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4.1.2 Assessing errors in optical properties due to particle
asphericity and inhomogeneity

In order to quantify the error in non-spherical aerosol optical proper-
ties a method proposed by Dubovik (2006) will be followed. In this
method the computation time is reduced for the calculation of light
scattering by a mixture of spheroids by parameterizing the numerical
integration of spheroid optical properties over size and shape using
look-up tables of quadrature coefficients. These coefficients will
be determined using existing T-matrix code for sand, ash, salt,
ammonium sulphate and ammonium nitrate and black carbon aerosol.

Depending on humidity, water condenses on the non-soluble particles
to form spherical particles. These cases will be modelled using Mie
code for layered spheres (Bohren & Huffman, 1998).

Optical properties (single scatter albedo, extinction coefficient and
phase function) produced by this method will then be compared to
equivalent properties produced using Mie scattering alone, thus pro-
viding a quantitative measure of the improvement. These studies com-
plement the laboratory work to be completed within CP3 and could
link into the scattering and radiative transfer model framework to be
initiated within that activity.
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Chapter 1

Introduction

The assumption of particle sphericity has long been a standard part of any aerosol retrieval algorithm.
While, for particles small relative to the scattering light’s wavelength, this may be a safe approach
(being in the Rayleigh regime), it well known that spheres are not a good representation of the
scattering aerosol typically found in the atmophere [Koepke and Hess, 1988]. Commonly found
shapes can be agglomorate particles (such as the by-products of biomass burning), large irregular
mineral dust particles (such as sand), crystalised salts or particles with liquid coatings [Colbeck,
1998], all of which are clearly either nonspherical or inhomogeneous (or both).

Convinced that the aerosol are not homogeneous spheres, a problem arises. The assumption of
sphericity brings huge simplicity to light scattering calculations, due in large part to the symmetry of
the problem. If we are to use this assumption, are the errors resulting from it managable? Are there
alternative methods which can more accurately model the shape, without adding unmanageable
computational complexity? This is the subject of the following report.

Various standard types of aerosol will be discussed, paying attention to the different assumptions
about their shape and structure which can be made. This will be compared to the spherical models
usually employed. The two non-spherical (NS) methods used are to apply coatings to spheres (to
make non-homogeneous spheres) and the T-matrix method which can in principle be used to model
the light scattering properties of particles of any shape. The following T-matrix calculations will use
only spheroidal particle shapes (ellipses which have been rotated about either their minor or major
axis. As a result, these are rotationally symmetric, reducing the complexity of computation by many
orders of magnitude.

Comparisons will also be made with the aerosol section of the Oxford-RAL retrieval of Aerosol
and Cloud algorithm (ORAC). Specifically, the desert dust class will be investigated. Test retrievals
of known sand filled satellite images will be compared to new retrievals with updated optical prop-
erties, no longer based on spherical light scatterers.

1.1 Aerosol properties

For a sample of spherical, atmospheric aerosol, only a small number of parameters are required to
fully describe it’s optical properties. Firstly, we assume that the particles are homogeneous, and
have a known refractive index (RI). Secondly, assuming the number distribution of sizes, n(r), is
lognormal, the median radius, rg, and σ (the standard deviation of ln r) are all that is required to
fully compute the ensemble’s light scattering properties. The lognormal distribution is defined in
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this case as:

n(r) =
1

σ r
√

2π
exp

[
−1

2

(
ln r − ln rg

σ

)2
]
. (1.1)

The refractive index is then used, along with Mie theory to calculate the light interaction properties
of the aerosol. In this report, refractive index values and distribution properties of the various aerosol
types are obtained using data, for the most part, from the Optical Properties of Aerosols and Clouds
software package (OPAC) [Hess et al., 1998], but also from a study of Dubovik et al. [2002].

As soon as we remove our assumption of spherical, homogeneous particles, additional aerosol
properties begin to appear. Most analysis of particle shape is only partially quantitive in that a
sample of particulate is generally inspected under an electron microscope, and the shape properties
of these few are manually measured. As such, we are only looking at a two dimensional image of the
aerosol, and various parameters are used to characterise shape.

Aspect ratio (AR) The first is the AR, defined as the ratio of length along maximum projection
of the shape and the width (perpendicular to that projection). This is very similar to the
parameter ε given in definition of spherioids and gives the ratio of a/b for the two independant
axes of the ellipse which is to be rotated. For ε = 1 we have a sphere; ε < 1 implies a prolate
spheroid (e.g. rugby ball); ε > 1 implies an oblate spheroid (e.g. a disk).

Circularity (CIR) Second, the CIR gives a measure of how a particle’s projected perimeter
compares to its projected area. It is usually defined as CIR =perimeter2/(4πA) (e.g. Kalash-
nikova and Sokolik [2004]) or the reciprocal of this expression. In some literature, it is called
the shape factor, Sh. As with AR, CIR should be unity for a perfect sphere.

Fractal dimension When looking at aggregate particles (such as fresh products of combustion),
it is often true that their shapes are scale invariant [Sorensen, 2001]. In this case, a fractal
dimension is a useful quantity. Essentially, a very similar quantity to circularity, it tells us how
a agglomerate particle’s length relates to its mass. e.g. In Wentzel et al. [2003], they define it

as Df in the equation Np ∝
(

Rg

rp

)Df

, where Rg is some radius of a particle describing overall
size, and rp is the radius of an individual spherule within the whole.

There are also measurement parameters which take account of non-sphericity in three dimensions,
such as the dynamic shape factor given by Kaaden et al. [2008]. Since these generally don’t provide
information about specific shape (so much as about the correction required to the spherical case),
they are not particularly useful in this case.

Refractive index values

As a brief aside, one should be careful about the method used to obtain an aerosols refractive index.
If the method involves assuming the shape of the particle (almost certainly as a sphere), attempting
later to model this particle using Mie theory may be more successful than if the correct refractive
index (but wrong scattering method) is used.

List of current assumptions

As an example, the ORAC retrieval currently makes the following assumptions about the aerosol
classes it is retrieving.



CHAPTER 1. INTRODUCTION 4

• All aerosols are spherical.

• All aerosols are homogeneous.

• No particles have coatings or inclusions.

• Soluble particles form spherical solution droplets in humid conditions. Furthermore, humidity
is fixed at 50%, so this is always the case.

• Insoluble particles are not affected by humidity (e.g. by being coated).

• None of the aerosol components have rough surfaces or form aggregates with nearby particles.

1.2 Optical properties

Phase function

The phase function is a normalised measure of how the intensity of scattered light varies with
scattering angle. For a single, spherical particle, with unpolarised light, it is defined as [van de
Hulst, 1957, Bohren and Huffman, 1983]:

P (θ) =
2

Csca k2 r2

(|S1(θ)|2 + |S2(θ)|2
)
, (1.2)

where Csca is the scattering cross-section and S1 and S2 are the amplitude functions for perpendular
and parallel components of the electric field. If we know the incident irradiance, I0, the scattered
intensity can be calculated as

I = I0 CscaP (θ). (1.3)

Extinction and scattering cross sections

Cross-sections tell us how much of an incident beam’s intensity is taken away in terms of the area
of the beam1. If the power taken away by a certain process is Wx, then the cross-section for this
process, Cx, is:

Cx =
Wx

1
2

√
ε
µ |Ei 0|2

,

where ε and µ are the permitivity and permiability respectively. The incident electric field is Ei 0.
For example, the scattering cross-section, Csca tells us what area of the incident beam becomes

scattered light. The extinction cross-section, Cext, tells us how much of the incident light is removed
from the incident beam by scattering and absorption.

Single scattering albedo

The single scattering albedo tells us the probablilty that a light interacting with a volume will be
scattered (the other option being that it is absorbed). As such, it can be defined as

SSA = ω̄0 =
Csca

Cext

(1.4)

The range of values is 0 ≤ ω̄0 ≤ 1.
1The cross section is taken in a plane perpendicular to the direction of the incident beam.
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1.3 Scattering methods

Mie theory

Mie theory was developed by Gustav Mie in 1908 in order to understand the colours that resulted
from light scattering from gold particles suspended in water. Although it is exact, only with the
emergence of computing has it become practical to calculate the scattering values. An excellent
introduction to the theory is provided in Bohren and Huffman [1983], whose notation and outline I
have used. Code to calculate Mie scattering in the IDL programming language can be found on the
AOPP, Oxford website2.

An incident, electromagnetic, x-polarised plane wave is expressed in vector spherical wave func-
tions (VSWF) , Mmn(kr) and Nmn(kr, θ, φ), which are solutions to ∇2E + k2E = 0, in spherical
coordinates. The incident electric field is shown to be

Ei = E0

∞∑

n=1

in
2n + 1

n(n + 1)

(
M(1)

o1n − iN(1)
e1n

)
, (1.5)

and the magnetic field can then be simply obtained from ∇ ×H = −iωεE where ε is the electric
permittivity and ω the frequency. Applying boundary conditions at the sphere radius, r0,

(Ei + Es −EI)× êr = (Hi + Hs −HI)× êr = 0 (for r = r0), (1.6)

and writing the scattered field, Es and internal field, EI , as a similar sum of VSWFs to our incident
field, we find our scattered field solution, which turns out to be a sum of Riccati-Bessel functions
and associated Legendre functions.

Coated spheres

For coated spheres, we only need to extend the theory of the previous section. Boundary conditions
are imposed at the boundary between 1st and 2nd media as well as between the 2nd media and the
containing medium. After these are satisfied, we have a very similar solution to the Mie case. Details
of this can be found in Bohren and Huffman [1983], pp181–183.

T-matrix method

The main method used in the following work is the T-matrix method. This writes the incident field
as a sum of VSWFs,

Ei(r) =
∞∑

n=1

n∑
m=−n

[
amn M(1)

mn(kr) + bmn N(1)
mn(kr)

]
, (1.7)

the scattered field similarly,

Es(r) =
∞∑

n=1

n∑
m=−n

[
pmn M(3)

mn(kr) + qmn N(3)
mn(kr)

]
, (1.8)

and the field on the surface of the scattering object as

n̂×E(mkr) = n̂×
∞∑

n=1

n∑
m=−n

[
cmn M(1)

mn(mkr) + dmn N(1)
mn(mkr)

]
, (1.9)

2http://www-atm.physics.ox.ac.uk/code/mie/ Details of the code are given in Grainger et al. [2004].
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where m is the refractive index and bracketed superscripts on the VSWFs denote specific solutions
[Mishchenko et al., 2000], one can use the orthogonality properties of VSWFs to obtain relationships
between just amn and bmn or just pmn and qmn and the surface fields on our scattering object. These
relationships can be written:

[
a
b

]
= Q1

[
c
d

]
,

[
p
q

]
= Q2

[
c
d

]
, (1.10)

and so we can relate the unknown scattering coefficients (p, q), to the known incident field coefficients
(a, b) by

[
p
q

]
= Q2Q

−1
1

[
a
b

]
, (1.11)

where the T-matrix, T = Q2Q
−1
1 . The matrices Q1 and Q2 are to be found, from which the

scattered field can be easily calculated.

1.3.1 Additional modeling methods

The discrete dipole approximation (DDA) can in theory calculate the light scattering characteristics
of almost any shape, at the price of much greater computational complexity. It also suffers from
the disadvantage (not present in T-matrix or layered sphere methods) that for each incoming and
outgoing light direction incident on the particle, the entire calculation must be repeated. In contrast,
techniques which solve the wave equation as an expansion of vector spherical wave functions (VSWF)
such as Mie theory or the T-matrix method, do not need to recalculate when reorientating their
particles. In a system such as the atmosphere, where a hugh distribution of randomly orientated
particles are involved, this problem make DDA cumbersome.

A second group of methods concentrate on aggregate particles. There are basically two ways to
proceed. One can look at individual particles, with a specific build up of spheres which represent
a shape such as that shown in Fig. 2.7. These scattering solutions can be calculated exactly,
although they are time consuming[Xu and Gustafson, No date]. Aggregates can also be modelled as
a statistical ensemble of fractal particles with a fractal dimension, D [Sorensen, 2001].

1.4 Measuring methods

Measurement of particles by their light scattering properties can most generally be split into two
techniques. Firstly, individual particles can be investigated using illumination (generally by a laser
beam), and a portion of their phase function measured. An advantage is that we can measure a
large part of the phase function if we put our minds to it, and thus hopefully constrain our particles
properties more tightly. However, individual particle measurements are likely to be strongly affected
by nonsphericity since orientation and shape (as well as size and refractive index) will alter the
measured phase function.

The second method involved looking at the light scattered by a distribution of particles in the
atmosphere using either the sun (satellite observations, AERONET stations) or a laser (LIDAR
measurements). Depending on the geometry of the experiment, various parts of the phase function
would be measured. Nadir viewing instruments generally measure backscattered light, for example,
as do instruments on geostationary platforms and LIDAR instruments. Occulation instruments mea-
sure forward scatter. When multiple particles are being measured, the phase function is invariably



CHAPTER 1. INTRODUCTION 7

“blurred” by the wide variety of sizes of particle investigated. Further “smoothing” of the phase
function is caused by the inclusion of NS particles.



Chapter 2

Aerosol types

In this chapter, aerosol characteristics will be described, and suitable alternative calculations to
spherical calculations will be shown.

2.1 Sea salt

2.1.1 Background

Salt aerosol particles, being hygroscopic, can usually be modeled as spheres [Chamaillard et al., 2006].
Especially in maritime environments, the humidity of the air can make this a valid asumption, but in
dry conditions, agglomerates or cubic particles can be found (e.g. Fig. 2.1a). To further complicate
the problem, the shape of salt with respect to relative humidity (RH) follows a hysteresis curve
[Lewis and Schwartz, 2004]. When the RH increases, a single dry salt particle has no change in size
until a critical RH at which point there is a phase transition to a saturated solution. This transition
is known as deliquescence. If the solution then finds the RH decreasing, evaporation occurs up until
the point of saturation. Then, the particles size stays fixed with decreasing RH, and the drop is
supersaturated until a point at which there is a phase transition back to a dry particle known as
efflorescence. This is shown in Fig. 2.1b.

Thus we have two regimes, with two different potential pitfalls. For dry salt, the shape will be
angular and crystaline. For liquid solutions of salt, we have spherical particles, but the RI will vary
with the concentration of salt in the solution. Additionally, we cannot use instantaneous humidity
values as an indication of what phase the particles will be in, since the hysteresis curve means that
the phase is determined by the history of the particle.

With mean particle sizes of 1.9 µm in the midtroposphere [Gong et al., 2002], the larger dry
particles will definitely be in the regime where they could alter phase functions significantly. However,
the more pressing concern is that of refractive index.

2.1.2 Optical calculations

Using the OPAC aerosol data, there is a striking difference in the real part of refractive index for
the dry aerosol. This is hardly surprising, since we are changing from a solid, to a solution of ions.
This will have a far greater impact on the phase function, and other optical measurements, than will
the secondary effects of non-sphericity (for which one still requires the refractive index). As such, in
this case, instead of looking at NS particles, we look at how the varying humidity affects the optical
properties.

8
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(a) (b)

Figure 2.1: Sea salt characteristics: a) SEM image of dried sea salt from the west coast of Ireland.
From Chamaillard et al. [2006]. b) Dependence of sea salt’s equilibrium radii on relative humidity.
Reproduced from Lewis and Schwartz [2004].

Fig. 2.2 shows the phase function for three cases: Dry sea salt, 50 % relative humidity, and
99 % RH. Refractive indices are provided with the figure. In the ORAC retrieval, it is assumed that
for all water soluble aerosol, the relative humidity is 50 %. Because of this, differences between the
other particle values are compared to this.

Particularly for the dry particles, there is are significant changes in the phase function (up to
200% differences in the backscatter). As water has more of an effect in the scattering, with increasing
RH, we see the backscatter peaks move forward. There is very low aborption, so single scatter albedo
is high. The scattering cross section is not hugely effected by the change in humidity.

NONSPHERICAL CALCULATIONS
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Figure 2.2: Phase function and relative differences in phase functions for three different types of salt
from OPAC. All types have the same distribution of radii, but are in environments with differing
refractive indices. In the second figure, the particles’ with RH 0% and 99% are being compared to
the 50% RH particles.

2.2 Mineral Dust

2.2.1 Background

A large body of work has concentrated on mineral dust aerosol, it being the most prevalent class in
several areas of the world. Measured and assumed properties are summarised in the following tables.

Certain characteristics (introduced in §1.1) are used to generalise the classification of aerosol
shape. Many campaigns have used images from scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM), which provide 2D images. As such, it is almost always the
projected features of a particle onto an image plane, that are analysed. Studies where the shape of
the particle was not analyzed have not been included. Scattering methods employed in these studies
include Mie theory, the discrete dipole approximation (DDA), T-Matrix theory and ray tracing.

Where an entry in the following table is left blank (i.e. “ - ” instead of text), it means that the
column is not appropriate in this case. For example, Volten et al. [No date] in Table 2.1 refers to a
database of light scattering properties which lists samples from all over the world. In this case the
properties column is not appropriate as no conclusions as to particle shape are listed.

Table 2.1: Measurement of dust properties

Reference Location Method Properties

Volten et al.
[No date]

Dust from vari-
ous worldwide lo-
cations.

Analysied using SEM and
measurement of phase func-
tion.

-



CHAPTER 2. AEROSOL TYPES 11

Table 2.1 continued . . .

Reference Location Method Properties

[Buseck et al.,
2000]

Asian dust TEM analysis. Mean AR ∼ 1.5.

[Okada et al.,
2001]

Three arid re-
gions in China.

SEM analysis. Mean AR ∼ 1.3 → 1.6.
CIR decreased with increas-
ing radius, suggesting aggre-
gate particles at larger sizes.

[Haywood
et al., 2003]

Sahara (SHADE
experiment)

Measurements of dust by Met
Office C-130 aircraft. In-
cluding Small Ice Detector
(SID) and Passive Cavity
Aerosol Spectrometer Probe
(PCASP).

Asphericity factor (af) mea-
sured by SID is greater than
1, suggesting non-spherical
scattering patterns when in
the dust aerosol layer.

[Reid et al.,
2003]

Puerto Rico
(PRIDE experi-
ment).

SEM analysis of airborne
measurements.

Median AR = 1.9 with stan-
dard deviation 0.9 indepen-
dant of size. Except, some
of the largest particles (>
10µm, 13% of samples)are
slightly elongated (AR =
2.2± 1.2).

[Kalashnikova
and Sokolik,
2004]

Representative
Saharan and
Asian dust
samples.

SEM images analysed and
circularity, non-sphericity
and AR calculated. These
are compared to values for
known shapes.

Various shape distributions
found. From these, models
are created (see Table 2.2).

[Kandler
et al., 2007]

Saharan mineral
dust measured at
Izaña, Tenerife.

Automated analysis of 22,000
particles from SEM images.

Above 1µm, the aerosol is
dominated by mineral dust.
Most particles have a coat-
ing of sulphates with aver-
age thickness 60nm. Formula
for distribution of AR, h(AR)
provided (modified log nor-
mal). Average AR = 1.64.
RI = 1.59 + 0.007i.
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Table 2.1 continued . . .

Reference Location Method Properties

[Chou et al.,
2008]

Niger, African
Monsoon Mul-
tidisciplinary
Analyses
(AMMA)

FAAM flights, TEM and
SEM. Aspect ratio (AR) cal-
culated by comparing pro-
jected area to projected ma-
jor axis from image for 790
particles.

AR is independant of size.
Biomass burning particulate
observed in fine fraction of
mineral dust. Soot chains
were not observed. “mineral
dust particles could be de-
scribed as ellipsoids” whose
major axis never exceeds 2.2
times the minor axis.

Table 2.2: Modelling of dust properties

Reference Method Assumed properties Conclusions

[Mishchenko
et al., 1997]

T-matrix
[Mishchenko
and Travis,
1998].

“Equiprobable shape mix-
ture of prolate and oblate
spheroids” with AR ranging
from 1.4 → 2.2 in steps of 0.2.

PNS À PS for 90◦ Ã 150◦;
PNS ¿ PS for 150◦ Ã 180◦,
where PS , PNS are spherical
and NS phase functions.

[Wang et al.,
2003]

T-matrix
[Mishchenko
and Travis, 1998]

Composite phase fn P (θ) =
1
3PS + 2

3PNS . The NS part
is made up of spheroids with
the same AR distribution as
[Mishchenko et al., 1997].

Applying purely NS phase
fns into satellite retrievals
does not significantly im-
prove them. Using both
spherical and NS particles,
a “great improvement” is
found.

[Kalashnikova
and Sokolik,
2004]

DDA and Mie.
It would appear
also T-matrix
has been used
(although not
explicitly men-
tioned).

Four “representative” dis-
tributions containing in
varying proportions spheres,
spheroids, random shapes
and hexagonal and rectan-
gular disks. Spheroid distri-
bution is as in Mishchenko
et al. [1997].

i) Angular, sharp-edge parti-
cles cause largest differences
in optical properties relative
to spheres and spheroids in-
creasing ω̄0 and τ ; ii) Ef-
fect of NS on ω̄0 is more im-
portant for strong absorptive
material; iii) “Because sharp-
edge particles are often a ma-
jor fraction [of total aerosol],
NS effect cannot be ignored”.
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Table 2.2 continued . . .

Reference Method Assumed properties Conclusions

[Dubovik
et al., 2006]

T-matrix
[Mishchenko
and Travis, 1998]
& ray tracing
[Yang and Liou,
1996] for larger
particles.

There are no particles with
AR < 1.44. The distribution
of AR is a step function with
n(AR) = 0 when 0.7 < ε <
1.4.

Stability of NS aerosol re-
trievals are increased if there
is equal presence of prolate
and oblate spherioids.

[Muñoz et al.,
2007]

Ray tracing “Realistic shapes” from the
Amsterdam database [Volten
et al., No date].

-

[Yang et al.,
2007]

As Dubovik et al.
[2006]. For large
particles, surface
roughness is also
tested. TOA
radiances calcu-
lated.

Assumed that all particles
are spheroids with AR =
1.7 (both oblate and pro-
late). Also reviewed [Naka-
jima et al., 1989, Okada et al.,
1987, Hill et al., 1984, Reid
et al., 1993] finding that
“mode or mean AR were 1.7,
1.4, ∼ 2, 1.9 and 2.2”.

“Non-sphericity effect of dust
particles is significant at
short wavelenghts, however,
not at the thermal infrared”.

[Hudson et al.,
2008]

“Small particle
regime”

Looked at needles, disks and
continuous distributions of el-
lipsoids.

Disk simulations are the best
fit for small clay particles.

[Mishra and
Tripathi,
2008]

T-matrix
[Mishchenko
and Travis,
1998].

Used spheres, oblate
spheroids with AR = 1.5 and
Chebyshev particles.

“Effect of haematite variation
on ω̄0 is found to be stronger
than particle nonsphericity”.

[Osborne
et al., 2008]

T-matrix
[Mishchenko
and Travis,
1998].

Oblate and prolate spheroids
with ε = 1.7 as “this was
the median value found from
SEM analysis”.

-

From Table 2.2 we find that the most common method of modelling of mineral dust aerosol encoun-
tered was with Mishchenko and Travis’ T-matrix code [Mishchenko and Travis, 1998]. Spheroids
were the most common NS shape used, one of two tactics for describing the shape distribution being
employed. Some works picked a single representative aspect ratio, generally with a value of ∼1.6
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[Yang et al., 2007, Mishra and Tripathi, 2008, Osborne et al., 2008], while others used a distribution
of aspect ratios with equal probability [Mishchenko et al., 1997, Wang et al., 2003, Kalashnikova
and Sokolik, 2004, Dubovik et al., 2006]. Ray tracing was sometime used for the more randomly
shaped particles, or where the T-matrix method was not possible [Haywood et al., 2003, Dubovik
et al., 2006, Yang et al., 2007]. DDA was not generally used in studies of this sort1, since it places
an unfeasibly large strain on computing resources in most cases. All studies conclude that including
NS components of aerosol in light scattering models improve the agreement of phase functions with
those observed. Interestingly, Wang et al. [2003] noticed that using only NS aerosol did not give so
good an improvement in satellite retrievals as a mixture of spherical and NS particles.

The measurement experiments which are of the most use in trying to look at particle shape are
those using electron microscopy. The overall picture from Table 2.1 is of particles with rough edges
and aspect ratios of 1.3 → 2.2. The AR distributions are generally reported to be independent of
size, at least for all but the largest particles where Reid et al. [2003] found that particles with radius
> 10µm were more elongated. In the case of Kandler et al. [2007], the distribution of aspect ratios,
n(AR) was assumed to be a modified lognormal function given by,

n(AR) =
1√

2πσ(AR− 1)
× exp

[
−1

2

(
ln(AR− 1)− µ

σ

)2
]

, (2.1)

with σ = 0.6579 and µ = −0.4502 giving a median aspect ratio AR = 1.65. The fit to this curve is
very convincing (see Fig. 10 from Kandler et al. [2007]).

The larger particles were generally said to be more “angular“ or have ”sharper edges“ than those
which were smaller [Haywood et al., 2003, Reid et al., 2003, Muñoz et al., 2007, Chou et al., 2008],
although that is not to say that this requires the AR of a shape to change. Yang et al. [2007] used ray
tracing to give larger particles a ”rougher“ surface. Their justification for this was from inspection
of electron micrographs of dust particles[Reid et al., 2003]. Another option with larger particles is to
consider them as ”irregular aggregates“ with rougher contours [Reid et al., 2003, Chou et al., 2008].
This has not been used to model mineral dust in any of the papers reviewed.

Some sources also commented that a thin coating of sulphate (∼ 60nm) was found on samples
[Kandler et al., 2007, Chou et al., 2008].

2.2.2 Optical calculations

As in the majority of previous strudies, the T-matrix method is used to calculate the light scattering
from spheroid mineral dust particles.

Different distributions

Fig. 2.3 shows four possible aspect ratio distributions we can use to give our best description of
aerosol properties in the atmosphere. Our current assumption of sphericity is the yellow distribution.
We also looked at other distributions in AR space, as used in previous studies.

• Polydisperse with equal probablity of all ARs between 1.5 and 2.5.

• Monodisperse, with AR = 1.6.

• Polydisperse, with lognormal distribution, as given in [Kandler et al., 2007] and explicitly
stated as (2.1).

1with the exception of Kalashnikova and Sokolik [2004]



CHAPTER 2. AEROSOL TYPES 15

Figure 2.3: Various distributions of spheroid as-
pect ratios. Single lines imply a single value used,
for example, yellow is a spherical distribution,
which can be calculated using Mie theory. The
blue distribution is a discretised version of (2.1),
as used by Kandler et al. [2007]. The green dis-
tribution is a polydisperse distribution as used by
Mishchenko et al. [1997].

Example phase functions for these aerosols, with lognormal size distributions are shown in
Fig. 2.4. This case has a distribution effective radius of 2.26 µm (towards the larger end of min-
eral dust distributions). As usual, a lognormal distribution of sizes is used, and the only difference
between the lines are the distributions of nonsphericity. The relative difference between the new,
NS models and the spherical case are shown in the right hand plot. Initial impressions are that
the phase function differences are very large in the back scatter, while manageble in the forward
direction. Additionally, the differences from the spherical distribution are similar for the three NS
distributions, that is, all three distributions alter the phase function in a similar way.

Taking the most physically justifiable distribution from Fig. 2.3, that of Kandler et al. [2007], we
investigate the changes in phase function over a range of effective radii in Fig. 2.5. The main thing
to say is that with increasing particle size, the differences between the NS and spherical distributions
become more pronounced. Biggest differences occur at scattering angles between 100◦ and 150◦

and are always positive, agreeing with previous findings by Mishchenko et al. [1997]. For the larger
particles, differences between the expected intensity at these angles can be as large as 200%. In
the backscatter direction (θ > 150◦), negative differences occur, but generally, these are much less
than the positive differences at slightly lesser scattering angles. For distributions with effective radii
< 1µm, the mean relative difference in the phase function is less than 10%.

According to Dubovik et al. [2006], problems occured when only oblate, or only prolate spheroids
were used. It was reported that “the assumption of an equal presence [. . . ] resulted in improved
stability of the retrievals”. Comparing these individual functions to the full function, Fig. 2.6 shows
how oblate only and prolate only functions differ by quite large amounts from their combined func-
tion. The errors shown are mirror images of each other, as the full function is an combination in
equal parts of the two other functions. Errors of over 10% in the back scatter direction for these plots
present a serious worry. It is in no way clear whether oblate or prolate spheroids (or a combination
of the two) are the most effective representations for mineral dust. That using one or the other will
affect scattering properties so greatly (although not as greatly as with spherical comparisons) leads
to an arbitrary choice in this exercise.
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Figure 2.4: Phase functions for spheroid AR distributions (as given in Fig. 2.3) with a lognormal
distribution of particles sizes. Relative difference between the spheroid distributions, and a spherical
only distribution are shown in the right hand figure. Spheroid distributions use equal numbers of
oblate and prolate spheroids.

Figure 2.5: Relative difference between NS to spherical phase functions over a range of particle sizes.
Distribution of NS particles is that of Kandler et al. [2007] as shown in Fig. 2.3.
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Figure 2.6: Phase functions for lognormal spheroid AR distributions. Relative differences between
the spheroid distributions, and a spherical only distribution are shown in the right hand figure.

2.3 Black carbon

2.3.1 Background

Black carbon (BC) is a more problematic aerosol to model. It is formed by the combustion of carbon-
rich organic fuels in conditions of insufficient oxygen supply. This can include biomass burning,
internal combustion engines and aircraft engines. Reported absorption varies greatly, but it always
significant (the imaginary part of BC’s refractive index has been reported between 0.0093 and 0.1
[Hungershoefer et al., 2008]). Particulates produced are fractal like agglomerates of spherules, having
great structural variability. Fig. 2.7 shows a typical TEM image of BC close to source in which one
can clearly see the individual ”blobs“ that compose the aggregate whole.

BC does not stay as a chain for long. As time progresses, ageing and wetting processes cause
the chains to collapse, giving them an almost spherical shape. BC ageing time scales of 2–8 hours in
daytime are not unusual [Schnaiter et al., 2005]. Colbeck et al. [1990] looked at how humidity and
clouds affect the morphology of the BC chains, for example, fig. 2.8 shows an example from this
work, where cloud processing causes immediate curling up of chains as they cluster and take on a
more spherical shape.

Additionally, as the the aerosol age in the atmosphere, they act as nucleation sites for water.
Studies show that away from combustion sources, a large proportion of atmospheric BC is seen in
internal mixtures with water solouble compounds, particularly sulphates[Hasegawa and Ohta, 2002,
Schnaiter et al., 2005].

In summary, we are presented with a more complex problem when we consider biomass burning
aerosol, its evolution and its interaction with aqueous species. At the same time, the evolution
towards more spherical morphology as the aerosol ages should make scattering calculations much
simpler for aged BC.
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(a) (b)

Figure 2.7: TEM images of typical black carbon aggregates, soon after their creation. From Kirch-
stetter and Novakov [2007]

2.3.2 Optical calculations

As discussed in the previous section, an initial, simple improvement in the optical modelling of aged
biomass burning aersol is to consider it as coated soot particles, layering water, or sulphate over the
main particle. Fig. 2.9 shows a coated soot particle collected in Japan. In a study by Schnaiter et al.
[2005], it was noted that using layered spheres to model the interal mixing of BC with secondary
organic carbon (SOC) could accurately reproduce the amplification of the absorption cross section
although other optical properties agreed less successfully with measurement. As such, the coating of
biomass aerosol with liquid could be a sensible first step.

The aerosol’s size is now a matter for debate. Is it the size before being coated with a second
layer, or after? Since this project is looking from the point of view of final aerosol measurement from
optical properties, the second approach is taken. We would never know what the particles original
size is.

The new model of our aerosol scatterer is shown in Fig. 2.10. The aged biomass burning aerosol
is given the properties presented in Dubovik et al. [2002] which provides measurements of biomass
burning aerosol optical properties including the details of the lognormal distribution parameters.

We can choose to define the thickness of the outer, water layer in one of two ways: either as a
fraction of the total thickness, or as a set thickness, independent of inner aerosol size.

In the 1st method, the total radius of our coated aerosol is R, of which the outer x% is a water
coating. The inner, soot sphere has radius rs = R ×

(
1− x

100%

)
and complex refractive index ms.

The refractive index of water is mw. The phase function can now be calculated for a variety of values
of x.

In our second method, the total radius of our coated aerosol, R = rs + x, where the thickness
of the outer coating is x. In this case, we obviously can’t include particles with radii smaller than
Rmin = x + δrs.
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(a) Initial sample at 4hrs (b) After being subjected to 2.4% supersaturation

Figure 2.8: TEM images of smoke which has aged for 4hrs. Elemental carbon content was >95%.
From Colbeck et al. [1990].

Figure 2.9: TEM im-
age of particles collected
by Hasegawa and Ohta
[2002]. The particle
marked (B) is an internal
mixture containing soot.

Thickness by percentage

Fig. 2.11 shows phase functions of these new aerosol components. The spherical scatterers are
replaced with a double layer arrangement with various amounts of water present in the aerosol. The
size distribution (which is lognormal) is not altered. The curve with x = 0% is essentially a sphere
with no water (Mie theory). Other values are compared to the spherical case which would have
been our previous assumption. The first thought has to be that these different models, all with a
spherical soot core, have values varying by as much as 500%. Working under the assumption that
our layered representation is better (if only slightly) than our previous, spherical guess, this is not
an insignificant difference.

The single scattering albedo is seen to increase as more water is added to the outside of our
aerosol. This is perfectly reasonable, as we are replacing a non-absorbing medium in the place of
an absorbing one. This can be clearly seen in Fig. 2.12 for both individual particle sizes and the
whole size distribution. There appears to be a tipping point at around x = 25% beyond which, the
SSA increases rapidly with increasing water. This can be compared with Abel et al. [2003] where
the evolution of aerosol co-albedo (= 1− ω̄0) is measured downwind of biomass burning source, and
is seen to become less absorbing over time, with ω̄0 increasing.
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ms

mw

R

rs Figure 2.10: Showing a model for
a coated sphere. The outer layer
is water, with refractive index mw

and has a thickness (R − rs). The
inner sphere, with refractive index
ms has radius rs. The total radius
of the aerosol is R.

Figure 2.11: Modelling aged biomass burning aerosol for a lognormal size distribution. Biomass is
defined as a sphere of soot, surrounded by a concentric sphere of water. The left hand plot shows
phase functions for various aerosol distributions. The right hand plot shows the differences between
the modified phase functions, and the original Mie theory. The thickness of the coating is defined as
a percentage of the total aerosol thickness.
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Figure 2.12: Single scattering albedo plots. (a) shows the variation of SSA with increasing particle
radius for various values of water coating thickness, x. (b) shows the trend for a normally distributed
sample as the thickness of the water coat increases.

Thickness as fixed value

Fig. 2.13 shows the phase functions for fixed coating thicknesses with each distribution of radii of
biomass aerosol. It is immediately obvious that differences between this method the that of the
previous section are large. This is to be expected. While fixed thickness will cause relatively thick
coatings of water for smaller particles, fractional thickness leads to thick coatings of water for the
larger particles. Since larger particles will have larger scattering cross-sections, the previous example
is reasonably expected to differ more from the homogeneous, spherical scattering model.

Nevertheless, we see considerable differences in the back scatter values of the phase function for
coatings of a few hundred nm. For the very thick coatings (e.g. 2 µm), differences are once again
in the hundreds of percents. Interestingly, Fig. 2.13 shows that the coating which has the least
difference from the homogeneous case is not the one with the thinest coat, but one with a thickness
of 0.3 µm.

Fig. 2.14 shows the relative difference in phase function as a function of effective radius, for
a selection of shell thicknesses. Unlike the mineral dust case, where relative differences increased
with radius, in the coated case, differences are less predicable. This is expected, since the the large
particles have the same thickness of coating as the small ones, and as such, one would expect large
differences for the small particles. As in the mineral dust case, changing from a spherical, scattering
model causes large differences of order 100% in the phase function.

As expected, single scatter albedo also increases with increased water content. The effect is far
less pronounced now we are no longer looking at particles which have 10 times more water by volume
than the carbon we are supposed to be looking at. Fig. 2.15 shows the change in SSA as a function of
effective radius and thickness of water coating. Predictably, increases in the effective radius decrease
the effect of a coating of fixed thickness, and increasing the thickness increases the SSA as more
non-absorbing material is present in the scatterer.
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Figure 2.13: Modelling aged biomass burning aerosol for a lognormal size distribution. Biomass is
defined as a sphere of soot, surrounded by a concentric sphere of water. The left hand plot shows
phase functions for various aerosol distributions. The right hand plot shows the differences between
the modified phase functions, and the original Mie theory. The thickness of the coating is fixed for
all particles, regardless of size.
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Figure 2.14: Relative difference in phase function compared to spherical case for four different
coated sphere cases. Grey sections of the graph indicate areas where the shell thickness prohibits
distributions with effective radii so small.
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Figure 2.15: Single scatter albedo relative difference from spherical case as a function of effective
radius and thickness of coating. The grey areas of the graph are where the thickness of the coating
prohibits distributions with effective radii so small.



Chapter 3

Case study - Saharan Sand

Look up tables were created to go into ORAC retrievals over the Saharan area. Classes of aerosol
are defined as a combination of several aerosol modes, each with their own refractive index, median
radius and radius standard deviation. In the mineral dust class (which currently consists of four
aerosol modes), the spherical coarse, accumulation and nucleation components of mineral dust in
the aerosol tables were replaced with spheroid minerals as shown in the previous section. The final
componet, a water soluble aerosol was left spherical. The effective radius of the classes are calculated
by modifying the mixing ratios of each aerosol mode so that the total effective radius matches that
required.

3.1 Scattering examples for the mineral dust class

Fig. 3.1 shows a comparison of phase functions between a new version of the mineral dust aerosol
class, incorporating non-spherical components, and the standard, spherical aerosol only version.
Additionally, since the DISORT radiative transfer model does not deal directly with phase functions,
but instead, with Legendre coefficients1. Although this can lead to errors (if the series is terminated
before high order terms are close enough to zero to make them negligable), results here show that
errors are very small compared to the differences between spherical and NS aerosol classes. A
mineral dust class effective radius of reff = 1.624µm is shown, being in the middle of expected range
of 1 → 2µm [Hess et al., 1998].

As discussed previously, the change in aerosol shape has caused the phase function to increase in
the backscatter direction, but decrease for scattering angles of 90◦ → 150◦. In the infrared channel
shown, differences are much less, since the size parameter for longer wavelengths is for the most part,
less than unity2. Errors in the phase function peak at over 70% in this case, at scattering angles of
around 120◦. This is remarkably convenient for AATSR whose nadir view is generally in the range
110◦ → 130◦. In the forward view, generally between 70◦ → 90◦, errors are much smaller, suggesting
that this view would be less suceptible to errors in retrievals due to spherical assumptions.

Impressively, although we see large changes in the phase functions between the two versions of
mineral dust, the aerosol component, “Water Soluble, 50% humidity”, which is spherical, actually
accounts for 87% of the aerosol in the class at this radius. Additionally, of the sand components,
over 50% of the next most populous mode (the nucleation mode, with 11% of aerosol) have a size
parameter of less than 1. That leaves a very small proportion of particles (maybe 6%) which are

1Expansion coefficients for the phase function in terms of Legendre polynomials Arfken and Weber [1995].
2For λ = 12.05 µm and reff = 1.624 µm as in the current example, the effective size parameter is xeff = 0.84.
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Figure 3.1: Mineral dust class phase functions for three selected AATSR channels. The effective
radius in this case is reff = 1.624µm. NS and spherical models have been used and compared. In both
cases, the refractive index, median radius (Rm), standard deviation of ln r (S), and external mixing
ratios of each aerosol component are kept constant. The exact calculations, and those recalculated
from a terminated series of Legendre coefficients are shown.
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nonspherical, and are large enough to have phase functions which significantly deviate from the
spherical case.

Looking at other effective radii (not shown), the trend is as might be expected. For small
particles, the size parameters are smaller and when the wavelength of light becomes much greater
than the radius, the shape of the scattering particle becomes unimportant, and errors relative to the
spherical case decrease rapidly. Conversely, for larger particles, differences in shape become more
pronounced, and errors relative to the spherical case increase accordingly. For the larger particles,
the added problem that Legendre coefficients, terminated after 1000 terms (as is currently the case)
fail to accurately reproduce the scattering patterns calculated increase errors. Since the inclusion
of NS particles tends to blur the phase functions, making them less variable, this becomes less of a
problem.

3.2 Top of atmosphere differences

After generating scattering properties for each aerosol class, the next stage is to put these properties
into a forward model which gives top of atmosphere reflectance. Fig. 3.2 shows relative differences
in reflectance between the non-spherical class (RA36) and the spherical class (RA03), as would be seen
by AASTR.

The clearest difference is that for the smaller effective radii (< 10µm), there is very little difference
between the two models. As particle size increases, the non-spherical particles are reflecting more
light than their spherical counterparts with differences of 30% at very large effective radii. This
is not the only option, however. Depending on the measuring angles of the satellite and the solar
zenith angle, the changes can be largely positive or largely negative. The scattering angles selected
in this case bare particular relevence to the nadir view for AATSR in the example retrieval given in
the following section.
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Figure 3.2: Showing relative differences in the top of atmosphere reflectance arriving at satellite from
a Lambertion forward model for the spherical and non-spherical mineral dust aerosol classes. This
example is for a solar zenith angle of 60◦, satellite zenith angle of 55◦ and a relative azimuth angle
of 15◦. The difference is shown as a function of aerosol effective radius and aerosol optical depth. A
positive difference implies that the non-spherical aerosol has greater reflectance

3.3 Retrieval differences

Fig. 3.3 shows the results of an AATSR retrieval off the West African coast from the 10th March,
2006. A large dust plume can clearly be seen in the centre of the image.

The retrieval has found that, in general, within the dust plume, the NS aerosol class provides a
lower value of optical depth than the spherical aerosol. The effective radius is a less certain change,
with some sections of the plume having larger and some smaller.

The cost difference3 shows that within the plume, the NS class sometimes has the lower cost, while
at other positions, the spherical class wins out. This suggests that the NS class is not significantly

3The cost of a retrieval gives a measure of how much the measurements differ from the predicted forward model
values, and how much the state we are infering differs from the a priori information. In order to find our best estimate
of a property, we minimise the cost function. The class is selected not only based on the class with minimum cost, but
also, due to constraints on the radiance and optical depth for the mineral dust class. For example, even if a mineral
dust class has the lowest cost, if the optical depth is less than 0.4, it will not be selected.
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Figure 3.3: Properties from AATSR retrievals of aerosol from 10th March, 2006. Location is over
the Atlantic, just off the West African coast. The islands to the top right are part of the Azores
archipelago. The false colour image provides a representation of the scene from space. The difference
in optical depth, effective radius and cost are then shown. In all cases, the spherical result is
subtracted from the non-spherical result.

better at predicting the scattering from sand than the current spherical model. The clearest difference
in cost occurs over the area south west of the plume, where cost for the NS class is much higher.
This is encouraging, as it suggests that the NS class is less likely to confuse non-mineral dust aerosol
for mineral dust.

While these results provide a first glance at altering the scattering model for a known NS aerosol
in a retrieval, there is no way of knowing if they are representative without a more systematic study.
Additionally, a particularly prominent dust storm was chosen as the first example. It would be
of interest (although computationally expensive) to see how this new dust model alters the overall
global statistics for optical depth and effective radius as well as cost.
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Yu-lin Xu and Bo Å. S. Gustafson. An analytical solution to electromagnetic multisphere-scattering
— the scatterign formulation used in codes gmm01f.f and gmm01s.f. Technical report, Department
of Astronomy, University of Florida, Gainesville, P.O. Box 112055, FL 32611-2055, No date.

P Yang and KN Liou. Geometric-optics-integral-equation method for light scattering by nonspherical
ice crystals. Applied Optics, 35(33):6568–6584, November 20 1996. ISSN 0003-6935.

Ping Yang, Qian Feng, Gang Hong, George W. Kattawar, Warren J. Wiscombe, Michael I.
Mishchenko, Oleg Dubovik, Istvan Laszlo, and Irina N. Sokolik. Modeling of the scattering and ra-
diative properties of nonspherical dust-like aerosols. Journal Of Aerosol Science, 38(10):995–1014,
October 2007. ISSN 0021-8502. doi: 10.1016/j.jacrosci.2007.07.001.


