aforementioned methods mainly

because of the availability of thoroughly tested open-source software im-

plementations, and its popularity in the field (Kahnert, 2015).

It is not inconceivable that whenever dust particle shape and compo-

sition measurements become easier, one might produce a large database

of all kinds of dust particles, together with their true scattering proper-

ties, prevalences, and size distributions. Having such a database would be

an immense improvement to the current state of using unrealistic model

particles as proxies. It is noteworthy that there is conceptually very little

standing in the way of such a database, when discussing medium-sized

atmospheric particles of up to x ≈ 20. However, it should be noted that

x = 20 is not enough to represent the largest particles in the atmosphere

at visible light wavelengths, which may have large impacts on total scat-

tering despite their small numbers.

As an example, simulating light scattering by a thousand different dust

particles of up to x = 20 would take only six million CPU hours, which

would take roughly one year even with a low-key usage of a modest super-

computer, and much less with larger resources, due to the fact that sim-

ulating scattering by a large number of individual particles parallelizes

trivially to a very large degree, in addition to the parallelization of the
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scattering calculations themselves. Hence, the computational resources

would not seem like the issue. With the current methods, it seems like

acquiring a representative particle sample, and retrieving the shapes and

compositions of that sample would be the most prominent piece of work.

Even for that, methods already exist, and therefore solving the problem

is mainly a matter of man-power and funding. One of these methods,

stereogrammetry, is described in Section 4.2.

3.3 The issue of inhomogeneity

Many methods based on simple geometrical shapes are unable to explic-

itly account for inhomogeneity in the scattering model. In this context, the

most important source of inhomogeneity in atmospheric dust are various

internal structures, most often due to spatially varying mineral composi-

tions. Notably, it is known from electron microscope images of slices of

dust particles, such as those in Figure 4.2, that practically all dust parti-

cles seem to be inhomogeneous to some degree. Therefore, the assumption

of homogeneity is clearly wrong in the general case, and therefore there

are two main questions. First, does the typical inhomogeneity affect light

scattering notably, that is, what kind of an error will there be if the inho-

mogeneity is ignored? Second, if the inhomogeneity cannot be ignored, is

there a way to compensate for it, that is, can the bulk material be adjusted

in such a way that it would take into account the inhomogeneities?

The answer to the first question depends on the particle. It can be specu-

lated that whenever all of the constituents of the particle are dielectrically

similar, such as is the case for particles composed of only clay minerals,

using just one mineral to represent all of them might not result in large

errors. However, in the general case, it is known that failing to account

for highly refracting or absorbing materials, even if they have only a small

volume fraction, will lead to sizable errors. Therefore, here I focus mostly

on the second question, the possibility of adequately accounting for the

inhomogeneities by adjusting the bulk material refractive index.

The methods that try to account for inhomogeneities by calculating some

form of average refractive index are called collectively effective medium

approximations (EMAs). There is a large variety of different EMAs, de-

veloped for different situations, and working under different assumptions

(Chýlek et al., 2000; Lesins et al., 2002; Sihvola, 1999).

The most common EMA formulas in atmospheric dust applications are
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described below. Maxwell Garnett formula (Maxwell Garnett, 1904),

f1
ε1 − ε2
ε1 + 2ε2

=
εeff − ε2
εeff + 2ε2

, (3.1)

assumes that the particle consists of two materials, one of which is em-

bedded into the other (host) material as very small, uniformly distributed

spherical inclusions; f1 is the volume fraction of the host material, ε1 and

ε2 are the permittivities of the host and the inclusion materials, respec-

tively, and εeff is the resulting effective bulk permittivity. An alternative

version of Maxwell Garnett formula, called the inverse Maxwell Garnett,

is obtained when the host material is treated as the inclusion material,

and vice versa, thus replacing f1 by f2, and ε1 and ε2 by each other. While

this obviously does not abide by the assumptions of the small embedded

inclusions, it is nevertheless used, and the results typically differ from

those of the normal Maxwell Garnett.

Another common formula is the Bruggeman formula (Bruggeman, 1935),

f1
ε1 − εeff

ε1 + 2εeff
+ f2

ε2 − εeff

ε2 + 2εeff
= 0, (3.2)

where the symbols are the same as in Maxwell Garnett. Bruggeman for-

mula is attractive because εeff does not depend on which material is chosen

as the host and which as the inclusion.

Finally, in many applications, particularly with particles or mixtures of

more than two components, simple averaging formulas are used:

εeff =
∑
i

fiεi (3.3)

averages the permittivities, and

meff =
∑
i

fimi (3.4)

averages the refractive indices.

In general, all of these formulas produce different effective refractive

indices, and typically it is very hard to predict which formula produces

the most accurate results for any given particle when the scattering is

calculated. Further, it seems plausible that if the inhomogeneity is highly

localized as e.g. nodes, or distributed spatially unevenly, it must be the-

oretically impossible for any simple EMA to replicate scattering perfectly

due to the fact that the spatial distribution information is not included in

the models in any way. In other words, simple EMAs take into account

only the total volume fraction of the materials, and not their relative po-

sitions, and therefore do not distinguish between evenly distributed small

inclusions from large and highly localized ones.
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Naturally, virtually all materials are inhomogeneous at small enough

scales, such as the molecular scale. However, as long as the size scale of

the inhomogeneity is much smaller than the wavelength of the incident

radiation, the bulk material should be able to be represented by an effec-

tive refractive index, though determining this effective refractive index

accurately via calculations can still be challenging.

With this background, it seems likely that any atmospheric dust scatter-

ing model that cannot account for non-random inhomogeneity in explicit

way will always be inaccurate in some situations. Unfortunately, as dis-

cussed above, many models that use simple geometrical shapes are lim-

ited by construction in their ability to include inhomogeneity. Therefore,

for studying those dust particle populations which generally include inter-

nal structures, the best approach seems to be to use volume discretization

methods, such as DDA, which allow for arbitrary shapes and composi-

tions.
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4.1 Microphysics of real dust particles

Atmospheric dust originates from arid and dry regions on Earth, where

wind is able to lift small particles from ground (Jickells et al., 2005).

These areas account for roughly one-third of global land area. The large

extent of the dust-generating areas, combined with long transport dis-

tances, causes dust to be present in the atmosphere globally, though the

concentrations naturally vary by location and season.

Dust particles vary in size, shape, and composition, depending on the

source area and the meteorological conditions, such as wind speeds. In

general, the particle shapes are irregular and do not resemble simple

geometries. Moreover, most real dust particles are composed of several

minerals, which can have substantially different single-scattering prop-

erties from each other. Finally, many kinds of dust particles do not have

perfectly smooth surfaces, but instead have small-scale roughness, which

affects scattering properties as shown later. Example electron microscopy

images of a dust particle are shown in Figure 4.2.

An example Asian dust particle composition is shown in Table 4.1 (Jeong

and Nousiainen, 2014; Jeong, 30.5.2015). Most of the minerals in this

particle are non-absorbing and have real parts of the refractive indices

of 1.57 ± 0.05. However, a notable class of exceptions are the iron oxides,

such as hematite, which have much larger real and imaginary parts of

the refractive index. The example particle also includes internal pores,

which are included in the table as a distinct material marked as Empty,

since not all scattering models can account for empty spaces explicitly.

Although the refractive index values in Table 4.1 are given at λ = 550 nm,

41



Dust shape models

Table 4.1. Example mineral content of Asian dust particles. Refractive index data are
at λ = 550 nm, retrieved from MinDat database (http://www.mindat.org, ac-
cessed 2015-05-21). It should be noted that many of these minerals are in
reality birefringent, in which case the refractive index depends on the wave
propagation direction. We have used non-birefringent refractive indices shown
in the table for all simulations, calculated by taking the mean of the refractive
indices along all three principal axes.

Mineral Volume fraction (%) Complex refractive index

Illite 24.89 1.57

Empty 17.17 1.00

Hematite 14.58 3.09 + i0.0925

Quartz 14.04 1.55

Smectite 9.88 1.52

Plagioclase 8.19 1.53

Calcite 3.89 1.60

Gypsum 2.28 1.52

Chlorite 1.81 1.58

K-eldspar 1.56 1.52

Kaolinite 1.38 1.56

Amphibole 0.33 1.62

the refractive indices of dust minerals are generally relatively constant

across visible wavelengths.

Figure 4.1. An example log-normal size distribution with the geometric mean 0.4 μm,
and geometric standard deviation of 2.0 μm.

Size distributions of dust particles vary based on the region and the

meteorological conditions, such as wind speeds, but they are commonly

modeled as a log-normal size distribution, with the following probability

density function:

PDF(r) =
1

rσ
√
2π

e−
(ln r−μ)2

2σ2 , (4.1)

where r is the particle radius, σ is the geometric standard deviation, ln
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is the natural logarithm and μ is the geometric mean. When integrating

Equation (4.1) to produce the corresponding cumulative probability func-

tion, the integral should be taken over r, not ln r. It should be noted that

for real dust, size and shape are generally not independent, but instead

differently sized particles exhibit different shape characteristics. How-

ever, there is still insufficient data to accurately characterize the relation-

ship, and thus it is typically assumed that the size distribution is the same

for all shapes or, equivalently, that the shape distribution is the same at

all sizes. An example log-normal size distribution from Publication III,

using μ = 0.4 μm and σ = 2.0 μm, is shown in Figure 4.1.

Dust particles originating from different regions can have differing scat-

tering properties due to different microphysics. For example, in Publica-

tion IV the dust sample from Israel has a lower linear depolarization ratio

than the dust sample from Sahara for particles of the same size. Whether

this is because of different shape characteristics, different mineral com-

positions, or some other reason, is still open.

4.2 Stereogrammetry

As the DDA method allows for the representation of arbitrary shapes,

there has been recent work of trying to retrieve three-dimensional shapes

of real dust particles as accurately as possible. One such method is called

stereogrammetry, and was used by Lindqvist et al. (2014) to retrieve the

shape information of four real dust particles. Publications I, II and IV use

the scattering simulations of these stereogrammetric particles as proxies

for real dust particle scattering properties.

The stereogrammetric method is based on constructing a stereo image

from two scanning-electron microscope images of the target, with a con-

trolled tilt angle between the perspectives. Afterwards, using a semi-

automatic image matching method, a three-dimensional structure is con-

structed from the images. In the current implementation of the method,

only one half of the particle can be mapped because of the small tilt angles;

the other hemisphere is generated by assuming it is a mirror symmetric

version of the imaged half, and by scaling the mirrored part such that

the correct height (the third dimension) is obtained for the particle. The

composition of the particle is acquired by using energy-dispersive X-ray

fluorescence spectroscopy.

While the method is laborious, it is one of the few methods currently
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Figure 4.2. Scanning electron microscope (a-b) and transmission electron microscope (c-
f) images of an example Asian dust particle. All panels are from the same
particle. Surface roughness and internal structures are clearly visible. The
figure is taken from Jeong and Nousiainen (2014), used with permission un-
der the CC-BY license (http://creativecommons.org/licenses/by/3.0/, ac-
cessed 2015-11-08).

available that can produce accurate shape representations, within the

hemisphere limitations, of individual dust particles. This is extremely

valuable both for allowing computation of reference scattering data from

single dust particles, and for testing synthetic model particle generation

algorithms.

One potential weakness is the artificially high smoothness of the par-

ticle shapes generated by the stereogrammetric method, especially near

the edges of the stereo images, where the surface cannot be retrieved with

a high resolution. While the degree and impact of this is as of yet unveri-

fied, it is worthwhile to keep in mind while using the simulated scattering

data for any purpose.
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Figure 4.3. Artificial roughening process applied to an example stereogrammetric parti-
cle. The roughness stage increases from left (the original unroughened par-
ticle) to right. While the overall shape does not change, the surface becomes
more irregular, and detailed features are hidden under the surface noise.

4.3 Artificial surface roughening

The impact of small-scale surface roughness on scattering has been previ-

ously found to be notable especially at backscattering angles, as summa-

rized by Nousiainen (2009). However, many of the earlier studies have

been performed for model shapes that are initially very regular. This

causes problems in separating whether the observed effect is character-

istic of the roughness itself, or a side product from the reduction of regu-

larity and symmetries.

In Publication I we developed an algorithm for introducing artificial

surface roughness to arbitrary DDA particles. The motivation was that

DDA particles can easily be irregular, which allows us to study the ef-

fects of roughness in a relative isolation from symmetry and regularity

effects. Furthermore, since it is thought that for example the stereogram-

metric particles can be smoother than their real physical counterparts,

a roughening method can be applied to produce slightly more realistic

versions of the particles. The same can also be said of purely computer-

generated shape models: In case the generation model does not include

an erosive step to reduce surface smoothness, or generate the particles

as non-smooth to begin with, it might be useful to apply the roughening

method as a post-processing step.

A brief description of the roughening method follows. The method is

based on colliding rays with the volume elements of the original shape. In

the initialization step, a bounding shell is created around the shape to act

as originating and terminating location for the rays. In the first actual

step, two points are chosen randomly from the bounding shell. Next, the

first element in the path of the ray from the first point to the second point

is found. If the ray does not intersect with the particle, the algorithm goes
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back to the first step and tries again. If a collision is found, the algorithm

randomizes between creating a hole or a mound. This randomization for

each is done with 50% probability to preserve the total volume, because

variable volume would greatly complicate analysis of the results due to

strong dependence of scattering on size.

If the result was to create a mound, N empty volume elements closest

to the collision point are found, and they are set as non-empty. If instead

the result was to create a hole, N non-empty volume elements closest to

the collision point are found, and they are set as empty. N is a tunable

parameter, which affects the characteristic size of the volume element.

Therefore, the method can create very coarse roughness in the form of

large clumps and craters, or very fine roughness, where each modification

is only a few dipoles in size.

Finally, the algorithm is simply repeated M times, counting only the

rays which collide with the shape, each step creating a fresh ray as de-

scribed in the first step, and modifying the shape generated by the pre-

vious step. Naturally, the algorithm can also be run several times with

different roughness parameters, for example first generating large-scale

mounds and craters, and then introducing fine-scale roughness to the sur-

face. Figure 4.3 depicts three different stages of roughening with a con-

stant N applied to a stereogrammetric particle.

4.4 Particle generation by Voronoi tessellation

Complementing the inversion of particle shapes from real dust, it is inter-

esting to consider the possibility of directly generating real-like particle

shapes with a computational method. Main motivation for this would be

the ability to know and control the particle properties completely, as with

all computational particles, and therefore to be able to link the scattering

properties and physical properties within the computational accuracy. Ad-

ditionally, unlike shape inversion from real dust particles, computational

generation enables controlled testing of arbitrary features and therefore

can allow for hypotheses to be tested in isolation from other effects. Fi-

nally, collecting and inverting the shapes of real dust particles is currently

laborious and cannot be done fully automatically, for example either by a

ground station or by a moving aircraft, whereas a computational genera-

tion method allows for a large number of samples to be created in a matter

of minutes or hours.
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Figure 4.4. Overview of the Voronoi tessellation based particle generation process. Pan-
els (a)-(f) show the different steps of the algorithm and are described in detail
in Section 4.4.

However, computationally generated particles are not based on any spe-

cific real dust particles, and therefore, in that sense, may be argued to

not be perfectly realistic. On the other hand, real dust particles are ex-

tremely varied. Therefore, instead of trying to replicate known individual

particles, the main focus should be on generating particles that statisti-

cally match the real dust particles both in physical characteristics and in

scattering properties.

In Publication III we developed a computational inhomogeneous par-

ticle generation method based on a mathematical method called three-

dimensional Voronoi tessellation, motivated by earlier work by Ishimoto

et al. (2010), who generated homogeneous dust particles in a similar way.

In our method, initially a given number of seeds are randomly placed in

an empty volume, which has been divided with a given constant resolu-

tion to discrete volume elements. Next, each volume element is linked to

the seed that is closest to it. Finally, all of the elements linked to a given

seed form a distinct cell, and therefore creating as many cells as there

are seeds, though in some extreme cases some cells may be empty. This

simple procedure is the basic Voronoi tessellation algorithm, though for

the particle generation we perform a number of additional steps, outlined

below. The generation scheme is also illustrated in Figure 4.4, simplified

to two dimensions.

After dividing the total volume into cells as described above, the vol-
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ume is culled to a pre-defined overall shape, by completely removing each

cell with at least one volume element outside of the culling shape (Figure

4.4 a). In our work, we have used a spheroid as the culling shape, since

many dust particles seem to have overall shapes roughly similar to those

of spheroids.

In the next step, the cells are separated from each other by moving each

cell away from the geometrical center of the particle, preserving the shape

of each cell (Figure 4.4 b). After the separation, the gaps between the

cells are filled by using a method called concave hull (Lindqvist et al.,

2009). The first phase of the concave hull method consists of checking

each volume element to see if a spherical volume around it is completely

empty (Figure 4.4 c). If that is true, nothing is done. If that is not true,

and the volume element itself is empty, then it is flagged to be filled with

a filling material after all of the elements are checked (Figure 4.4 d). The

end result is that the narrow gaps between cells are filled with the filling

material, corresponding to the observed fact in real dust particles that

most of the particles consist of mineral grains separated by clay or some

other filling material (Figure 4.4 e).

As the last step of the main algorithm, we coat the particle, by checking

for each non-empty volume element if they have at least one orthogonal

neighbor that is empty (Figure 4.4 f). If they do, then the element in ques-

tion is an edge element, and each of their empty neighbors is filled with

a coating material. For coating layers of several elements of thickness,

the coating algorithm is run iteratively. It is noteworthy that the coating

algorithm, after being run a few times, would also fill the inside gaps for

which the separate filling algorithm was used earlier. However, by us-

ing separate algorithms, better control can be had over the parameters of

these two different aspects of particles, filling and coating.

There is one additional step to the algorithm, which can be used to

generate additional features for the particles in the form of nodes. The

node-generating step simply finds random elements within the particle,

and grows a spherical node around the chosen elements by replacing the

previous elements. The node can be forced to be fully in the particle, or

limited to appearing only in specific host materials.

The material indices generated as described above are given physical

relevance by linking cells and the filling and coating materials to real ma-

terials, therefore assuming that the cells are roughly analogous to real

particle mineral grains. In our model, the cells are assigned their com-
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(a) (b)

(c)

(d)

Figure 4.5. Example output from Voronoi tessellation based particle generation. Pan-
els (a)-(c) depict cross sections of three different incarnations of the gener-
ation process, created with the same parameters. Panel (d) shows a three-
dimensional rendering of the particle in (a), with a part of the particle cut
out to reveal the inner structure under the coating.

position stochastically, according to a given volume fraction list, such as

that in Table 4.1. Therefore, different materials will be roughly evenly

distributed. Particles composed of only one mineral are naturally a spe-

cial case of the more general algorithm, and can be generated trivially.

It is very important to point out that this method is not based on the

physical process of dust particle formation, and is therefore only a phe-

nomenological model. The primary motivation for creating the method

was to study inhomogeneity, and therefore the particles were not vali-

dated against e.g. the dust scattering database by Muñoz et al. (2012).

On the other hand, without knowing the three-dimensional composition

of the measured particles in the database, a direct comparison would not

be useful in establishing the correspondence between scattering matrices.

Thus, one must judge based on cross-slice images and overall shape if the

particles seem sufficiently accurate proxies for real dust to be used in scat-

tering studies until combined structure and scattering measurements can
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be made for real dust. Figure 4.5 shows slices of three different tessella-

tion particles (a)-(c), and a three-dimensional rendering of one tessellation

particle, with a part cut out to reveal the inner structure (d).
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5. Scattering by model dust particles
with real-like features

5.1 Surface roughness

In Publication I we applied the artificial roughening algorithm described

in Section 4.3 with a fixed roughness size but with a variable number

of collisions, to stereogrammetric particles described in Section 4.2. The

aim was to study the effects of surface roughness on irregular shapes.

For comparison, we also included a cubical particle in the analysis. We

found that for each of the four stereogrammetric shapes, plus the cube,

the impacts of surface roughness were qualitatively similar. Scattering

matrix elements were affected in a mutually similar way, although the

magnitudes of the effects changed from particle to particle. Moreover, for

each of the particles and scattering matrix elements, we found that the

amount of roughening was consistent with the magnitude of the effect.

Therefore, more roughening always had a similar, but larger effect than

less roughening. This led us to conclude that the roughening algorithm is

behaving well, and that surface roughness has a clear effect on scattering

even when the target particles have irregular shapes.

It is necessary to mention as a final note that the roughness element size

and the iteration numbers were chosen arbitrarily and do not necessarily

correspond to any real roughness. The levels were chosen by visually ob-

serving the shapes, but for the method to be more useful than merely a

sensitivity study, it would be imperative to quantify the roughness char-

acteristics of real dust particles.

Next, the impacts of roughening are summarized. S11 was almost un-

changed due to roughening except at the backscattering direction, where

it decreased. S12/S11 and S22/S11 were generally decreased as well, whereas

S33/S11, S34/S11 and S44/S11 were increased. The angle-dependence of
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(a) Cal (b) Dol (c) Agg

(d) Sil (e) Cube

Figure 5.1. The impact of roughening on the linear depolarization ratio δL for the four
stereogrammetric particles and the cube shown as a function of size param-
eter and the amount of roughening. Collisions correspond to the parameter
M in the roughening algorithm.

these effects varied on a case-by-case basis, but were overall greatest

at the backscattering direction and around the scattering angle of 90◦.

Therefore, it seems that surface roughness decreases the unpolarized and

linearly polarized intensity, and amplifies the diagonally and circularly

polarized intensity. In the future this knowledge may make studying and

detection of surface roughness possible, perhaps as a proxy for the particle

age or origin.

For scalar scattering quantities, both the single-scattering albedo and

the asymmetry parameter were unchanged by the amounts of roughen-

ing tested. However, both the lidar ratio and linear depolarization ratio

showed noticeable effects, particularly at larger particle size parameters.

The effects of roughening on linear depolarization ratio are shown in Fig-

ure 5.1. Given that the changes in the scattering matrix elements were

the most notable at the backscattering direction, it was to be expected that

the lidar quantities would be affected the most. Lidar ratio was increased

by roughening up to 100% at the largest sizes, while the linear depolariza-

tion ratio was increased by up to 300%, though increases of 20-50% were

much more common for both of these quantities. Given that both the lidar

ratio and the linear depolarization ratio are very sensitive to particle size,

accounting for surface roughness properly is likely to be very important

in avoiding size inaccuracies in lidar data comparisons with model data.
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Based on the results, it can be concluded that even for originally irreg-

ular particles, surface roughness affects light scattering. Moreover, in-

creasing the amount of roughening on top of existing roughness further

changes the scattering characteristics similarly to the initial roughening.

Therefore, at least up to a certain threshold, surface roughening affects

the particle scattering characteristics monotonously.

5.2 Internal structure

In Publication III we studied how particle internal structures impact light

scattering, when the shape is kept constant. We employed the method for

generating computational inhomogeneous particles resembling real dust,

described in Section 4.4, and added specific features to the particles, as

described below. We studied five different cases in total:

• Case 1: A particle consisting of only similar non-absorbing minerals,

with m between 1.52 and 1.62

• Case 2: As Case 1, with added hematite nodes with 15% volume fraction

• Case 3: As Case 1, with added internal pores with 18% volume fraction

• Case 4: As Case 1, with both 15% of hematite nodes and 18% of internal

pores added, in such a way that they did not overlap and had the same

sizes and locations as in Cases 2 and 3

• Case 5: As Case 1, with the coating material replaced with a hematite-

rich clay mixture

Each of the cases were identical in size and shape to each other, and thus

differed only in compositions.

For each case, we created three distinct random versions of the parti-

cles, to see the sensitivity of the scattering parameters caused by random

changes between these versions, and to get a better statistical reliability

of the internal structures themselves instead of any particular particle

configuration. However, it turned out that the variability between the

three versions was relatively modest, and conclusions would have been

identical if only one particle incarnation had been used.
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Figure 5.2. Scalar scattering quantities: single-scattering albedo, asymmetry parameter
g, lidar ratio and linear depolarization ratio for the five internal structure
cases studied. Baseline refers to Case 1, while the other labels refer to the
corresponding special cases, as described in Section 5.2.

(a) Baseline (b) Hematite nodes (c) Internal pores

(d) Hematite + pores (e) Hematite coating

Figure 5.3. S22/S11 for five different internal structure cases, showing scattering by the
inhomogeneous particle (IHG), the baseline (inhomogeneous Case 1) particle,
and the homogeneous EMA particle.

For each of the cases, we also calculated a corresponding homogeneous

particle, using an EMA, to study how well scattering by the inhomoge-

neous particle can be replicated with a homogeneous version of the same

particle. The EMA chosen was the mean refractive index one (Equa-

tion (3.4)), which is easily applicable to multi-component particles, and is

widely used for dust particles (Lesins et al., 2002). We performed studies

comparing each of the five different EMA formulas described in Section
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3.3 for Cases 2 and 5, but found that no EMA performed better than the

one chosen for replicating scattering properties, while many performed

worse.

Figure 5.2 shows as an example the four scalar scattering quantities as

a function of the size parameter for each of these five cases. The differ-

ences between the baseline and the hematite-containing Cases 2, 4 and

5 are clearly seen, though interestingly the hematite-coating Case 5 can

be either similar to the hematite node cases (linear depolarization ratio),

similar to the baseline and internal pore cases (asymmetry parameter and

lidar ratio), or in between (albedo). While these scalar quantities do not

show internal pores having large effects, the internal pore case showed

large variability from the baseline in scattering matrix elements−S12/S11

and −S34/S11.

When testing how well inhomogeneity could be approximated by using

homogeneous bulk materials, we found that with the exception of a parti-

cle that contains only very similar minerals, i.e. Case 1, scattering by the

EMA versions differed from scattering by the inhomogeneous version at

least in some aspects. Figure 5.3 shows the S22/S11 element for each case

as an example, showing scattering by the inhomogeneous (IHG) particles,

the EMA particles, and the baseline (inhomogeneous Case 1 scattering)

for comparisons. Comparing the baseline with the inhomogeneous parti-

cle shows the impact of the internal structure in question, while compar-

ing the EMA particle with the inhomogeneous particle shows how well

that form of internal structure can be accounted for with the EMA. Case

1 can be accounted for by EMA very closely, and Case 3 decently, latter

especially near the backscattering direction. However, the other cases are

approximated by EMA poorly, although for Case 5 the forward-scattering

hemisphere is replicated very well. Clearly, the impact of hematite is chal-

lenging for the EMA to replicate. Naturally, these issues are not due to

any inherent flaw in the EMA core idea, but instead due to the method

being used where the assumptions made are not valid. For microscopic,

well-mixed inhomogeneity, using EMAs should yield correct results.

Overall, the results indicated that while EMAs may be able to approxi-

mate individual scattering matrix elements, it does not seem like they can

do so consistently for all scattering matrix elements and different types

of internal structures. Therefore, to get a good match with data by using

known inhomogeneous composition to calculate scattering by a homoge-

neous scattering model, one would need to carefully select the EMA that
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works better for all of the scattering matrix elements of the given indi-

vidual particle; working well for just one element, for example, would not

guarantee close results for the others. Manually selecting a formula to

get optimal matches seems like a very questionable practice, and as ex-

plained above, even knowing a priori what to target does not guarantee

accurate results. Therefore, to simulate light scattering by particles that

are inhomogeneous in real world, such as many dust particles, serious

consideration should be given to using only methods that can take inter-

nal structures into account directly.

5.3 Experimental comparisons

While correlated measurements of particle microphysical properties and

comprehensive scattering characteristics are as of yet difficult to perform,

there are experimental setups that can provide data of interest. In Pub-

lication IV, linear depolarization ratio of various particle populations, in-

cluding several identified dust types, were measured with a laser-based

instrument called SIMONE-Junior, a further development of another in-

strument called SIMONE (Schnaiter et al., 2012). SIMONE-Junior uses

linearly polarized 552 nm continuous-wave laser as the incident wave,

and can measure scattering at scattering angles of 2◦ and 178◦, though

only scattering at θ = 178◦ was studied in Publication IV.

Figure 5.4. Comparisons of simulated stereogrammetric particle linear depolarization
ratios with real particle linear depolarization ratio measurements. Solid
lines correspond to four different original stereogrammetric particles, dashed
lines correspond to the artificially roughened versions of the same four stere-
ogrammetric particles, and the filled circles correspond to measurements of
five different real particle types.
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In Publication IV, roughly ten different samples were tested, each hav-

ing a narrow size distribution. The results of the linear depolarization

ratio measurements were compared against modeling results, where the

size distribution averaging was replicated to make the results compara-

ble. The model particles tested were the stereogrammetric particles with

and without additional surface roughening, all five different inhomoge-

neous Voronoi tessellation particle cases, and spheroids with two differ-

ent axis ratios, 0.33 and 3.00. Non-roughened stereogrammetric particles,

in particular the non-roughened versions of Cal and Agg, and hematite-

containing tessellation particles Case 2, Case 4 and Case 5, seem to match

the data fairly well, and clearly better than the two example spheroids

tested. The comparison for five different measured particle types and

the stereogrammetric particles are shown in Figure 5.4. However, the

comparison was not comprehensive, as surface roughness and internal

structures should be studied together due to their opposite effects on lin-

ear depolarization ratio, and because the real particle physical properties,

such as the shape and the composition, were almost completely unknown

apart from their sizes. Additionally, only one refractive index of spheroids

was considered, and only two axis ratios were tested, which makes it un-

justified to conclude that spheroids could not replicate the linear depolar-

ization ratios of real dust. Furthermore, instead of combining all of the

different dust samples in the analysis, each specimen should ideally be

studied in isolation. In this study, the size parameter sampling was too

sparse to allow for individual comparisons, but for model particle valida-

tion that would be necessary.

In conclusion, linear depolarization ratio varies strongly depending on

the particle overall shape, though particles of different shapes can also

produce remarkably similar values. However, surface roughness can have

almost equally large effects. Finally, internal structures, and in particu-

lar strongly scattering and absorbing minerals such as hematite, have

likewise very significant effects on scattering. The results are particu-

larly relevant for polarization lidar applications and other instruments

measuring polarized laser backscattering data. Due to their sensitivity

to particle shape and composition details, these applications will be very

important for complex aerosol detection and characterization, especially

with varying polarization states. On the other hand, those existing lidar

applications which require high accuracy and therefore have to account

for the impact of aerosols should consider using as accurate shape models
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for aerosols as possible, due to very high sensitivity of lidar quantities to

particle shapes and other microphysical characteristics.
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6. Conclusions and discussion

Although dust particles are abundant in the atmosphere and affect both

climate and atmospheric remote sensing measurements, their treatment

in applications is commonly very simplistic, and inaccurate assumptions

are made about shapes and compositions of the particles. Compared to

most other atmospheric aerosols, dust particles can have a very wide va-

riety of different shape categories and mineral compositions depending

on the originating location. Furthermore, these details, which are often

ignored, in fact largely dominate the radiative effects of dust.

The focus of this work has been to investigate the scattering properties

of dust particles in a detailed fashion, with only few simplifications. It

is my view that before we can justify the utilization of simplified models,

we have to know which microphysical features can be safely ignored or

approximated. Convenience should not be used as an argument for imple-

menting inaccurate models resulting in potentially false results.

Unfortunately, the results here indicate that dust is a very unforgiving

aerosol type for scattering modeling. Dust should not be assumed to be

of any simple shape, or even any single shape. Thus, dust shape models

have to be very flexible to be able to replicate the measured light scatter-

ing properties of any given particle. On the other hand, the more flexi-

ble the model is, the more risky it is for solving the inverse problem due

to potential overfitting, especially if there is no direct physical correspon-

dence between the model and the real-world particle, like there is between

spheres and water droplets. In fact, we directly showed in Publication II

that using ellipsoids, one of the most common and best-performing shape

models, for retrieving dust refractive index from its scattering properties

did not result in a correct value for virtually any of the multiple scenar-

ios tested. Instead, depending on the specific data used and assumptions
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made, the retrieved values were erroneous enough to cause errors of tens

of percent in radiative transfer simulations.

How to go forward, then? There are two main approaches: create better

simplified, mathematical shape models, or create more efficient arbitrary

shape scattering models. Simplified models can be immensely faster than

any accurate model, but their validity varies greatly depending on the ap-

plication and can be hard to verify. Lately, several simplified model shapes

and their ensembles have been shown to be able to mimic scattering by

dust particles closely, which is a great improvement over spheres. As long

as inversions using these shapes are done with caution, and the models

are verified against measurements or semi-exact shape models, they can

be very useful as proxies for dust.

The other approach, using models that can simulate scattering by par-

ticles of freely definable shapes, can be thought to be the ultimate exact

solution. However, currently, and possibly far into the future, the per-

formance of such models at realistic particle sizes is slow enough that

there is demand for the simplified models in most real-world applica-

tions. Even calculating reference scattering data for individual large at-

mospheric dust particles, not to mention ensembles of such particles, is

currently beyond the realistic capacities of most academic supercomput-

ers. However, it seems likely that due to parallelization the increases in

computational capabilities will inevitably eventually allow scattering by

even the largest atmospheric dust particles to be simulated. Additionally,

there is ongoing work in developing new models for scattering by arbi-

trary shapes, and some of these may prove to be much more efficient than

the current models.

Regardless of this cautiously positive outlook, it is clear that more work

is required. It is very important to not be content with the existing models

despite their success in the past and current problems, because the prob-

lems no one has thought of might require something new. At the same

time, structural and shape data from real dust particles should be gath-

ered, so that when the modeling tools are ready, there are data to work

with.

Finally, it has to be said that many of these observations are not unique

to dust. Volcanic dust, ice crystals, snowflakes, black carbon aggregates

or organic particles are no more spherical or spheroidal than desert dust

is, and forcing an incorrect shape model on them will likely cause simi-

lar problems as found for dust. Likewise, many of the internal structures
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they have can likely be simplified no better than dust particle internal

structures. One should keep track of and communicate with all the rele-

vant fields, so that everyone does not have to reinvent the wheel.
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