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Abstract

Scattering Properties of Suspended Particles

Emlyn Davies

Effective monitoring and modelling of the marine environment is of importance
to both the general public and the scientific community, but relies on the ability
to obtain accurate measurements of suspended particle characteristics. Many in-
struments for measuring particles rely on optical and acoustic scattering from the
particles and use this information to infer a particle size and concentration. How-
ever, assumptions such as spherical particles of a known composition are widely
used, both in measurement technology and in numerical modelling. Various imag-
ing techniques have shown great variability in the shape, size and composition of
marine particles when measured within their natural environment. Subsequently,
there is substantial uncertainty in the response of light scattering instruments to
this diverse range of particles.

In this study, a holographic camera was modified to simultaneously record in-
focus images of marine particles with their forward angle scattering characteristics.
This was achieved by combining both laser scattering and transmissometry with
digital holography. The results from this system were compared with theoretical
models of scattering from spherical particles within the intended size range of both
instruments (15-500 pm), with particle size information from both techniques agree-
ing well during these idealised conditions. The combined holographic and light
scattering system was then used to investigate the response of the LISST-100 (Se-
quoia Scientific Inc.) to spherical particles with diameters extending beyond that
intended by the instrument (250 pm for type-B and 500 pm for type-C derivatives),
but that have been observed in-situ with imaging methods. This revealed an alias-
ing of single large particles into multiple smaller particles during the inversion of
LISST-100 scattering into a particle size distribution. For spheres greater than the
type-C instrument range, the inversion of scattering produces particle volume distri-
butions that peak at varying sizes between 250-400 um. This key finding highlights
the need for care to be taken when interpreting particle size distributions from the
LISST-100 when there is potential for particles outside of its range limit. Natu-

ral particles, extracted from coastal waters, were then recorded by the combined



laboratory system. These complex particles produced highly variable scattering
properties which were contaminated by asymmetrical features within the azimuthal
plane. This observation of strong azimuthal asymmetry is of concern for both mea-
surements and models of optical properties that assume a symmetrical scattering
function for natural particle populations. The azimuthal asymmetry in scattering
contributed to additional variability in the response of the instrument in comparison
to the holographic camera, which was also subjected to apparent particle break-up
via segmentation during image processing. A discussion of holographic imaging and
laser diffraction for characterising particles in-situ forms the final part of this the-
sis, which utilises data from a magnified holographic system that covers the same
size range of the LISST-100. This final analysis demonstrated the need for future
technology to accurately measure size distributions over a much larger range of sizes
than is currently possible (e.g. < 2 pm to 1000 um).

In summary, three key factors were identified to cause an increase in the appar-
ent number of small particles reported by the LISST-100: 1) contamination from
scattering of particles larger than the intended size range of the instrument; 2) a de-
crease in refractive index (particle composition); 3) additional scattering from small
sub-components of particle geometry. The standard holographic camera systems are
capable of accurately obtaining particle size and concentration measurements that
are comparable to other techniques such as the LISST-100. However, in situations
where background illumination is poor, errors in the image processing routines can
cause an apparent particle break-up due to incorrect binarisation. Despite this, the
holographic method provides a unique and powerful mechanism that enables images

of particles to be analysed within the context of their in-situ environment.
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Chapter 1
Introduction

Particles in the marine environment affect many vital processes, including radiative
transfer, primary productivity, sound propagation, dispersal of pollutants, sediment
transport, and fluxes of particulate organic carbon (Gentien et al., 1995; Irigoien and
Castel, 1997; Jackson et al., 1997; Perillo, 1995; Proctor et al., 2003; Richards et al.,
1996). For all these cases it is crucial to have an accurate measurement of suspended
particle concentration and size to effectively model, monitor and understand the
constantly changing global environment.

Accurate measurements of suspended particles are difficult to obtain due to their
delicate and complex nature. Particles must be measured within their natural envi-
ronment to avoid changing their shape and size which determine the rate at which
they are transported through water. The measurement of suspended particles often
requires a knowledge of the light or sound scattering patterns that are produced by
the particles. This is an area that is relatively well understood for simple particles
of homogeneous composition and spherical in shape (Bohren and Huffman, 1998).
However, scientific understanding of the scattering characteristics of complex par-
ticles present in the natural marine environment is severely limited. As a result,
instruments that rely on scattering by marine particles are constrained by a number
of assumptions that have an unknown accuracy when applied to these complex par-
ticles. Previous studies have utilised various imaging techniques to aid assessments
of the reliability of particle measurements using laser diffraction (Mikkelsen, 2001;
Mikkelsen et al., 2005; Karp-Boss et al., 2007; Agrawal et al., 2008; Agrawal and
Mikkelsen, 2009), but simultaneous measurements of the same sample had not been

conducted during these assessments. The aim of this study is to:

Investigate the optical scattering characteristics of marine particles,
with the objective of improving measurements of their size and concen-

tration.



This aim is targeted at enhancing the appreciation of the errors associated with
1n-situ measurements of particles using laser diffraction in the marine environment.
In addition, this study will provide contributions that will further the understanding
of the influence of complex particles on the optical properties of water.

To address the aim of the project, a series of laboratory experiments have been
conducted using a novel holographic camera and LISST-100X (Laser in-situ Scatter-
ing and Teansmissometer) type-c system, configured to allow simultaneous imaging
of particles and measurement of their forward-angle scattering characteristics. The
relationships between optical forward scattering from marine particles and their
size and shape were then investigated. Laboratory experiments were conducted to
allow control over the type of particles being examined, enabling progression of mea-
surements from simple particles of a specific size, shape and composition, to more
complex particles such as flocs. Finally, in-situ data was used to explore the re-
lationship between the holographic cameras and LISST-100 sizing techniques in a
variety of water masses. Knowledge gained from laboratory tests was applied to aid
the analysis of the differences observed in the natural environment.

Following this introductory chapter, Chapter 2 presents a summary of the cur-
rent state of research in the field of marine particle measurement, including: an
introduction to marine particle types and dynamics, key concepts in optical scat-
tering by particles in seawater, and a review of the techniques used for measuring
marine particles and their optical properties. Chapter 3 contains explanations of the
underlying principles of the chosen techniques for this study, in addition to the pre-
sentation of the combined LISST-100 and holographic camera system that has been
developed. The laboratory system is then used to assess the response of the LISST-
100 to particle sizes greater than the intended measurement range in Chapter 4.
Chapter 5 further utilises the laboratory system to explore the relationship between
size measurements from the LISST-100 and holographic camera when subjected to
complex flocculated particles extracted from the Menai Strait, Wales, during the
summer of 2011. This illustrates the response of the two instruments to particles
typically found within the natural marine environment. The findings of Chapters
2-5 are then applied to in-situ comparisons of the two instruments when deployed
alongside each other at various coastal locations within the UK continental shelf,
and presented in Chapter 6. Finally, Chapter 7 discusses the main research findings

of the study and presents recommendations for future work.



Chapter 2

Scientific Background

2.1 Aquatic particles

Particles in the marine environment vary in size from sub-micron colloids to floc-
culated aggregates of the order of millimetres (Jackson et al., 1997). Planktonic
particles usually have sizes upwards of 4 pum, and larger flocculated particles may
be several centimetres in size. The definition of ‘particle’ subsequently varies de-
pending on the topic of interest. Jonasz and Fournier (2007) suggested that in the
subject of optical properties of marine waters, particles are usually considered to
be between 0.01 and 1000 um. Within the remit of this work an ‘aquatic particle’
is considered as any entity with a longest axis greater than 0.01 gm. This includes
particles of several millimetres in length and covers the size range in which optical

scattering is expected to be influenced.

2.1.1 Particle types

Aquatic particles are mainly sourced from either terrestrially derived mineral grains,
such as clays and sand, or from primary production of organic matter, such as mi-
crobes and plankton. The concentration of these particles therefore varies depending
on the distance from their origin and the transport mechanisms that they are sub-
jected to. In addition, as particles move, they interact with their surroundings and
other particles, causing variability in their size, shape and composition through time
and space.

Flocculated particles form from cohesive sediments which have compositions con-
sisting of a combination of mineral grains and biogenic matter. The biogenic matter,
combined with anaerobic decomposition of the organic material, causes the sediment
to become cohesive. Cohesive sediments often form the majority of particulate mat-
ter in estuarine and coastal environments. The majority of particulates in the open
ocean are of organic origin, such as phytoplankton. The concentration of inorganic

particles increases in near-shore regions due to discharge of clays, silts and sand



from rivers (Bowers and Binding, 2006; Hill et al., 2000; Perillo, 1995). As a re-
sult, the ratio of organic to inorganic content would be expected to increase with
distance offshore. This is likely to enhance flocculation as the surfaces of organic
particles have convoluted chains of sticky polymers that, when brought into contact
with another organic particle, bond together to form a larger floc. As a result, the
average particle size will increase and the floc shape will become more complex.
This increases the settling velocity of the particle, causing it to be more likely to
fall out of suspension. However, the density of these flocs is relatively low and as
a result, the settling velocity is less than that of a typical inorganic particle of the
same size (Dyer and Manning, 1999). Once a distance offshore is reached where the
concentration of inorganic material is so low, flocs no longer form and the majority

of particles become dominated by plankton (Bowers and Binding, 2006).

The size of a suspended particle changes as other particles attach to one another
through the process of flocculation, or sections break off (floc breakup). Floccula-
tion occurs mostly as a result of the cohesive properties of organic polymers such
as Extracellular Polymeric Substances (EPS). EPS are polymers that adhere to
the edges of organic particles and play a key role in the flocculation process. The
inter-particular bridging model describes how EPS allows particles to flocculate.
Electrostatic charges on the surfaces of particles (Dyer and Manning, 1999) and
salinity (Fugate and Friedrichs, 2003) are also factors that affect flocculation in en-
vironments with low salinities (such as river-estuary transition zones), but are less
likely to be influential above about 5-10 PSU (Krone, 1963). For flocculation to oc-
cur, particles must first be brought together: often via Brownian motion, differential

settling or turbulent shear.

Brownian motion causes particle collisions through random vibration of
molecules which is dependent on temperature and dynamic viscosity, and is only
influential for small particles of less than 0.2 um. In general, flocs formed by Brow-
nian motion are very fragile and have irregular shapes. Differential settling is the
process in which larger particles settle faster onto smaller ones. Again, the low
stress imposed on the particles during the collision results in fragile flocs. The dif-
ferential velocities in turbulent shear cause particles to collide when an overtaking
particle hits a slower moving one. The frequency of collisions therefore increases as
turbulent shear increases. Flocs formed under this mechanism are often relatively
strongly bonded. As well as bringing particles together, turbulent shear can also
cause floc break-up of larger aggregates if there is a shear across the particle. The
size of turbulent eddies (Kolmogorov microscale) is therefore thought to have an
effect on the size of flocs (Fugate and Friedrichs, 2003).

4



2.1.2 Transport of suspended particles
Currents and turbulence

In addition to variations in nutrient concentrations and photosynthetically available
radiation, the distribution of particles is affected by water motion. An understanding
of the fluxes of suspended sediment is important for determining sediment budgets
for a region, and subsequently predicting deposition or erosion rates. Assuming
that particles suspended in the water move at the same speed as the water, the
flux of sediment through a cross-section is equal to the multiple of water velocity
and suspended sediment concentration. The movement of water is influenced by a
combination of many factors, including: river discharge (in estuarine and coastal
environments), water density, sediment input, tidal flows, waves, and large scale
ocean currents (in offshore regions).

Stemmann et al. (2002) and Fugate and Friedrichs (2003) have shown that the
amount of mixing within the water column has an important effect on the vertical
distribution of suspended particles. Jackson et al. (1997) suggested that this may be,
in part, due to the different physical processes that affect particles of different sizes.
For instance, small particles are influenced more heavily by molecular diffusion and
large particles may be affected more by turbulent shear.

Fugate and Friedrichs (2003) studied the relationship between turbulence and
particle size in three estuaries with different amounts of TKE (Turbulent Kinetic
Energy), using a profiling acoustic Doppler velocimeter. It was found that sur-
face particle dynamics were affected by irregular advection events. In mid-depth,
high TKE conditions, small Kolmogorov micro-scales reduced particle size due to
floc breakup. Stratified, low TKE regions allowed differential setting to increase
particle size. Suspended sediment distribution in mid-depth regions of the lower
TKE areas was controlled by irregular re-suspension and trapping at the pycno-
cline. Re-suspension was found to be the main control on suspended particle size
and distribution within the bottom layers of the three estuaries. It is, however,
important to note that these measurements of suspended particles were made using
a LISST-100 in conditions where the instrument is known to have uncertainties in
its accuracy of measurement. Work such as that of Fugate and Friedrichs (2003)
is vital in sediment transport studies. It is therefore crucial for the measurement
of suspended particle characteristics to be accurate, highlighting the need for in-
creased understanding of the performance and accuracy of instruments such as the
LISST-100.

Settling velocity

Settling velocity is an important property of a suspended particle because it deter-

mines the length of time a particle remains in suspension and is used in models of



particle fluxes. The measurement of floc settling velocity is difficult due to their frag-
ile nature and complex density structure. As a result, settling velocities can only be
obtained accurately using in-situ techniques (Dyer and Manning, 1999; Mikkelsen,
2001).

Stoke’s Law can be used to calculate a settling velocity (Ws) of spherical parti-
cles, from the diameter (D)) and mean effective density (Ap) of a particle:

W — PuBog
3 18n

(2.1)
where g is the acceleration due to gravity and 7 is the molecular viscosity of water.

Because flocs are groups of particles bound together by EPS, they often have
large gaps between the individual particles that make them up, and therefore have a
density that is not always directly proportional to particle size. The mean effective
density (Ap) is the difference between the floc density and the water density. This
Stoke’s Law approximation of settling velocity assumes spherical particles, which
(as mentioned previously) is likely to be inaccurate in the marine environment.
There have been a number of attempts at increasing the accuracy of the settling
velocity prediction by including particle shape effects. For example, Dietrich (1982)
introduced the Corey shape factor (Corey, 1949) into a settling velocity equation.

It is crucial that an accurate recording of particle size and shape is made when
measuring suspended particles. The use of light scattering techniques to quantify
particle shape is not a common topic amongst the literature. However, the dis-
tortions of scattering signatures due to shape effects has been considered by many
authors in the field (Agrawal et al., 2008; Agrawal and Mikkelsen, 2009; Chami
et al., 2006a; Chiappetta, 1980; Schuerman, 1979). This is discussed in more detail
in Section 2.2.4.

2.1.3 Physical characterisation of particles

The classification of particles by way of their size, relies on the assumption that the
shape of the particle can be expressed using a single metric. This means that particle
shape must be quantified - a problem that becomes much harder for irregularly
shaped particles of varying orientation, common in the marine environment. There
have been many attempts to remove the effect of particle shape to allow a single
variable to represent a size. The most commonly used definitions, are summarised
in Table 2.1.

Each of the definitions described in Table 2.1 will result in inaccuracies in the
expression of the size of non-spherical particles. As marine particles often have
complex structures, the characterisation of particle shape is important for many as-
pects of suspended particle dynamics within the marine environment such as settling

velocity (Section 2.1.2).
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The size parameter (z) is commonly used to describe particle size in relation to

the wavelength of the incident radiation:

where r is typically the radius of the particle, and X is the wavelength of the incident

radiation.

Refractive index

As light passes from one medium to another its speed changes according to the
density of the medium that it passes through. This is because there is a greater
concentration of scatterers in a more dense medium and therefore the optical path
length of the light is extended due its numerous forward and backward scattering
before it is re-emitted. The ratio of the speed of light in a vacuum to the speed of
light in the medium through which it propagates is expressed as a refractive index.

Absorption causes the amplitude of the propagating waves to be reduced. This
effect can be included by making the refractive index a complex number, with the
imaginary part (n”) being the damping of the wave due to absorption (Jonasz and
Fournier, 2007). In a homogeneous medium the absorption coefficient (a) is related

to the imaginary part of the refractive index through the following equation:

L (2.3)

where A is the wavelength of the light in a vacuum.
The refractive index of the particle relative to water may therefore be expressed

as a complex number:
n = n—n" (2.4)

where n’ is the real part (ratio of the speed of light between the two media) and n”
is the imaginary part (absorption effect) (Jonasz and Fournier, 2007).

As discussed previously, the marine environment consists of many varying types
of particle, each with a different size, shape and composition. Therefore it is difficult
to predict how groups of particles within the water column will scatter light. This
is partly due to the effects of multiple scattering, which occurs when the scattered
light from one particle influences the scattering of light by other particles in the
same area, and partly due to the refractive index of the particles being unknown.

The use of a single value for refractive index makes the assumption that the
particle is homogeneous in composition. Heterogeneous particle structure has been
classified by Schuerman (1979) into the following categories: shell structure - a

particle with a core of one material surrounded by a mantle of a different material;



raisin pudding - aggregated particles containing clusters of various materials that
are not close to each other; aggregates - the distribution between the aggregated
particles are comparable with particle sizes; birefringence - particles that have a

different refractive index for different directions of polarization.

Fractal structure

It is possible to classify the morphology of flocculated particles and obtain informa-
tion on the method of flocculation by using fractal theory (Logan and Wilkinson,
1990). This is because the composition of a floc depends on the process by which
it has been formed. Kranenburg (1994) summarised fractal structure by explaining
that primary particles form flocs, which join together to form a larger floc, which
join further to form larger flocs, and so on. Fractal theory was first applied to flocs
in the marine environment by Krone (1963), who showed that floc density, strength
and viscosity depend on the order of aggregation. A conclusion of this work was
that the order of aggregation increases as the floc density decreases, and that the
shear strength also decreases with increasing orders of aggregation.

Suspended flocs are also considered to be self-similar - a fractal structure which
was explained by Kranenburg (1994), by considering a basic element of a fixed
structure, formed by m; number of primary particles. A floc can form by connecting
my of these basic elements in such a way that the geometry of the elements is the
same as the particle positions in the basic element. This action can then be repeated
to form larger flocs. During each step, the size of the floc will increase by a factor

mo. As a result, the total number (N) of particles that make up a floc of size R, is:

N~ 5517 (2.5)

where R, is the size of the primary particles, and D is the fractal dimension.
Values for fractal dimensions of varying particle types have been reported by
Logan and Alldredge (1989), who calculated a three-dimentional fractal dimension
Dj for flocculating diatoms of 1.52 + 0.19. Logan and Wilkinson (1990) compared
the use of the porosity equations with settling velocity data for obtaining D3 of

marine snow and produced results of 1.39 4 1.05 and 1.26 4+ 0.06 respectively.

2.2 Optical scattering and absorption in seawater

The first stage in understanding light scattering by particles is to solve the 'direct’
problem described by Bohren and Huffman (1998), which is to calculate the light
scattering signature created by a particle of specified characteristics (shape, size
and composition). However, instruments that measure marine particles need to be

able to determine particle characteristics based on their light scattering signature



(the ‘inverse’ problem), and this is much harder to solve. To solve these problems
it is necessary to have an understanding of what light is and how it interacts with
material at the molecular level.

Quantum electrodynamics (QED) describes the interactions between light and
matter by considering electrons and photons. In QED, light is considered to travel
over all possible paths as a stream of particles (photons). Matter is composed of
discrete electric charges which can be excited by the oscillating magnetic field of
light. The charges on the matter then oscillate, and oscillating charges radiate
electromagnetic waves, which is the scattered light. The original incident waves
will interact with the scattered light so that the superposition of these waves is
what is observed (Bohren and Clothiaux, 2006). This description of light scattering
relies on sufficient distance between these scatterers to avoid scattered light from one
molecule becoming the incident light on another molecule. A ‘particle’ is a collection
of tightly-packed molecules, so the overall scattering signature that is produced is
the superposition of the scattering from all molecules that make up the particle. The
phase relations of the scattered waves depend on the scattering direction, size and
shape of the particle. Therefore changes in particle size and shape will change the
phase relations of the scattered waves causing differences in the observed scattering
pattern.

For particles that are small compared to the wavelength of the incident light, all
of the scattered light will be approximately in phase, so there is little variation in
scattering intensity over changing angles. For particles larger than the wavelength
of the incident light, the number of possibilities for constructive or destructive in-
terference of the secondary waves increases. This means that larger particles have
more peaks and troughs in their scattering pattern (Bohren and Huffman, 1998).
The amplitude of the scattered wave is dependant on the composition of the particle

which can be quantified (in optical terms) using the refractive index (Section 2.1.3).

2.2.1 Volume Scattering Function

The volume scattering function (VSF) is a measure of how light is scattered in dif-
ferent directions. The VSF of seawater is the sum of the VSF of pure water, the
VSF of particulates and the VSF due to turbulent interactions with density inter-
faces. The scattering signature produced by water is the same in both forward and
backward directions (due to a dominance of non-directional, Rayleigh scattering),
whereas the scattering by particles is much stronger in the forward direction than
the backward direction (Lee and Lewis, 2003). The contribution to the total VSF
by particles is often the dominant factor in determining the overall VSF of water
and may be modelled using optical scattering theories such as Mie Theory (Section
2.2.2). The VSF of particles depends on their size, shape and refractive index. The
contribution due to turbulence has been explored by Bogucki et al. (1998) & Bogucki
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et al. (2004) and the role of seawater constituents by Stramski et al. (2004). The
VSF is expressed as (3(6), with 6 being the angle of scattered light.

The scattering coefficient b (m~!) may be derived by integrating the VSF (3)
over all angles, as per Agrawal (2005):

b= 2 /O " 3(0)sin(0)do (2.6)

In situations where both scattering and absorption occur, an attenuation co-
efficient (c¢) is used to combine the absorption (a) and scattering (b) coefficients
(c=a+0b).

Measurements of the volume scattering function

A volume scattering meter (VSM) was used in the work of Chami et al. (2006b)
to measure the VSF from 0.6° to 177.3° with an angular resolution of 0.3°. By
examining the ratio of the VSF to the scattering coefficient, it was found that the
angular dependency of the VSF was strongly affected by the absorption and size
distribution of particles. An extension of this work investigated the influence of
the angular shape of the VSF and multiple scattering on remote sensing reflectance
(Chami et al., 2006a). They found that the contribution of multiple scattering
to radiance reflectance increased exponentially as the water became more turbid.
This is as expected because the more turbid the water, the shorter the distance
between particles, meaning that multiple scattering is more likely. Spinrad et al.
(1978) compared Mie Theory with small-angle light scattering for a range of sizes of
spherical particles in water. Their results agreed with theory for angles of 0.2 —0.7°.
Further examples of measurements of the volume scattering function are those of
Berthon et al. (2007a) & Berthon et al. (2007b) who used a multi-spectral volume
scattering meter (MVSM) instrument to measure the VSF between 0.5° and 179°
with an angular resolution of 0.3°. They found that the Fournier-Forand (FF)
functions provided a good description of the measured VSF, which contradicts the
conclusions of Chami et al. (2006a), who found differences between the FF functions
and the VSF. The Fournier-Forand functions provide a theoretical description of the
VSF, and are commonly used in radiance transfer models such as HYDROLIGHT
(Berthon et al., 2007a; Chami et al., 2006a,b; Slade and Boss, 2006).

Agrawal (2005) and Slade and Boss (2006) described methods that allow the
volume scattering function within the near-forward angles to be measured in-situ
using the LISST-100 (Section 2.3.4). This is done by accounting for the optical
power distribution and area of each of the 32 angular scattering detectors of the
LISST-100 and is described in more detail in Section 2.3.4.
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2.2.2 Computational methods for scattering and absorption

Mie Theory predicts scattering and absorption for a particle of pre-determined char-
acteristics. It is based on Maxwell’s electromagnetic field equations and is limited
by the assumptions that the particles must be a perfect sphere, homogeneous in
composition and the refractive index must be known. The concentration of particles
must also be dilute enough for there to be no multiple scattering (Bohren and Huff-
man, 1998). The intensity of the scattering pattern is governed by the difference in
refractive index between the particle and the dispersion medium.

The scattering coefficients, a,, and b,,, which are superimposed to provide an an-
gular scattering distribution (S; & S3), can be calculated with the following equa-

tions in accordance with Bohren and Huffman (1998):

g (ma) (25, (7)) — pagn () [mag, (mz)) (2.7)

T ) kD (@) — b (@) maja(me)]

b = (MmO Ein(@)] = pgn(@)fmag (ma)] (2.8)

pi g (ma) [xhD (2)]) = ph () [maj, (ma))

where m is the refractive index of the sphere relative to the ambient medium; x =
2ma/\ is the radius of the sphere); p; is the magnetic permeability of the sphere; 1
is the magnetic permeability of the ambient medium; j,, and h,, are spherical Bessel
functions.

The angular scattering distribution for each polarisation are represented by S
and Ss:

2n+1
Sl = ; m(@nﬂ'n + bnTn) (29)
2n+1
— - 2.1
Sp=>_ ) (anTp + bpry) (2.10)

where 7, and 7, are functions that describe the angular scattering patterns of the

spherical harmonics used to describe S; and Ss:

2n —1
T = :_ T cos 0.1 — nﬁ T -2 (2.11)
T, = ncosb.m, —(n+ 1)m,_1 (2.12)

The combination of the S; and Sy scattering distributions may then be applied as

follows: . .
Sn(f) = §|51(9)|2 + §|52(9)|2 (2.13)

The Si; scattered power distribution is normalised by its scattering coefficient to
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retrieve the phase function, 3(6):

G- S11
27 [ Si1sin(6)d6

(2.14)

The volume scattering function may then be calculated by integrating over the
particle size distribution N(D):

ﬂMie - / NgoscadD (215)
0

where N (m™3) is the number of particles of diameter, D, and C,, is the scattering
cross-section (Slade and Boss, 2006).

Bohren and Clothiaux (2006) and Bohren and Huffman (1998) explain the com-
putation of scattering patterns from particles in more detail and Wriedt (2009) ex-
plores advantages and disadvantages of various computer codes that are commonly
used to calculate light scattering. Some extensions of Mie Theory, that include
non-sphericity parameters, are also discussed. Figures 2.1 & 2.2 show Mie Theory
predictions of scattering intensities for particle sizes between 1 and 100 um. It is
clear from Figure 2.1 that the scattering pattern is symmetrical either side of 0°. As
a result, it is only necessary to calculate scattering angles between 0-180° to calcu-
late the scattering at all angles. Scattering in the direction of 0° is in the forward
direction and scattering at 180° is in the backward direction.

Figure 2.2 shows Mie predictions for small angle forward scattering between 0-
10° - similar angles to those measured by a LISST-100 (type C) (see Section 2.3.4).
There are distinctive peaks and troughs in the predicted scattering patterns. The
first peak is often referred to as the principle diffraction lobe (PDL). As particle
size increases, the angle to the PDL, decreases. Figure 2.3 shows that the refractive
index controls the number of peaks and troughs in the scattering pattern, but is has
more effect at larger angles. The PDL remains largely unaffected above refractive
indices of approximately 1.1. It is worth noting that Figure 2.3 shows only relative
scattering intensities and therefore the effect of refractive index on the magnitude
of the scattering is not represented.

Figure 2.4 shows that as the incident wavelength increases, the angle to the PDL,
increases. The relative angles between consecutive peaks and troughs are maintained

at all the wavelengths plotted.

Geometrical optics approximation

The geometrical optics approximation is valid for particles with a radius that is
much greater than the wavelength of the incident light (a >> X). More specifically,
Kokhanovsky and Macke (1997) stated that the geometrical optics approximation

gives sufficiently accurate results for spheroids with size parameters greater than
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Figure 2.1: The effect of changing particle size on scattering angle at a constant
wavelength, as predicted by Mie Theory.

60 (particle sizes larger than about 5 pum). This is because the wavelength of light
is so small compared to the particle that the sphere surface can be considered to
be approximately flat and therefore the principles of Snell’s Law may be applied
(Velesco et al., 1997). Kokhanovsky and Zege (1995) derived analytical solutions for
the geometrical optics approximation for clusters of spherical particles of varying
sizes. In doing this they simplified the approximation to allow for easier compu-
tation and introduced new parametrisation for edge effects. When comparing this
adapted geometrical optics approximation to results from Mie Theory, they agreed
within 5-8 %. However, this was using wavelengths of 2.25 yum (within the infra-red
wavelengths) and water cloud molecules, not suspended particulates in oceanic wa-
ter. This approximation is therefore very difficult to apply to particles such as flocs,
which consist of complex shapes and varying refractive indices. However, it can be
applied successfully in some oceanographic situations, for example Bogucki et al.
(1998) used the geometrical optics approximation to calculate light scattering from

turbulence.

2.2.3 Scattering from collections of particles

Single scattering occurs when the number of particles is small enough and the sep-
aration between them is large enough so that the scattered light from a particle
is not re-scattered by another particle. Multiple scattering, therefore, occurs when
collections of particles produce scattering signatures that are different from single

particles (Bohren and Huffman, 1998). Sediment concentrations in most coastal
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Figure 2.2: The effect of changing particle size on small angle forward scattering at
a constant refractive index and incident wavelength, as predicted by Mie Theory.

waters are of a level high enough for multiple scattering to be significant. The
simplified case of scattering by clusters of spherical particles of a constant size was
investigated by Okada and Kokhanovsky (2009). The size parameter (z) used was 4,
which corresponds to particles of 0.35 pum for an incident wavelength of 550 nm, and
the densities of the particle clusters were between 0.1-30 %. Chiappetta (1980) de-
scribed a method for calculating extinction, absorption and scattering cross-sections
for particles in a multiple scattering environment. Using particle sizes similar to the
wavelength of incident radiation, the numerical application to spheres agreed with
Mie Theory.

The problems associated with multiple scattering from clusters of particles create
a subsequent change in light attenuation through the water column in relation to
spherical equivalent particles (Baker and Lavelle, 1984; Moody et al., 1987). There
is a linear relationship between the light attenuation coefficient and particle concen-
tration (Moody et al., 1987). However, despite this clear relationship, Moody et al.
(1987) stated that because of potential changes in particle characteristics over time,
the relationship between the light attenuation coefficient and particle concentration
may vary. Baker and Lavelle (1984) claimed that calculations of light attenuation,
based on scattering by spherical particles, underestimate observed attenuation by
factors of 2-4. This is because the optical diameter of natural particles, which are
non-spherical and have rough surfaces, is larger than the optical diameter of their

volume equivalent spheres (Baker and Lavelle, 1984; Moody et al., 1987).

15



o i -
M ©

1
e
~

Refractive Index

o
[6)]
Relative Scattering Intensity

- -1
10 10 10 10
Scattering Angle (degrees)

Figure 2.3: The effect of changing Refractive Index on small angle forward scattering
for a 50 um particle with a constant incident wavelength, as predicted by Mie Theory.

2.2.4 Scattering by non-spherical particles

Since the late 1980s there has been an increasing interest in scattering by non-
spherical particles. This has resulted from more advanced computing capabilities,
the knowledge that most particles within natural environments are non-spherical
(Jonasz, 1987) and an increasing awareness of the errors associated with the assump-
tion of spherical particles when predicting scattering patterns. A review of the elec-
tromagnetic theory of scattering by non-spherical particles is given by Mishchenko
(2009). Various shape parameters may be used to simplify the problem for parti-
cles in the marine environment. The non-sphericity parameter is the ratio of the
average projected area over all orientations of a particle, to the projected area of
a volume equivalent sphere. Jonasz (1987) used a scanning electron microscope
to conclude that the non-sphericity parameter of marine particles increases with
particle size. Model results of scattering by Chebyshev particles (mathematically-
derived deformed spheres) of varying shapes was published in a series of three papers:
Mugnai and Wiscombe (1986), Wiscombe and Mugnai (1988) & Mugnai and Wis-
combe (1989). Using 23 different shaped Chebyshev particles, they found that non-
sphericity increases backscattering and that the concavity of the particle plays a key
role in how it scatters light. Their models also showed that non-sphericity increases
the absorption efficiency for size parameters greater than about 10 (z 2 10). Jonasz
(1987) stated that non-sphericity causes an underestimation of the projected area
of a particle when calculated using an equivalent sphere. The differences between

measured and theoretical light scattering reported in work such as Agrawal et al.
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Figure 2.4: The effect of changing incident wavelength on small angle forward scat-
tering for a 50 pum particle at a constant refractive index, as predicted by Mie Theory.

(2008), Kocifaj (2009), Kokhanovsky and Macke (1997) & Mikkelsen et al. (2005)

could be, in part, due to this underestimation of the non-sphericity parameter.

Boss et al. (2009) performed an assessment of the differences between the beam
attenuation of aggregates and the beam attenuation from their component parts.
They applied a model proposed by Latimer and Wamble (1982) for approximat-
ing scattering by aggregates of blood platelets. This approach models aggregate
scattering using a coated sphere approach which is demonstrated by Bohren and
Huffman (1998). The volume and refractive index used for the coat was that of the
primary particles (blood platelets) and the volume and refractive index of the core
were representative of the spaces in between the primary particles. Latimer (1985)
attempted to test this approximation experimentally and concluded that the lack of
ability to accurately resolve aggregates with microscopy limited the degree to which
the model could be reliably tested but it did show agreement “to a first approxi-
mation”. The model presented by Boss et al. (2009) developed the coated sphere
approach further by attempting to include the effects of non-sphericity through
adding scattering predictions for an ellipsoid rotated through all orientations. This
proved to be an effective approximation for beam attenuation for aggregates, but
did not include any predictions of angular scattering functions, and is therefore not

suitable for predicting the LISST-100 response to aggregates.

Comparisons of results using volume equivalent spheres and non-spherical par-
ticles have been considered in a variety of papers (Kocifaj, 2009; Kokhanovsky and
Macke, 1997). Kokhanovsky and Macke (1997) obtained approximate equations for
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the cross sections and asymmetry parameters of large, non-spherical particles. When
the equations were applied to randomly oriented spheroids and hexagonal cylinders
at different values of shape parameters and absorption, the error was found to be
less than 20 % for the hexagonal cylinders. The effects of non-sphericity are also key
for studies such as Gordon and Du (2001) who investigated the light scattering by
Emiliania huzleyi (coccolithophore) and found that the backscattering cross section
was strongly dependent on particle morphology due to multiple reflections within
the particle. This highlights the importance of a knowledge of the refractive index of
a particle, as well as the non-sphericity parameter when determining particle char-
acteristics using light scattering. The results from these works allow for a strong
argument for the development of a general theory of non-spherical scattering that
considers both the deviation from a spherical equivalent and the concavity of the

particle.

There has been a large amount of interest in improving the shape parametri-
sations when using Mie Theory for the calculation of particle characteristics. For
example, Kokhanovsky and Macke (1997) explored analytical formulae for asym-
metry parameters and absorption cross sections of non-spherical particles. Agrawal
et al. (2008) discussed the limitations of Mie Theory when calculating a particle
size distribution from a VSF when random shaped particles are present. They state
that instruments such as the LISST-100 (see Section 2.3.4) could over-estimate size
when assuming spherical particles due to a shift in the scattering pattern by approx-
imately one scattering detector. The work of Agrawal et al. (2008) and Agrawal and
Mikkelsen (2009) produced empirical data as an alternative to Mie Theory for ran-
dom shaped particles of 1.09 — 21.39 um to improve the calculation of particle size

distributions from in-situ observations of the VSF.

As well as a consideration of particle shape, it is also important to account for
the orientation of a non-spherical particle. Asano and Sato (1980) simplified this
problem by studying light scattering by randomly oriented, identical spheroidal par-
ticles. It was found that the scattering cross section, single scattering albedo, and
asymmetry factor of spheroids tend to be larger than those for volume equivalent
spheres. More specifically, the angular scattering pattern from spheroids was found
to be very different from spheres for the side scattering and backscattering direc-
tions. This could suggest that the effect of particle shape is less of a problem for
instruments that use forward angle scattering. In addition to these relatively simple
non-spherical particles Latimer (1984) considered the difference between scatter-
ing by a homogeneous sphere with radial projections and a smooth homogeneous
sphere. Both spheres had an equal refractive index (1.05 relative to the surrounding
medium) and volume, and the size parameters used were between 0.03 and 1200
(approximately 0.5-100 um). It was found that the radial projections caused a de-

crease in total scattering for small particles (z < 45) and increased scattering for
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particles with size parameters greater than 45 (approximately 5 um).

2.3 Instruments for measuring particles and their

optical properties

A large number of methods have been used for the determination of particle charac-
teristics. Some involve in-situ measurements, while others require further laboratory
analysis of water samples. For example, Konert and Vandenberghe (1997) compared
laser grain size analysis with pipette and sieve analysis and Jackson et al. (1997)
used a variety of in-situ measurements, such as photographic camera systems and
various video techniques. The fragile nature of marine particles, especially micro-
organisms and cohesive sediments that have the potential to flocculate, means that
reliable in-situ measurements are vital for the accurate representation of particle
characteristics (Bale and Morris, 1987; Bale, 1996; Eisma and Kalf, 1996).

2.3.1 Acoustic scattering

Acoustic scattering may also be used to retrieve information on mean particle size
and concentration (Thorne and Hanes, 2002). However, as mentioned previously,
it is important for an accurate particle size distribution to be recorded and cur-
rently this is not possible using acoustic technology, which is limited to estimations
of median particle size for a population. An advantage of acoustic measurements
of particle characteristics is that a near-instantaneous profile of a water column
is possible - a result that is not achievable using optics. A comparison of acous-
tic backscatter and laser diffraction measurements was investigated in the work of
Thorne et al. (2007), who showed that measurements of mean grain size were consis-
tent between the instruments, but there were discrepancies when measuring particle

concentration.

2.3.2 Optical scattering
Optical backscatter sensors

Optical Backscatter Sensors (OBSs) are commonly used in determining concentra-
tions of suspended particles within the water column. Various errors associated
with using sensors of this nature were studied by Bunt et al. (1999) and include the
shape and roughness of particles, which caused significant over-estimations of parti-
cle concentration. Particle size, flocculation and air bubbles were found to increase
the response of the OBS by up to two times, and plankton increased the response

of the OBS by four times. Unfortunately this technique is limited to concentration
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measurements and so particle size distributions are currently unable to be retrieved

from such a method.

2.3.3 Electrical Impedance

Coulter Counter instruments adopt a particle sizing technique that is reliant on
changes in the levels of electrical resistivity caused by particles passing through a
narrow aperture. The change in resistivity is proportional to the particle volume.
Wider apertures allow for measurements of larger particles (up to about 600 pm)
and narrower apertures enable measurements of less than 1 um. Unfortunately this
method is restricted to laboratory use and the size range is heavily dependant on
the aperture width used. In addition to concerns of particle break-up due to shear
forces generated through the aperture (Jonasz and Fournier, 2007), measurements
informed through multiple aperture configurations encounter difficulties when splic-

ing multiple distributions (Reynolds et al., 2010).

2.3.4 Laser diffraction

Laser particle sizing is now a commonly used method for determining an in-situ par-
ticle size distribution and concentration. This is because of its ability to measure
particle characteristics in-situ, at a high sample rate and with minimal computa-
tional processing requirements. Konert and Vandenberghe (1997) compared laser
grain size analysis with pipette and sieve analysis and concluded that laser diffraction
is only accurate if the entire grain size range is considered and the sediment does not
flocculate. This issue has been explored by Agrawal et al. (2008) in an attempt to
improve the shape parametrisation in the processing of LISST-100 data (see Section
2.2.4). Karp-Boss et al. (2007) assessed the response of the LISST-100 to plankton,
and found that various sub-components of a particle’s geometry contributed to peaks
in volume distributions from the LISST. These peaks corresponded to the sizes of
various features within the particle. They concluded that the LISST response was
a combination of equivalent diameters from the all-encompassing spheroid of the
particle and the equivalent diameters of the sub-components such as the main body
and appendages (Figure 2.5).

The LISST-100 is able to estimate the particle size distribution by inverting mea-
surements of forward-angle scattering (Agrawal and Pottsmith, 2000), the principles
of which are described in Chapter 3. Within the instrument collimated laser light
passes through the sample volume onto a receiving lens. A specially made array of
32 detectors, positioned at the focal plane of the receiving lens, receives an intensity
distribution of scattered light from the particles within the sample volume. As dis-
cussed in Section 2.2.2; the angle at which light is scattered is proportional to the size

of the scattering particle. The optical power distribution on the ring detector gives
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Figure 2.5: Illustration of the features of LISST-100 volume concentrations from
multiple components of plankton geometry, as suggested by Karp-Boss et al. (2007).

the essential information on particle size distribution within the sample volume.
For example, large particles are expected to cause a peak in optical power at small
angles. The inversion of power distribution sensed by the rings produces an area
distribution of particles. The volume distribution of particles is obtained from the
area distribution by multiplying the area in any size class by the median diameter in
that size class. The total volume concentration in the sample can then be obtained
by summing the volume distribution. A known limitation of this technique is that
it assumes spherical particles when calculating sizes (Lynch et al., 1994). Agrawal
et al. (2008) has addressed this problem by producing a new kernel matrix for ran-
dom shaped particles, as discussed in Section 2.2.4. A study by Mikkelsen et al.
(2005) compared the use of LISST instruments with a particle imaging system and
found that the LISST had a tendency to underestimate sizes. The application of
in-situ measurements made by LISST instruments and other laser techniques has
been investigated in a number of studies, including those of Bale and Morris (1987)
and Law. et al. (1997).

The work of Konert and Vandenberghe (1997) concluded that for laser diffraction
techniques to be reliable, particles must not flocculate. However, Agrawal and Pott-
smith (2000) state that particle composition, and therefore refractive index, does not
determine scattering characteristics received by the LISST-100 for particles larger
than a few microns. This is due to small angle scattering being dominated by diffrac-
tion as opposed to refraction for large particles, as per Van-De-Hulst (1957). An
evaluation of the effect of particle composition and refractive index on the reliabil-
ity of inverting LISST-100 scattering into a particle size distribution was made by
Andrews et al. (2010). They concluded that in most cases the original, mineral-like
inversion matrix presented by Agrawal and Pottsmith (2000) performed well, and in
specific cases of phytoplankton populations other custom-build matrices performed
better. Unfortunately the validation of the size distribution inverted by the LISST-

100 was achieved by comparison with microscope images, leading to uncertainty as
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to whether discrepancies were a result of particle disturbance, concentration scaling
errors resulting from the microscope sample preparation, artefacts arising from the
set-up of the LISST-100 used, or from the LISST-100 inversion itself. The need for
a carefully developed methodology that minimises these discrepancies is necessary

for an accurate comparison of measurements techniques such as this.

2.3.5 Imaging

A comparison of particle size measurements from a Coulter Counter, LISST-100 and
imaging was conducted by Reynolds et al. (2010). They found all three techniques
reported generally good estimates of average particle size when known spherical
standards were used. The performance of the LISST-100, when subjected to size
distributions with features such as narrow peaks, was noted as less accurate than
that of the Coulter Counter. This is as expected, given the angular resolution of the
LISST scattering detectors, resulting in relatively broad size bins in comparison to a
Coulter Counter. Mikkelsen et al. (2005) conducted a comparison of the LISST-100
in relation to standard imaging methods and concluded that the imaging technique
used in their study had a tendency to report particle sizes larger than that of the
LISST-100, but that a generally good agreement was apparent within the size ranges
in which both instruments overlap. This lead to their suggestion that particle size
distributions from both instruments could be spliced to provide information over
a size range spanning from 2.5 ym to several millimetres. A number of techniques
that collect images of particles in-situ have been used to try and quantify accurate
floc characteristics (Knowles and Wells, 1996; Dyer et al., 1996; Eisma and Kalf,
1996; VanLeussen and Cornelisse, 1996; Maldiney and Mouchel, 1996; Milligan, 1996;
Syvitski and Hutton, 1996; Mikkelsen et al., 2005; Benson and French, 2007), most
of which use video cameras and digital image processing to measure particle size
and shape.

Electron microscopy is a well established method of retrieving nano-scale resolu-
tion of particles. Unfortunately, the preparation and treatment of particles needed
causes severe disruption to any delicate particles and, in some cases, a shrinkage of
size due to loss of water (Jonasz and Fournier, 2007). These necessary preparations
remove all possibility of in-situ measurements of marine particles with electron mi-
croscopy. However, the accuracy of electron microscopes does make the technique
a valuable tool for assessing the quality of particle standards when validating and
testing other sizing instruments.

The application of in-line holography has recently become a topic of interest
for the measurement of marine suspended particles. Owen and Zozulya (2000) and
Graham and Nimmo-Smith (2010) describe how digital in-line holography can be
used to measure marine particle size, shape and settling velocity. One of the main

advantages of digital holography is that the hologram of the sample volume can be
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reconstructed at any depth, allowing for an accurate measurement of any particle
within the sample volume without errors due to depth of field and focussing which are
a problem in standard imaging techniques and microscopy. A disadvantage of this
technique is the relatively large amount of computational resources that are required
for reconstructing and processing the holograms. It is often the case that imaging
techniques are not used due to additional processing requirements, especially for
long time-scale data-sets. The amount of data required for instruments such as the
LISST-100 to retrieve an estimate of a PSD is much less than that of imaging and
may subsequently be deployed with relative ease for long periods of time at relatively

high sample rates.

2.3.6 Measuring optical properties of the water

Petzold (1972) presented ground-breaking measurements of the full volume scat-
tering function in-situ from selected water masses. The work has been continually
used as a proxy for the VSF in many radiative transfer models since (Mobley, 1994).
However, temporal and spatial variability was observed, and is discussed by Agrawal
(2005), who used the LISST-100 to measure variations in the near-forward angles of
the VSF. It is well understood that the variability in the volume scattering function
is controlled primarily by changes in the particle size distribution and total particle
concentration, with particle size dominating variations in the forward angles.

The method presented by Agrawal (2005) and adopted by Slade and Boss (2006),
accounts for the relationship between the optical power distribution and area of each

of the LISST-100 angular scattering detector rings as follows:

Bip(0) = [Pip/ Pole* [[xdL(L = p=*) p*0rin (2.16)

where P; is the optical power on each ring, F, is the laser power entering the water,
p represents the ratio of the outer to inner radius of any ring, and L is the window
separation (i.e. sample volume width).

Both studies reported close agreement between Mie Theory and the observed
scattering for spherical particles, the main differences being a reduction in the num-
ber of fine-scale peaks and troughs due to the angular resolution of the scattering
detectors (Figure 2.6). This effect can be easily accounted for by integrating the
scattering intensities over the angular range of each detector, as demonstrated by
Agrawal et al. (2008).

Scattering and absorption coefficients of samples of water may be measured using
instruments such as the WetLabs ac-s, which estimates these bulk optical properties
over many wavelengths at a spectral resolution of approximately 4 nm. Despite this
useful in-situ technology, the sample is required to be pumped into the scattering

tube before measurements may be taken, resulting in substantial disruption to the
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Figure 2.6: Mie Theory predictions of scattering from a 25 micron particle (dotted
line), and the associated LISST-100 ring detector intensities (solid line, with circles
indicating the centre of each ring detector). Adapted from Agrawal et al. (2008).
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sample and potential floc break-up. Direct measurements of the scattering and
absorption coefficients provide an easy assessment of the optical properties of the
water, but do not give any information on the directional dependence of scattering,

which is provided by the volume scattering function.

2.4 Summary

e There are many different types of marine particles of varying shapes, sizes and
composition. There is no single method of representing particle characteristics,
as each method fulfils a different purpose. It is therefore important to have
a knowledge of the characteristics of suspended marine particles to predict
their movement - a topic that is necessary for the modelling of the marine
environment, for example, in pollutant dispersal and determining components
of the Carbon Cycle. As a result it is vital to accurately measure marine

particle characteristics in-situ.

e Light scattering theories vary in their complexity and computational demands.
Mie Theory is based on Maxwell’s electromagnetic field equations and is an
exact solution for scattering of light by spherical particles and forms the basis

of most light scattering models.

e Other models have been developed to take into account shape effects (such as
the T-matrix) and multiple scattering. However, the reviewed literature does
not highlight a single, widely used technique that accurately predicts light

scattering from clusters of particles of any size, shape or composition.

e The publications that appear to hold the most weight have been ones which
present results of light scattering and characterise specific situations, rather

than attempt to formulate accurate predictive models.

e Marine particles can be measured using acoustic backscatter, optical backscat-
ter, optical forward scattering and imaging techniques. Each of these tech-
niques have specific advantages and disadvantages depending on particle com-

position, size, concentration and sampling rates.

e Optical forward scattering is the technique used in the popular LISST-100
instrument, which is based on optical scattering theory (Mie Theory) to invert
a recorded VSF into a particle size distribution. However the knowledge of
the accuracy of this method, when used with marine particles of complex

structures such as flocs and zooplankton, is limited.
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Chapter 3

Methods

Material in this chapter contains material that has been expanded from the follow-

ing publication:

Emlyn J. Davies, W. Alex M. Nimmo-Smith, Yogesh C. Agrawal, and
Alejandro J. Souza, (2011), “Scattering signatures of suspended parti-
cles: an integrated system for combining digital holography and laser
diffraction”, Opt. Express 19, 25488-25499. (Appendix A)

This chapter presents a novel, integrated system, which combines both digital
in-line holography and a LISST-100 type-c. It is capable of simultaneously record-
ing in-focus images of artificial or natural particles, with their small-angle forward
scattering signature from within an identical sample volume.

One of the most widely used techniques for measuring the particle size distri-
bution in-situ is that of laser diffraction. This technique is adopted by the LISST
series of instruments (developed by Sequoia Scientific Inc.). The method for deter-
mining a particle size distribution (PSD) in this way relies on inversion algorithms
based either on scattering theory or empirical measurement, and is described in this
chapter. However, the available inversion algorithms perform at different accuracies,
depending on the type of particles under investigation. For a thorough understand-
ing of the response of LISST instruments to the many complex particles found in
the marine environment, detailed information on both particle size and shape needs
to be captured, and may be achieved using imaging. Standard imaging techniques
encounter problems associated with limited depth-of-field in large sample volumes
and, as a result, in-line holography is a preferred method for obtaining in-focus
and high resolution particle images, regardless of their position within the sample
volume.

The combined laboratory system described in this chapter is utilised throughout
the work presented in subsequent chapters of this thesis, to help aid scientific un-

derstanding of scattering by complex marine particles, and the associated reliability
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of particle size measurements using laser diffraction. Basalt spheres were used to
validate the combined laboratory system through models and observations of scat-
tering inten<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>