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ABSTRACT OF THE DISSERTATION

Measurements of angle-resolved polarized light scattering by seawater as a tool to
characterize natural assemblages of marine particles

by

Daniel Warren Koestner

Doctor of Philosophy in Oceanography

University of California San Diego, 2019

Dariusz Stramski, Chair

The light scattering properties of seawater play important roles in oceanic radiative transfer
and optically-based methods for characterizing marine suspended particles from in situ and remote
sensing measurements. In order to realize the full gamut of potential applications associated with
light scattering in the ocean, advancements in the fundamental understanding of the effects of
particle size and compositional characteristics on variability in scattering across various marine

environments must be made.
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The recently commercialized LISST-VSF instrument measures the volume scattering

function, B,(1), the degree of linear polarization, DoLP, (), and scattering matrix element

P22 (Y) associated with particle scattering at a single light wavelength (532 nm) with high angular
resolution over the range ~0.1° to 155°. This thesis presents the first independent and thorough
evaluation of LISST-VSF performance, including the development of necessary corrections for
improved results and validation of such corrections using measurements and Mie scattering
calculations for polystyrene bead suspensions.

Seventeen seawater samples representing contrasting natural assemblages of particles from
coastal environments near San Diego, California have been comprehensively characterized with
laboratory measurements of angle-resolved polarized light scattering, particle size distribution
(PSD), and particle composition in terms of various metrics derived from mass concentration and
particulate absorption. Measurements of angle-resolved light scattering and PSD were made on
original (unfiltered) seawater samples and particle size-fractionated samples obtained using 5 um
and 20 um mesh filters.

Although the effects of particle size and composition are complex, small particles (< 5 pm
in size) consistently produced a major or dominant contribution (~50-80%) to the particulate
backscattering coefficient, by, in both phytoplankton and non-algal dominated organic samples
regardless of significant variations in PSD. The notable exception was a sample dominated by
large-celled diatoms from microphytoplankton size range, which exemplifies a scenario when
large particles (> 20 pm) can produce a considerable contribution (~40%) to bp,. Samples
dominated by inorganic material, by contrast, consistently exhibited weaker contributions
(~30-40%) of small particles to by,,,. The maximum value of DoLF,(y), DOLP, 15,4, was found to

be weakly dependent on particle composition, but exhibited negative correlation with the

XiX



proportion of relatively large sized particles in samples. The scattering matrix element p,, ()
exhibited similiar trends as DOLP, q, for i = 100°. In contrast, p,,(20°) was relatively unaffected
by the presence of large sized particles but showed negative correlation with inorganic content of
particulate assemblages. Finally, simple optically-based proxies for the estimation of particle size
and compositional parameters which rely on polarized light scattering measurements at only one

or two angles were developed.
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Introduction

For most of the Earth, the availability of radiant energy including visible light—the “birth”
of photons— originates with the Sun. Nearly all life on this planet is deeply reliant on the solar
emission of radiant energy, and its role in the history and sustenance of life on Earth is difficult to
exaggerate. The absorption of visible light—or, the “death” of a photon— often involves the
transformation of its energy into other forms, such as heat or the chemical energy used for primary
production. The scattering of light is then most aptly described as the process of life for a photon.
It describes the redirection and propagation of photons which maintain their original properties (in
the case of elastic scattering) until their conversion into some other form of energy. While
absorption dictates which colors, or more generally wavelengths (or frequencies) of radiation, are
removed from its spectrum, it is the scattered light which is eventually observed. For example, the
familiar light blue color of the sky can be predominantly explained as a function of the enhanced
scattering of the wavelengths which compose the color blue relative to those which are green or
red by molecules in the air; the perceived blue of the ocean is similar in nature, although in addition
to this molecular scattering, there is strong absorption of green and red wavelengths by water
molecules as well as the absorption and scattering effects of other seawater constituents that can
further affect the ocean color. Blue and red light are predominantly absorbed in the case of
photosynthetic activity in both terrestrial and aquatic organisms, leaving predominantly green light
to be scattered and observed.

The conception of mathematical solutions to describe the propagation of electromagnetic
radiation, including visible light (Maxwell 1865), heralded breakthroughs across fields ranging
from astronomy to oceanography. In oceanography, optical assessment of marine environments

has been achieved through technological advancements along with support from advancements in



theoretical understanding of hydrologic optics (Preisendorfer 1976). The field of ocean optics has
quickly become vital in the study of ocean biogeochemistry as a result of improved abilities to
make observations at unsurpassed temporal and spatial scales (Yentsch and Yentsch 1984). More
specifically, and as it pertains to this thesis, the inherent light scattering properties of natural waters
are of crucial importance in ocean optics, with potentially broad applications in oceanography.
These properties are essential inputs to the radiative transfer models used to compute the ambient
light fields in natural water bodies (Gordon et al. 1974; Kattawar and Adams 1989; Mobley 1994;
Mobley et al. 2002; Li et al. 2014; Mobley et al. 2015). Furthermore, measurements of the inherent
light scattering by seawater enable sophisticated characterization of marine particles.

The variability in the light scattering properties of seawater is primarily driven by the
concentration of suspended particles, particle size distribution, and composition through particle
refractive index, internal structure, and shape. For this reason, scattering measurements carry
potentially useful information about the characteristics of natural particle assemblages. For
example, the particulate scattering and backscattering coefficients have been examined as proxies
for estimating the mass concentrations of suspended particulate matter SPM (Babin et al. 2003;
Neukermans et al. 2016), particulate inorganic carbon PIC (Balch et al. 1999; 2001), particulate
organic carbon POC (Stramski et al. 1999; 2008), and chlorophyll-a Chla (Huot et al. 2008;
Barbieux et al. 2018) in ocean waters. Multi-angle light scattering measurements provide a means
to estimate the particle size distribution (Bale and Morris 1987; Agrawal et al. 2008; Reynolds et
al. 2010), including in the submicrometer size range (Wyatt and Villalpando 1997; Uitz et al.
2010). Spectral properties of particulate backscattering have also been demonstrated to potentially
provide a means for the estimation of particle size information (Kostadinov et al. 2009; Slade and

Boss 2015). The angular pattern of light scattering can also contain useful information about the



composition of particulate assemblages, including the bulk refractive index of particles (Morel
1973; Ackleson and Spinrad 1988; Twardowski et al. 2001; Boss et al. 2004; Sullivan et al. 2005;
Zhang et al. 2013). Furthermore, measurements of the scattering matrix which provide information
about the polarization effects of light scattering (Morel 1973; Bohren and Huffman 1983; Bickel
and Bailey 1985; Jonasz and Fournier 2007) may aid in the identification and differentiation
between different types of particles, such as phytoplankton species or minerals, which are present
in complex natural assemblages (Fry and Voss 1985; Quinby-Hunt et al. 1989; Wyatt and Jackson
1989; Volten et al. 1998; Svensen et al. 2011; Muiioz et al. 2012).

Most obviously from the time of the launch of the first ocean color observing satellite
(Coastal Zone Color Scanner CZCS; 1978), applications of optical information in ocean
biogeochemistry have in some ways eclipsed fundamental knowledge of the manner in which
natural assemblages of marine particles interact with visible light. From a very fundamental
perspective, it is still unclear which particle sizes may contribute most significantly to
backscattering in the ocean, which is essentially the observed signal in many optical applications
including ocean color remote sensing. Modeling studies suggest that this signal can be dominated
by small sized-particles (< 2 um in diameter) in typical open ocean conditions (Stramski and Kiefer
1991), however many oversimplifying assumptions about particle size distribution, shape, and
composition may underestimate the role of larger sized-particles (Kitchen and Zaneveld 1992;
Organelli et al. 2018). Many studies exist which examine the inherent light scattering properties
of individual phytoplankton, bacteria, and mineral particles using measurements (Stramski and
Kiefer 1991; Stramski and Reynolds 1993; Stramski and Mobley 1997; Stramski et al. 2001;
Stramski et al. 2007; Mufioz et al 2012); however the complexity and variability of natural

particulate assemblages impose significant challenges for an understanding of bulk light scattering



properties of seawater in terms of detailed particle size and compositional characteristics (Babin
et al. 2003; Stramski et al. 2004). This complexity is, for example, reflected in significant
variations in the relationships between light scattering properties and measures of phytoplankton
and particle concentrations (Huot et al. 2008; Wozniak et al. 2010; Neukermans et al. 2012) and
the lack of robust relationship between the spectral slope of backscattering and particle size across
different water types (Reynolds et al. 2016). In order to realize the full gamut of potential
applications associated with light scattering in the ocean, advancements in the fundamental
understanding of the effects of particle size and compositional characteristics on variability in
scattering across various marine environments must be made.

Both polarized and unpolarized angular light scattering are foremostly a function of particle
size, shape, and composition including internal structure. Additionally, both vary depending on
scattering angle from the incident photon direction, ¥, and light wavelength in vacuum, A.
However, particle scattering of polarized light is far more complex, given its dependence on the
incident polarization state of light. This interaction is described using a 4 x 4 scattering matrix, or
Mueller matrix, which represents how a particle, or ensemble of particles, linearly transforms the
4-component incident Stokes vector into a 4-component scattered Stokes vector (Bohren and
Huffman 1983). The current study focuses primarily on three of these matrix elements: p;, (¥, 1),
P12(¥, 2) and pa, (¥, 2).

One of the most fundamental inherent optical properties (IOPs) of seawater is the spectral
volume scattering function, B(1,A) [m™ sr’'], which describes the scattered intensity at light
wavelength as a function of scattering angle per unit incident irradiance per unit volume of water
(Mobley 1994). The first scattering matrix element, p;1(y, 4), is proportional to f(y, 1) and

carries no information about the polarization state of scattered light (Bohren and Huffman 1983).



Integrating (1, 4) over all scattering directions gives the spectral scattering coefficient, b(4)
[m']. In this integration, it is commonly assumed that light scattering by an assemblage of
randomly-oriented scatterers (molecules and particles) in natural waters is azimuthally symmetric
about the direction of incident light beam. Similarly, integration within the range of backward
scattering angles yields the spectral backscattering coefficient, b, (1) [m']. It is common to
include a subscript p in the notation of these inherent scattering properties (and other IOPs) to
denote the contribution specifically by particles in suspension, with the contribution of molecular
water (subscript w) removed, e.g., B,(¥,A) = B(Y, A1) — B, (Y, 1).

The degree of linear polarization of light scattered by particles, DoLF, (, 1), describes the

proportion of linearly polarized light relative to total intensity of the scattered light beam. This
quantity can be derived from p;,(¥, 1) and p;,(3, 1), which require measurements involving
linear polarization (Volten et al. 1998; Hovenier et al. 2002; Kokhanovsky 2003). The p,, (¥, 1)
element also describes how linearly polarized light is transformed and has the unique property of
being equal to p;; (Y, 4) for a collection of optically inactive homogeneous spheres (Hovenier et
al. 1985). Few studies exist which examine both DoLF, (¥, 1) and p,, (¥, A) using measurements
on natural seawater samples (Beardsley 1968; Kadyshevich 1977; Voss and Fry 1984). However,
the role of different particle types in the variability of DoLP,(, 1) and p,,(¥, A) is unclear, as
particle assemblages were not characterized beyond location of sampling in these studies.
Despite the relative importance of the angle-resolved polarized light scattering properties
of seawater, the ocean optics community has historically relied on simplified theoretical models
(such as Mie scattering theory for homogenous spheres) and a limited dataset of measurements
developed using custom-built light scattering instruments. For example, over the past several

decades, a limited dataset of £, (1, 4) measurements made by Petzold (1973) has been widely used



as a standard input for the particulate scattering phase function for radiative transfer modeling in
the ocean. More recently, several light scattering sensors have been developed for in situ
deployments and laboratory use (Lee and Lewis 2003; Sullivan and Twardowski 2009; Tan et al.
2013; Chami et al. 2014), though none have yet been made commercially available. The majority
of studies which have comprehensively measured angle-resolved polarized light scattering by
natural marine particle assemblages are well over three decades old. Given the technological
advancements of today, a reevaluation of angle-resolved polarized light scattering by marine
particles using measurements along with comprehensive characterization of particles in terms of
particle size distribution and composition is warranted. Recently, a new light scattering instrument,
the LISST-VSF (Sequoia Scientific, Inc., Bellevue, WA, USA), has become commercially

available. This instrument is capable of determining f,(y, 1), DoLB, (¥, A) and p,,(¥, 1) at a

single light wavelength (4 = 532 nm) with high angular resolution over the range ~0.1° to 155°
(Slade et al. 2013), and is capable of both in situ and benchtop measurements on water samples.
This commercial instrument is expected to enable routine measurements by a variety of
investigators, and thus has the potential to improve understanding of light scattering properties of
seawater and marine particles, advancing many related applications by proxy. Note that A is
hereafter omitted from notation for brevity.

This thesis is separated into three chapters and is based mainly upon seventeen laboratory
experiments using measurements with the LISST-VSF on seawater samples representing
contrasting natural assemblages of particles from coastal environments near San Diego, California,
including near-shore samples dominated by organic particulate matter with predominant role of
small-celled or large-celled phytoplankton, estuarine samples dominated by inorganic particles,

and offshore samples representative of phytoplankton-dominated subsurface chlorophyll-a



maximum and near-surface water dominated by organic non-algal particles. The first chapter titled
“Measurements of the volume scattering function and the degree of linear polarization of light
scattered by contrasting natural assemblages of marine particles” focuses on presenting results of
Bp(Y) and DoLP,(y) for natural seawater samples which have been characterized in terms of
particle size distribution and composition. Additionally, it is acknowledged here that the LISST-
VSF is a new commercially available instrument and great effort is spent evaluating the instrument,
developing necessary corrections, and validating corrected results using suspensions of National
Institute of Standards and Technology (NIST) certified standard polystyrene beads ranging in
diameter between 100 nm and 2 um. The second chapter titled “Assessing the effects of particle
size and composition on light scattering through measurements of size-fractionated seawater
samples” seeks to investigate the role of particle size and composition in S,(1) by collecting
measurements on eight highly contrasting seawater samples before and after particle size-
fractionation with 5 pm and 20 um mesh filters. This study focuses primarily on the development
of particle size-based budgets for ,(¥), by, and by, with the ultimate goal of describing the
characteristics of particulate assemblage responsible for various scenarios of the particle size-
based budgets. The third chapter titled “Development of an approach based on polarized light
scattering measurements of seawater for characterizing size and composition of marine particles”
utilizes the rich dataset acquired throughout sixteen of the experiments involving particle size-
fractionation and comprehensive particle characterization. Here, the focus on angle-resolved
polarized light scattering by marine particles is twofold. Firstly, the scattering measurements of
DoLP,(y)and p,,(¥) on well-characterized seawater samples are described for the purpose of

interpretation in terms of particle size distribution and composition. Finally, the thesis culminates



with the development of simple optical relationships which characterize marine assemblages as

functions of polarized light scattering measurements at one or several angles.
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Chapter 1

Measurements of the volume scattering function and the degree of linear
polarization of light scattered by contrasting natural assemblages of marine

particles
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1.0. Abstract

The light scattering properties of seawater play important roles in radiative transfer in the
ocean and optically-based methods for characterizing marine suspended particles from in situ and
remote sensing measurements. The recently commercialized LISST-VSF instrument is capable of
providing in situ or laboratory measurements of the volume scattering function, B, (¥), and the
degree of linear polarization, DoLF,(¥), associated with particle scattering. These optical
quantities of natural particle assemblages have not been measured routinely in past studies. To
fully realize the potential of LISST-VSF measurements, we evaluated instrument performance,
and developed calibration correction functions from laboratory measurements and Mie scattering
calculations for standard polystyrene beads suspended in water. The correction functions were
validated with independent measurements. The improved LISST-VSF protocol was applied to
measurements of ,() and DoLF,(¥) taken on 17 natural seawater samples from coastal and
offshore marine environments characterized by contrasting assemblages of suspended particles.
Both 8, (1) and DoLP, () exhibited significant variations related to a broad range of composition
and size distribution of particulate assemblages. For example, negative relational trends were
observed between the particulate backscattering ratio derived from B,(¥) and increasing
proportions of organic particles or phytoplankton in the particulate assemblage. Our results also
suggest a potential trend between the maximum values of DoLFB,(y) and particle size metrics,
such that a decrease in the maximum DoLPF,(¥) tends to be associated with particulate
assemblages exhibiting a higher proportion of large-sized particles. Such results have the potential
to advance optically-based applications that rely on an understanding of relationships between

light scattering and particle properties of natural particulate assemblages.
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1.1. Introduction

It has long been recognized that inherent light-scattering properties of natural waters are of
crucial importance and have strong potential for wide-ranging applications in aquatic sciences,
including oceanography. These properties are essential inputs to the radiative transfer models used
to compute the ambient light fields in natural water bodies [1—4]. The variability in the light
scattering properties of seawater is driven primarily by the concentration of suspended particles,
particle size distribution, and composition through particle refractive index, internal structure, and
shape. Hence, scattering measurements carry potentially useful information about characteristics
of natural particle assemblages. For example, the scattering and backscattering coefficients of
suspended particles have been shown to provide useful proxies of mass concentration of total
suspended particulate matter (SPM), particulate inorganic carbon (PIC), and particulate organic
carbon (POC) in the ocean [5—7]. Multi-angle light scattering measurements provide a means to
estimate the particle size distribution [8—11], including the submicrometer size range [12—14]. The
angular pattern of light scattering can also contain useful information about the composition of
particulate assemblages, including the bulk refractive index of particles [15—19]. In addition,
measurements of the scattering matrix that provide information about polarization effects of light
scattering [15,20—23] have the potential for identifying and discriminating different types of
particles, such as phytoplankton species or minerals, which are present in complex natural
assemblages [24—34]. Despite the potential usefulness of information provided by light scattering
measurements, the complexity and variability in composition of natural particulate assemblages
impose significant challenges in achieving an understanding of bulk light-scattering properties of

seawater in terms of detailed compositional characteristics of particulate matter [35].

15



The volume scattering function, £,(1,4), and the degree of linear polarization,
DoLP, (3, A) of light scattered by marine particles are of primary interest in this study. Here, y
denotes the scattering angle, A the light wavelength in vacuum, and the subscript p indicates that
the quantity is associated with particles. When the subscript p is omitted, the quantity describes
the scattering by the entire suspension with additive contributions from both water molecules and
suspended particles. The volume scattering function, 8(, A) [in units of m ™' sr '], is one of the
fundamental inherent optical properties (IOPs) of seawater, which describes the scattered intensity
as a function of scattering angle per unit incident irradiance per unit volume of small sample of
water [2]. Several light-scattering related IOPs can be derived from (3, 4). For example,
integrating 5 (1, A) over all scattering directions gives the total spectral scattering coefficient, b(A)
[m™']. In this integration, it is commonly assumed that light scattering by an assemblage of
randomly-oriented scatterers (molecules and particles) in natural waters is azimuthally symmetric
about the incident direction of light beam. When S (i, A1) is normalized by b(A4), the resulting
scattering phase function (1, 1) [sr '] provides a useful indicator of the angular shape of the
volume scattering function. In optical remote sensing applications based on measurements with
above-water sensors (e.g., from satellites or aircraft), the spectral backscattering coefficient, by, (1)
[m'], is particularly useful. This coefficient can be obtained by integrating B (1, 1) over the range
of backward scattering angles [2].

The volume scattering function provides incomplete information, in the sense that it does
not contain information about polarization effects associated with light scattering. A complete
characterization of elastic incoherent interactions of light at arbitrary wavelength A with a sample
volume of seawater is provided by a 4 x 4 scattering matrix, often referred to as the phase matrix

or Mueller matrix [20—23]. This matrix describes a linear transformation of irradiance and
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polarization of an incident beam described by a 4-component Stokes vector into the intensity and
polarization of the scattered beam that is also described by its corresponding Stokes vector. (i, 1)
is related to the first element of the scattering matrix, p;1(¥, 1), and can be obtained from a
measurement using unpolarized light for illumination of sample and measuring the total scattered
intensity. The degree of linear polarization of scattered light, DoLP (i, 1), describes the proportion
of linearly polarized light relative to total intensity of the scattered light beam. As described in
greater detail below, for various assemblages of particles including suspended marine particles and
when the incident light beam is unpolarized, this quantity can be derived from the first two
elements of the scattering matrix, which requires measurements involving linear polarization
[29,36,37].

Despite the relative importance of 5 (3, 4) and DoLP (3, A) of seawater and the associated
particulate components S, (, 1) and DoLF,(¥, A), the ocean optics community has historically
relied mostly on simplified theoretical models (such as Mie scattering theory for homogenous
spheres) and a limited dataset of measurements made with custom-built light scattering
instruments. For example, over the past several decades, a limited dataset of 8 (), 4) measurements
made by Petzold [38] was widely used as a standard input for the particulate scattering phase
function for radiative transfer modeling in the ocean. Comprehensive determinations of the
scattering matrix for natural seawater have been very scarce [39—42]. These determinations
showed that the off-diagonal matrix elements for seawater are very small or negligible, indicating
very small effects associated with optical activity or orientational anisotropy of seawater scatterers
[37,42]. More recently, several light scattering sensors have been developed for in situ
deployments or laboratory use [43—46], but to our knowledge, none of these sensors are

commercially available. While measurements with these new sensors have already significantly
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contributed to the increase of available datasets of S(,4) (or B,(1,4) which can usually be
satisfactorily estimated by subtracting the contribution associated with water molecules) in various
oceanic environments [44,47,48], the determinations of DoLP, (1, A1) for natural assemblages of
marine particles remain very scarce, as indicated by the rarity of scattering matrix measurements
of seawater.

Recently, a new light scattering instrument, the LISST-VSF (Sequoia Scientific, Inc.,
Bellevue, WA, USA), has become commercially available, and provides the capability of
determining both the volume scattering function and the degree of linear polarization of scattered
light at a single light wavelength (532 nm) with high angular resolution over the range ~0.1° to
155° [49]. It is capable of both in situ and benchtop measurements on water samples. This
commercial instrument is expected to enable routine measurements by different groups of
investigators, so it has the potential to enhance our understanding of light scattering properties of
seawater and marine particles and advance the related applications. In this study, we report on

LISST-VSF measurements of 8, (y) and DoLP, () and size and compositional characteristics for

contrasting natural particulate assemblages from marine coastal and offshore environments. The

particulate scattering (b,) and backscattering (by),) coefficients have also been determined from

measured B, ().

To fully realize the potential of such quantitative determinations for seawater samples from
this new instrument, we also conducted an evaluation of the LISST-VSF performance through a
series of laboratory experiments using samples of National Institute of Standards and Technology
(NIST) certified standard polystyrene beads ranging in diameter between 100 nm and 2 um. These
measurements were compared with theoretical simulations of light scattering by bead suspensions

using Mie scattering computations. With this approach, we developed corrections to the
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determinations of f,(¥) and DoLP,(y) from LISST-VSF measurements. A validation of the

corrected measurements was performed using independent measurements of multi-angle light
scattering with another instrument, the DAWN-EOS (Wyatt Technology Corporation, Santa

Barbara, CA, USA).

1.2. Methods

The description of methods includes two main parts: first, a description of laboratory
experiments and Mie scattering calculations for standard polystyrene beads which were carried
out to evaluate the performance of the LISST-VSF instrument and develop a calibration correction;
second, a description of measurements on natural assemblages of marine particles from coastal

and offshore oceanic environments.

1.2.1. Laboratory Experiments and Mie Scattering Calculations to Evaluate LISST-VSF

In order to evaluate the LISST-VSF instrument, light scattering and beam attenuation
measurements were made in the laboratory on samples of nearly monodisperse standard
polystyrene spherical beads with mean nominal diameters of 100, 200, 400, 500, 700, and 2000
nm, which were suspended in water (Table 1.1). In addition to LISST-VSF, two other instruments
were used in these experiments, a DAWN-EOS for measuring multi-angle light scattering and a
dual beam UV/VIS spectrophotometer Lambda 18 (Perkin-Elmer, Inc., Waltham, MA, USA)
equipped with a 15-cm integrated sphere (Labsphere, Inc., North Sutton, NH, USA) for measuring
the beam attenuation coefficient of particles in suspension. The use of standard beads ensures that
Mie scattering calculations for homogeneous spherical particles can be used to calculate the
Mueller matrix elements for these particles to determine reference (expected) values of the volume

scattering function and the degree of linear polarization. The comparison of measurements with
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such reference values allows for evaluation of performance of LISST-VSF instrument and
formulation of calibration correction functions for improved determinations of the volume
scattering function and the degree of linear polarization from this instrument. This type of
approach, which combines measurements on standard well-characterized particles with accurate
scattering calculations, has been previously used for the evaluation, calibration, and
characterization of light scattering instruments [29,43,44,50]. Although the evaluation results
presented in this study are relevant to the specific version of the LISST-VSF instrument used in
our laboratory, most methodological aspects are generally applicable to evaluation of other light

scattering instruments.

1.2.1.1. Instrumentation

A LISST-VSF instrument (S/N 1475) was equipped with a custom designed 2 L sample
chamber for benchtop laboratory use. This chamber effectively rejects ambient light and promotes
good mixing conditions to maintain particles in suspension. For sample illumination the LISST-
VSF uses a frequency-doubled YAG laser to produce a beam of light at a wavelength of 532 nm
with a Gaussian beam profile of 3 mm in diameter. A single measurement takes approximately 4
s and consists of two scans of a 15-cm path within the sample, each with a different linear
polarization state of the incident beam, i.e., parallel and perpendicular to the scattering plane.
Scattered intensity is measured at multiple scattering angles y from 0.09° to 15.17° with 32
logarithmically-spaced ring detectors and from 14° to 155° with 1° interval using a fixed axis
Roving Eyeball sensor equipped with photomultiplier tubes (PMTs). For the Roving Eyeball,
scattered light is split between two PMTs with a polarizing prism allowing for only parallel or
perpendicularly polarized light to be detected by each PMT. To enable measurements of large

dynamic range of scattered intensity with a single PMT, the laser power is dimmed by a factor of
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8 for the angular range 14—63° and returned to full power for 64—155°. The beam attenuation
coefficient, c, is also measured at light wavelength of 532 nm for the 15-cm path length of the
sample.

For incoherent elastic scattering of light at a given wavelength 4 by a collection of particles
suspended in water, the Stokes vector of incident light beam, S; = [I; Q; U; V;]T, where T
represents the transpose operation, is transformed into the Stokes vector of scattered beam, S; (),
by a scattering matrix, P(3). For an ensemble of randomly-oriented particles exhibiting certain
symmetry properties and no optical activity, the scattering matrix simplifies to 6 independent non-

zero elements [20,36,51]

I;(¥) p11(¥) p12(Y) 0 0 I;

_ |G| _ C— P2 2@ 0 0 ||
S =y py| = PO = CI5T T b)) |ui| 0 4D

V:(¥) 0 0 —032(P) PP LV;

where / has been omitted for brevity, C is a constant factor (for a given sample, light wavelength,
and measurement geometry), p;1 (1) represents the scattering phase function, and the reference
plane is the scattering plane containing the incident and scattered directions [20,51,52]. This form
provides a reasonable description of the measured scattering matrix by suspensions of randomly-
oriented marine particles, including various specific types of particles present in seawater
[24,29,33,36,37,42]. In the case of unpolarized incident light (i.e., Q;, U;, and V; are all zero), the
volume scattering function (i) equals (to within a constant factor) p;; (), and the degree of

linear polarization DoLP (y) can be determined from [29,36,37,53]
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—p2()  —Qs(¥) .

DoLPW) = 2 @) = 1.ah)

(1.2)

Positive values of DoLP(y) are for dominantly perpendicular polarization and negative
values for dominantly parallel polarization. We note that this definition of DoLP(y)) has been
widely used for characterizing the inherent scattering properties of various types of particles
beyond aquatic particles, such as aerosol particles and cosmic dust [30,54-58].

The LISST-VSF measurements of forward scattering within the angular range 0.09—-15.17°
are made with two linear polarization states of the incident beam, but with no polarization
analyzers of the ring detectors. For the ring detectors, the calibrated £ (V) in absolute units is a
standard output of the manufacturer’s processing software. The absolute calibration is based on
the manufacturer-provided conversion from ring detector counts to physical units using radiant
sensitivity of ring detectors [59,60]. Detection of scattered light within the angular range 14—155°
using the Roving Eyeball sensor employs measurements made with two linear polarization states
of the incident beam and the corresponding two linear polarization states of the scattered light. The
four measurement configurations allow for the determination of relative values of p;1 (¥), p12(Y),
and p,,(y). The calibrated (1) values within the Roving Eyeball angular range are obtained by
scaling the p;4 (1) data from the Roving Eyeball sensor. Specifically, the scattering measurements
from the first angles of the Roving Eyeball sensor are forced to match the calibrated £ (1)) values
from the overlapping last ring detectors. The DoLP (1) values are obtained from Equation (1.2)
using p11(¥) and p,,(¥), and are also included in the standard output of the manufacturer’s
processing code.

We also used a DAWN-EOS multi-angle light scattering instrument which provided

independent measurements of S () and DoLP (y) of polystyrene beads suspended in water. These
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measurements were made with a sample placed in a 20 mL cylindrical glass vial. The DAWN-
EOS instrument used in this study has been previously characterized and calibrated for such
measurement configuration [61]. This instrument uses a diode-pumped frequency-doubled Nd-
YAG laser at light wavelength 532 nm with a Gaussian beam profile of 62 um in diameter. The
interrogated sample volume is on the order of 10 nL. The incident beam can be linearly polarized
both parallel and perpendicular to the scattering plane. The intensity of scattered light is measured
simultaneously with eighteen photodiode detectors and no polarization analyzers, enabling
measurements within a range of scattering angles from 22.5° to 147°. To encompass the large
dynamic range of scattered intensity, three selectable gain settings are available for each detector
(gain factors of 1, 21, or 101).

As the DAWN-EOS detectors have no polarization analyzers, they only measure the first
parameter of Stokes vector of the scattered light, I;(1). Here we define I, () for the parallel
polarization of the incident beam and I, () for the perpendicular polarization of the incident
beam. The matrix elements p;;(y) and p;,(y) can be obtained (to within a constant factor) from

DAWN-EOS measurements as

Isll (1/)) + IsJ_ (l/))

. (1.3)

p11(¥) =

Is@) — L) (1.4)

p12(¥) = 2

which allows for determination of DoLP () from Equation (2). The calibration procedure
described in Babin et al. [61] allows for determination of £ (1) in absolute units. Importantly, the
calibration procedure of DAWN-EOS is fundamentally different from the calibration procedure of
LISST-VSF. The manufacturer's calibration of LISST-VSF is based on a nominal radiant

sensitivity of ring detectors (amperes of photoelectric current per watt of optical power) traceable
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to the National Institute of Standards and Technology [59,60]. In contrast, the calibration of
DAWN-EOS is based on measurements of light scattered at 90° by pure toluene with the incident
beam having a linear perpendicular polarization [61]. This calibration relies on the known
magnitude of molecular scattering by toluene. The two different methods employed in calibration
of LISST-VSF and DAWN-EOS allow for comparisons of independent estimates of S(i))
obtained by these instruments. We also recall that the DoLP (y) estimates obtained with the two
instruments within the common range of scattering angles are based on different polarization
measurement configurations used by these instruments.

A Lambda 18 spectrophotometer was used to collect independent measurements of the
spectral beam attenuation coefficient, c(1), of polystyrene beads suspended in water. These
measurements were made for comparisons with the beam attenuation data obtained with LISST-
VSF, and also to aid in the preparation of samples with appropriate concentrations of polystyrene
beads to ensure that measurements with LISST-VSF and DAWN-EOS were made within the single
scattering regime. The spectrophotometric measurements were made in the spectral range from
290nm to 860 nm with 1 nm interval, but only data at 532 nm are used in this study. The general
applicability of laboratory spectrophotometers with proper modifications to enable measurements
of beam attenuation of particle suspensions, including colloidal samples, has long been recognized
[62,63]. In our study, a sample of particle suspension was measured in a 1-cm quartz cuvette placed
at a significant distance from the detector (~25 cm from the entrance of the integrating sphere),
and field stops were aligned within the light path to reduce the size of the beam and acceptance
angle of the detector to less than 1°. This measurement geometry has been used in our previous

studies of spectral beam attenuation by various particle assemblages [64,65].
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1.2.1.2. Experimental Procedure

Baseline measurements of 0.2 um filtered water were collected with all three instruments
used in the experiments; LISST-VSF, DAWN-EOQOS, and Lambda 18 spectrophotometer. These
baseline measurements were subtracted from subsequent measurements taken on particle
suspensions to determine the optical properties associated with suspended particles only, i.e., the
particulate volume scattering function, f,(1), the particulate degree of linear polarization,
DoLP,(y), and the particulate beam attenuation coefficient, c,.

Original manufacturer's stock samples of standard polystyrene beads (100, 200, 400, 500,
700, and 2000 nm in diameter) were used to generate master samples using 0.2 um filtered,
deionized, and degassed water as a medium (with the exception of 2000 nm beads which used 0.2
um filtered seawater). In the process of preparation of master samples, the particle concentration
was optimized to ensure that spectrophotometric measurements of beam attenuation coefficient
can be performed either directly or with small dilution factor (~3) on these samples over 1-cm path
length with sufficiently high signal but negligible multiple scattering effects. The ¢, values for
master samples ranged from about 18 m ™' to 58 m ™' (Table 1.1).

The master sample was diluted for measurements with the LISST-VSF to avoid
oversaturation of PMT detectors and multiple scattering over the longer path length (15 cm). For
baseline measurements, the LISST-VSF sample chamber was filled with 1900 mL of 0.2 pm
filtered water. The final samples of particle suspensions were created by addition of 20 to 100 mL
of master sample to the LISST-VSF chamber. For most beads examined in our experiments, more
than one particle suspension differing in terms of particle concentration was measured with LISST-
VSF (Table 1.1). The different particle concentrations were achieved by different dilution of

master sample within LISST-VSF chamber. Owing to different dilution factors ranging from 20

25



to 96 (labeled as DF1, DF2, and DF3 in Table 1.1), the ¢, values of LISST-VSF samples ranged

from about 0.5 m ' to 1.8 m . For a single bead size, concentration, and PMT gain, a series of
LISST-VSF measurements was composed of 200 measurements taken in rapid succession (recall
that a measurement refers to two scans, each with a different polarization of incident beam). This
measurement series was divided into five sets of 20 measurements and one set of 100
measurements to enable manual gentle mixing of sample before each set of measurements. In
addition, for the 2000 nm bead suspensions a magnetic stir bar which operated on low speed and
changed direction of rotation every 30 s was used to prevent particle settling during the
measurement.

Several LISST-VSF baseline measurements of 0.2 pm filtered water were collected for
each experiment, i.e., for each examined bead size. However, for reasons of consistency and out
of the desire to use an optimal baseline representative of the least contaminated 0.2 um filtered
water, a single baseline was used for processing of all experimental data collected for various bead
sizes and concentrations except for 2000 nm sized beads which used 0.2 pum filtered seawater. This
baseline was determined on the basis of finding a measurement which exhibited minimal scattering
signal detected by Roving Eyeball and ring detectors and maximum directly transmitted light
detected by the laser transmission sensor. We note, however, that for each PMT gain setting of the
Roving Eyeball sensor a separate baseline was determined.

Measurements using the DAWN-EOS instrument were collected for 100, 200, 400, and
700 nm beads. Dilution factors of master samples for DAWN-EOS measurements were between
300 and 3000, depending on bead size. The gain settings for each detector were adjusted to the
highest setting that would avoid saturation of signal with incident perpendicular polarization of

light. For 400 and 700 nm bead suspensions, two different dilutions were measured. For each
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polarization state (i.e., perpendicular and parallel) of incident light, we acquired 1440
measurements with a sampling frequency of 8 Hz over 3 min. For a given sample, this data
acquisition protocol was repeated three times. Each of these three replications was made with a
different randomly-chosen orientation of sample cylindrical vial within the instrument. The sample
was gently mixed between these replicate measurements. The baseline measurements of 0.2 um
filtered water were acquired using the same protocol.

As mentioned above, the optical measurements were made on sufficiently-diluted samples
to ensure negligible effects of multiple scattering over a pathlength used by a given instrument. A
criterion for a single scattering regime is generally defined in terms of small optical thickness of
the sample, T << 1, where 7 is a product of the beam attenuation coefficient, ¢, and pathlength,
[51,66]. Also, a simple practical test for ensuring that multiple scattering effects are negligible is
to verify a direct proportionality between the measured optical signal and the concentration of
particles in suspension by conducting a series of measurements on the same sample with different
dilutions [51]. Our measurements on bead samples with different dilutions showed an excellent
1:1 relationship between the LISST-VSF measurement and the bead concentration over the range
of beam attenuation coefficient up to at least 2 m . The single scattering regime can also be
determined by the condition t (1-g) << 1, where g is the average cosine of the scattering angle of
the volume scattering function [23,66]. For the 100 nm polystyrene beads, the g value is 0.115,
which yields the most restrictive condition in our study, T << 1.13. For all bead samples measured
with LISST-VSF, including all bead sizes and sample dilutions, T was always less than about 0.3.
This condition was also satisfied for samples measured with a spectrophotometer. For the
measurements with DAWN-EOS, the 1 values were even smaller. For the natural seawater samples

examined in our study (which is described below in section 1.2.2), the g values (for the total
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volume scattering function including the contribution by pure seawater) were about 0.9 or
somewhat higher, which yields less restrictive criterion T << 10. Our measurements of natural
samples clearly satisfied this single scattering condition, as the highest value of ¢ for the natural
samples measured with LISST-VSF was about 2.6 m ™', so t was always less than about 0.45, given

that the maximum pathlength for LISST-VSF is 17.5 cm for the scattering angle of 150°.

1.2.1.3. Data Processing

Processing of LISST-VSF data was done with a standard processing code provided by

manufacturer (version of 2013) to determine f,(y), DoLP, (1), and c,, denoted hereafter as
BT (), DoLPy'SST*(ah), and cj'S5™* respectively (the asterisk indicates that the variable is

derived from the standard processing code without additional corrections developed in this study).
Some details specific to the processing and quality control of our experimental data are provided
below.

As a first step in data processing, the baseline values in raw counts were subtracted from
each LISST-VSF measurement of raw counts acquired on samples of bead suspensions. To

account for light attenuation along the path between the scattering volume and the detector, an

LISST*

v from the series of

attenuation correction factor was calculated using the average c
measurements and the length of the path for each scattering angle. Further, to account for the
difference in sensitivity of the two Roving Eyeball PMT detectors, a factor a is used to adjust the
measured counts of one PMT detector relative to the other [67]. The value of a = 0.9335 was
determined by averaging all median values of a derived from each series of measurements for each

bead size, particle concentration, and PMT gain. The o parameter was observed to be nearly

constant over the period of experiments (~18 months, the coefficient of variation < 5%). For each
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series of measurements a specific scaling factor was determined to convert p,4(y) in PMT counts
to B515ST* () in absolute units [m ™' sr '] for scattering angles 14-155° measured by the Roving
Eyeball sensor. First, for each measurement from a given series of measurements, a scaling factor
was determined by matching the PMT counts measured with Roving Eyeball sensor between 15°

and 16° with B5S5T*() in absolute units obtained from measurements with the last two ring

detectors at 13.01° and 15.17°. Then, using these determinations, the average scaling factor for a
given series of measurements was calculated and used for further data processing. Note that this

scaling was not needed for the determination of DoLP,"55T*

(y) for the Roving Eyeball angular

range, which is calculated from p,; (1) and p;, (¥) determined in PMT counts following Equation
(1.2).

Quality control of data was performed by removing the first set of 20 measurements (the
remaining four sets with 20 measurements each were retained) and the first 20 measurements from
the set of 100 measurements. We observed that this was necessary to ensure reasonable stability
in the measured scattering signal. The mean and standard deviation values for each angle based on
all of the 160 remaining measurements in the series were determined, and the outlying single
measurements within the series were identified and rejected from subsequent analysis. Typically,

120 to 130 measurements from a given series of 200 measurements passed the quality criteria.

LISST*

Example data of uncorrected S,

(y) for 200 nm and 2000 nm bead suspensions are

shown in Figure 1.1. The series of measurements that remained after quality control and the median

LISST*

values of

(y) derived from the series of measurements are shown. We also note that the
median values were very close to mean values for our data (<1% difference for most scattering

angles). The results for 2000 nm beads show a distinct pattern with several scattering maxima and

minima due to constructive and destructive interference of the scattered light from a nearly

29



monodisperse population of beads that are large relative to the wavelength of light. The 200 nm

beads are smaller than the wavelength of light leading to a more featureless shape of ﬁﬁ’ SST* ().

The variability between the individual measurements is largest at very small scattering angles, i.e.,
approximately <4°, where the scattering signal for submicron particles is low relative to our
baseline measurements. Apart from small scattering angles, the coefficient of variation (CV) for
each scattering angle calculated from a series of measurements on 200 nm beads is generally very
small, ranging from ~3% to <1%, with the smallest values at angles greater than 64° where full
laser power is used. The measurements of 2000 nm beads exhibit somewhat higher CV, i.e.,
between about 3% and 6%. The higher values of CV are observed mostly near the angles where
minima of B5"5T* (1) occur.

The DAWN-EOS measurements for four bead sizes were also used to calculate £, () and
DoLP,(y), denoted as BpA"N(y) and DoLP*"N(y). First, for each time series of 1440
measurements with DAWN-EOS, the highest 2% of data was rejected, as these data are assumed
to result from sample contamination with rare, larger particles. Each set of measurements then
consists of 1411 measurements of both I (1) and I, (1) for a specific orientation of sample vial.
These measurements were averaged to represent that orientation. Such results were then averaged
for three vial orientations. This protocol was applied to both the sample and baseline
measurements, with the exception that baseline values were calculated by averaging the lowest 5%
of data. The final I () and Ig, (1) for the beads were calculated by subtracting the average
baseline from the average sample data. These particulate I () and I, (i) were then used to
determine py4 (¥) and p;, (¥) according to Equations (1.3) and (1.4), from which gp4"N (1) [61]
and DoLPy*"N (1) [Equation (1.2)] were determined. Note that two dilutions of the master

suspension for 400 and 700 nm beads were measured with DAWN-EOS and the average of the
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two was used to represent these bead sizes. As a final step, the determined B54"N () values were

rescaled using relevant dilution factors to obtain final results representing the particle
concentration in LISST-VSF samples and enable direct comparisons with LISST-VSF

measurements. Note that such rescaling is not necessary for DoLB AWM ().

With regard to processing of data acquired with a Lambda 18 spectrophotometer, the
spectral data of measured optical density OD (A1) (i.e., measurements made in the absorbance mode
of the spectrophotometer) were converted (after subtraction of baseline measurement) into the
particulate beam attenuation coefficient [m™'] using the relationship ¢y (1) = In(10) 0D (2)/0.01,

where In is the natural logarithm and 0.01 is the path length in meters. The final particulate beam

SPEC‘ The

attenuation coefficient obtained from spectrophotometric measurements is denoted as c;

LISST*

s from LISST-VSF measurements were calculated with the standard

estimates of ¢

manufacturer's processing code. Because each LISST-VSF measurement consists of two linear

polarization states of the incident beam, the average of these two is used as the final estimate of

LISST*

Cp

. As a final step, the determined c; ¢

» -~ values were multiplied by relevant dilution factors

to obtain final results representing particle concentration in LISST-VSF samples and enable direct

comparisons with LISST-VSF measurements.

1.2.1.4. Determination of Correction Functions

In addition to B'557* (1), Figure 1.1 shows results for the 200 nm and 2000 nm polystyrene

beads based on Mie scattering calculations (more details about these calculations are provided

below). These results are significantly higher (nearly a factor of 2) than the measured values of

LISST*

s (). We assume that the Mie scattering calculations for samples of spherical polystyrene

beads are sufficiently accurate to provide reference values for such samples.
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In order to correct for the mismatch between the measured and reference values, a

calibration correction function CF(y) is defined as

REF
CF(Y) = % ) (1.5)

where BREF (1) is a reference volume scattering function determined according to

BEEF(W) = Be() bp®F (1.6)

whereﬁ{,‘” e (1) is the scattering phase function [sr''] obtained from Mie scattering computations

and is the reference particulate scattering coefficient [m™']. Note that all quantities in

bREF
Equations (1.5) and (1.6) are for the LISST-VSF light wavelength of 532 nm.

For each examined suspension of standard polystyrene beads, BZ",” (1)) was determined
from Mie scattering computations for homogeneous spherical particles. We used the Mie scattering
code for homogeneous spheres of Bohren and Huffman [20], which included our modifications to
account for polydispersity of the sample, i.e., to use particle size distribution as input to the code
rather than just a single particle diameter as in the original code. The computations were performed
assuming a relative particle size distribution (PSD) of Gaussian shape, with 300 evenly spaced size
bins about the nominal mean diameter + 3 standard deviations, as provided by the manufacturer
for each bead size (Table 1.1). The use of such PSDs allows us to account for the realistic, small
degree of polydispersity of each sample. The Mie computations also require input of the refractive
index of particles. Based on the study of Ma et al. [68] we assumed that the complex refractive

index of polystyrene relative to water at 532 nm is m = 1.193 + 0.0003, where the first component

is the real part and the second component is the imaginary part of refractive index. Note that the
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imaginary part is very small because polystyrene is a weakly absorbing material in the examined
spectral region.

Equation (1.6) also requires by=F, which was determined from the combination of beam
attenuation measurements and Mie scattering calculations as

Mie

REF _ ,.LISST+ Xb

bp"" = ¢ Mie ’ (1.7)
c

where QM and QM are the single-particle scattering and attenuation efficiency factors,

respectively, obtained from Mie computations. Because the populations of examined beads exhibit

a slight degree of polydispersity, the calculated Q)% and Q¥ represent the average values of

efficiency factors for a given particle population [69]. Given very weak light absorption of

Mie
polystyrene beads at 532 nm, the ratio % was found to be >95%. We also note that in addition
c

LISST*

to ¢, , we have another potential measurement of beam attenuation coefficient from the

LISST*
p

SPEC

and Cp

spectrophotometer (¢, =¢). Figure 1.2 shows that the measurements of ¢ are
consistent, and generally agree very well.
By combining Equations (1.6) and (1.7), BF5F (1) can be determined for each LISST-VSF

measurement as

Mie

BEEF(W) = Bpley) ST S (1.8)

Cc

Note that the estimates of BS°F (1) can vary between individual measurements because of
variations in c;"5*"*. Finally, by combining Equations (1.5) and (1.8), CF () can be determined

for each LISST-VSF measurement as
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o Mie
ﬁg’le(lp) Czl),ISST* lI\J/Iie
c

(1.9)
CFy) = "
I[J,ISST (l/))
The application of this protocol to every individual measurement of B;'557*()) helps to better

capture the variability between individual measurements during a given series of LISST-VSF
measurements on a given sample, for example due to imperfect mixing in the 2 L sample chamber
or potential electronic fluctuations in the instrument.

The smaller-sized particle standards (<500 nm in diameter) appear as the best candidates
for determination of CF (1) because they produce a relatively featureless pattern of angular
scattering (see the results for 200 nm beads in Figure 1.1). The measurements with larger beads
(500 nm to 2000 nm) were not used in these determinations because the angular scattering pattern
includes multiple maxima and minima (see the results for 2000 nm beads in Figure 1.1), which
render the comparison of B;'5ST*(1) and BREF(y) particularly sensitive to even small
uncertainties in measurements or theoretical calculations. The results obtained with beads of 100,

200, and 400 nm in diameter were considered in the determinations of final correction function

CF; (1) within four angular ranges, as described below:
CF(¥) = (CFio0(¥) + CF0(¥) + CFaoo(¥))/3 foryp = 0.09-60° (1 10q)
CF;() = CFyo(p) fory = 61-128° (1.10b)
CFr() = (CFaoo(¥) + CFuo(¥))/2 foryp = 129-150° (1.10c)

CFr(}) = (CFio(¥) + CFo0(¥) + CFuoo(¥))/3 fory = 151-155° (1.10d)

The CF,y,(y) data obtained with 200 nm beads provide the main contribution to the

determination of CF;(y). The CF;o(¥) data obtained with 100 nm beads are used partially
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because of increased uncertainty in the PSD of these beads (CV of nominal mean diameter is 7.8%,
see Table 1.1). The CF,(, () data obtained with 400 nm beads are also used partially and cover
the backscattering angles, where these particular data are useful for correction of an apparent
artifact near 130-140°, which is rather minor but has been consistently observed with our LISST-
VSF instrument for various natural particle assemblages. The calculations of CF; oo (), CF,00 (W),
and CF,y, () were made using data for particle concentrations and PMT gains which ensured
sufficient signal for the ring detectors while avoiding PMT saturation of the Roving Eyeball sensor
(see dilution factors in italic font in Table 1.1). For a given bead standard, the final values of
correction function at different angles were determined as the median values of all the relevant
determinations.

The final CF;(y) was smoothed in the angular range 2.56-155° with a 3-point and then a
5-point moving average. In addition, CFy(3) within the near-forward angular range 0.09-4.96°
was set to a constant value of CFr(y3;), where Y3, = 15.17° corresponds to the last ring detector.
The rationale for this assumption is that the scattering signal produced by the examined beads for
the first 25 rings (1 = 0.09—4.96°) is comparable to the baseline, while there is good signal relative

to the baseline for the last ring detector.

The final correction simply involves the multiplication of uncorrected B5"5°7* () by the

correction function CF(y),

5ot (@) = BT W) CR) (1.11)

where B5'55T () is the corrected LISST-VSF measurement of volume scattering function (note

that the superscript * is removed from this symbol).

We also determined a correction function for DoLPy"ST* (),
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BF () = DoLP'SS™*() — DoLPFEF(y) , (1.12)

where BF (i) quantifies a correction for potential bias in DoLPy'$ST*(1)) obtained from the
standard processing code applied to LISST-VSF measurements and DoLPfEF () is a reference

degree of linear polarization determined from Mie scattering calculations of the two scattering

matrix elements, p4¢(y) and p}i(y), for a given sample of standard beads. The results for

BFi100(¥), BF500(¥), BF400(¥), and the final correction function BFy () were obtained using a
procedure similar to that for CFyoo(¥), CFp00(¥), CF400(¥), and CFr(¥). The correction of

DoLPy"S5T*(3) simply requires a subtraction of BF (1),
DoLP/"SST () = DoLB5ST* () — BF:(¥) , (1.13)

where DoLP,y"S5T (1) is the corrected degree of linear polarization within the range of scattering
angles from 16° to 150°. Because the DoLP,'55"* (1) data output from standard processing of
LISST-VSF measurements begins at i = 16°, no correction for the forward scattering angles of

the ring detectors (1 < 16°) was determined.

1.2.2. Measurements and Analysis of Natural Seawater Samples

Optical measurements with the LISST-VSF and ancillary analyses of natural particle
assemblages were performed on seawater samples collected between summer 2016 and spring
2017 in contrasting marine environments, namely, in open ocean waters off the coast of Southern
California, nearshore ocean waters at the pier of the Scripps Institution of Oceanography (SIO
Pier) in La Jolla, and the tidal estuary of the San Diego River. Overall 17 samples representing a
broad range of natural particle assemblages were analyzed. Most samples (number of samples N

= 11) were collected at the SIO Pier. These samples were collected during typical dry weather
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conditions, phytoplankton bloom events, and after heavy rain. The tidal estuary samples (N = 3)
include three tidal states between low and high tide. The offshore samples (V= 3) were collected
in the Santa Barbara Channel, about 8§ km off San Diego Bay, and about 2 km off SIO Pier.
Seawater samples were collected just beneath the sea surface using either Niskin bottles or a
bucket, except for one offshore sample (off San Diego Bay) that was collected at the subsurface
chlorophyll-a maximum at a depth of 18 m. All samples were analyzed in the laboratory within 24
h of sampling.

To characterize the concentration and composition of particulate matter for each sample,
we determined the dry mass concentration of total suspended particulate matter, SPM [g m ],
mass concentration of particulate organic carbon, POC [mg m ], and mass concentration of the
pigment chlorophyll-a, Chla [mg m]. For these determinations, the particles were collected on
glass-fiber filters (GF/F Whatman) by filtration of appropriate volumes of seawater (150-2100 mL
depending on the sample). SPM was determined following a gravimetric method using pre-washed
and pre-weighted filters [7,70]. The determinations of POC were made on precombusted filters
with a standard CHN analysis involving high temperature combustion of sample filters [7,71,72].
Chla was determined spectrophotometrically using a Lambda 18 spectrophotometer and placing
I-cm cuvettes containing acetone extracts of the samples inside the integrating sphere. The
measured absorbance values at 630, 647, 665, and 691 nm (after subtraction of acetone baseline
values) were used in the calculation of Chla [73]. For each seawater sample, replicate
determinations of SPM and POC were made on separate sample filters. The final SPM and POC
are average values of replicate determinations. The replicates for SPM and POC agreed generally
to within 15% and 10%, respectively. No replicates were taken for Chla. In addition to information

about particle concentration, SPM, POC, and Chla provide useful proxies of bulk composition of
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particulate matter. The organic and inorganic fractions of SPM can be characterized using the ratio
POC/SPM, and the contribution of phytoplankton to SPM using Chla/SPM [65]. These ratios are
expressed on a [g/g] basis.

The measurements of particle size distribution (PSD) were made with a Coulter Multisizer
3 (Beckman Coulter, Brea, CA, USA) equipped with a 100 um aperture, which allows particle
counting and sizing in the range of volume-equivalent spherical diameter from 2 um to 60 pm.
Within this size range we used 300 log-spaced size bins to provide high resolution PSDs. For each
experiment, 0.2 um filtered seawater was used as a blank that was subtracted from sample
measurements. Approximately 10 to 15 replicate measurements of 2 mL subsamples of each
seawater sample were collected. After removing outliers, the remaining measurements were
summed and divided by the total analyzed volume to produce an average density function of PSD
in particle number per unit volume per width of size bin. For each sample the power function fit
with a slope parameter, {, was determined using these PSD data over the size range 2-50 um. In
these determinations, the linear regression analysis was applied to log-transformed data, and the
last size bins with very low particle counts were ignored. Although the measured PSDs often
showed significant deviations from the power function fits, we use the slope parameter { as a
particle size metric, because this is the most common parameterization of size distribution of
marine particles [23,74]. Additionally, assuming spherical particles, the particle volume
distributions were determined from particle number distributions for each sample. From particle
volume distributions, we calculated the percentile-based particle diameters such as the median
diameter, D3°, and the 90" percentile diameter, D;)°. These parameters have been shown to provide
potentially useful metrics in the analysis of relationships between the optical and particle size

properties in seawater [65].
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Measurements and processing of data collected with LISST-VSF for natural seawater
samples were made following a protocol similar to that described above for standard polystyrene
bead samples. For each experiment, baseline measurements were taken on 0.2 pm filtered seawater
obtained from a given seawater sample. However, a single baseline selected from the lowest
measured baselines was used for data processing of all seawater samples to ensure a consistent
baseline unaffected by possible variations associated with the imperfect purity of 0.2 um filtered
seawater prepared during different experiments. To ensure scattering measurements were acquired
in a single-scattering regime, samples with an average ¢, over 3.0 m ' were diluted using 0.2 pm
filtered seawater. Dilution was necessary only for the two most turbid samples collected in the San
Diego River Estuary. Between four and eight sets of 50 measurements were collected for each
seawater sample with gentle hand mixing between the measurement sets, while a magnetic stir bar
was on very low speed changing direction of rotation every 30 s. All results from LISST-VSF

measurements for natural seawater samples shown in this paper represent the CFy(y)-corrected
volume scattering function of particles, B3'55T (1), and BFy(i)-corrected degree of linear
polarization of particles, DoLPy'S5T (). For a given sample the final values of B5"5°T () and
DoLPy"SST (1) correspond to the median values of the series of measurements that passed the

quality control criteria.

LISST

To determine the particulate scattering, , and particulate backscattering, by,>",

bLISST
coefficients, the corrected measured B5"5°T () was first extrapolated in the angular range 150—
180°. The extrapolated portion of B;'55T (1) was obtained by fitting a specific function to the data
of B5'*5T (1)) in the angular range 90-150°. We used two methods for fitting and extrapolating

ﬂzﬁl ST (4)). The first method is based on a non-linear least squares best fit of the analytical function

proposed by Beardsley and Zaneveld [75]. The second method is based on a linear mixing model
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that finds a non-negative least squares best fit for combined contributions of four end members
representing shapes of volume scattering functions associated with scattering by small and large
particles, as described in Zhang et al. [76].

A backscattering factor, i, was determined for the fitted volume scattering function as

K= —— (1.14)
bbp,150

where sz:;i:t is the particulate backscattering coefficient determined by the integration of the fitted

function in the angular range 90-180° and bg;flso is the coefficient determined by the integration

of the fitted function in the range 90—150°. The final estimate of backscattering coefficient, bg{,SST,

was calculated as
LISST __ LISST
by ™" = K bypiso » (1.15)

where by 54, is obtained by the integration of B5'55T () in the angular range 90—150°. The final

LISST

by and the forward

estimate of scattering coefficient, b;'ST, was calculated as the sum of b
scattering coefficient obtained from the integration of 855" () in the angular range 0.09-90°.
The calculations of b5'5ST and by**" were made for each seawater sample using the two

methods for fitting and extrapolation. The particulate backscattering ratio, bjisST= bjISST / pLISST

bp bp

was also calculated. We note that the k values for all examined seawater samples were found to
range between 1.125 and 1.138 and 1.118-1.120 for the Beardsley and Zaneveld [75] and Zhang
et al. [76] methods, respectively. An example illustration of fitting and extrapolation methods for
one sample collected during high tide at the San Diego River estuary is depicted in Figure 1.3. As

seen, both the Beardsley and Zaneveld [75] and Zhang et al. [76] fitted functions are in good
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agreement with the measured data of B;5°T () in the angular range 90-150°. However, the

extrapolated portion of the Beardsley and Zaneveld [75] function in the angular range 150—180°

has somewhat higher values compared with the Zhang et al. [76] function. Nevertheless, the

LISST

pp  for this sample obtained from the two extrapolation methods differ only by

estimates of b
0.5%. For all other seawater samples the difference was also small, not exceeding 1.5%. The final

results of b5'SST and bj,;*5" for seawater samples presented in this study are based on the Zhang et

al. [76] method.
1.3. Results and Discussion

1.3.1. Correction Functions for LISST-VSF

The results for CFyo0(¥), CF200(W), CFu00(¥), and CFf () are plotted in Figure 1.4. The

final correction function CF; (1) indicates that 8557 (1) is lower than BEF (1) by a factor of
about 2, and also exhibits some angular variability. One consistent feature in the forward scattering
region, which is independent of the bead size, is a sharp increase in CF; (1) with a peak at ring 26
(3 = 5.84°). We observed a similar but inverse feature consistently in natural seawater samples,

which suggests that the behavior of the correction function at these angles is credible. Within the
angular range of data from the Roving Eyeball sensor (16-150°), the CF(3) values remain
generally in the range between 1.7 and 1.9. For angles larger than 150°, we did not obtain
consistent results of the correction function for different bead sizes (not shown), so this angular
range is omitted from our analysis of LISST-VSF measurements. Note also that CF,,,(y) differs
greatly from CF;yo(30) and CF,yo (1) within the angular range between about 65° and 120°. This

can be attributed to the uncertainty in the determinations of CF,qo(y) associated with a well-
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pronounced minimum in the volume scattering function for the 400 nm beads in this angular range.
Therefore, the CF,y,(3)) data in this angular range were not used in the determination of final
CFr ().

The results for BF'4o(y), BF200(y), BF400(y), and BF(y), are shown in Figure 1.5. As seen,
BF; (1) is negative within the examined angular range and varies within a relatively narrow range
of values between about —0.02 and —0.04. Similar to the results for CF,¢, (), the distinct feature
of positive bias observed in the BF,(, (1)) data around the scattering angle of 80° can be attributed
to the uncertainty associated with a minimum in the volume scattering function for the 400 nm
beads in this angular range. This portion of BF,y,(3)) data was not used in the determination of
final BF; ().

The performance of the final correction function CFy(¥) within the range of scattering

angles from 0.09° to 150° was evaluated by comparing the corrected LISST-VSF measurements
of volume scattering function, 8557 (), with reference values of B5=F (1) for six samples of
polystyrene beads (100, 200, 400, 500, 700, and 2000 nm in diameter; see the dilution factors for
these samples indicated in boldface in Table 1.1). The beads with diameters of 500, 700, and 2000
nm were not used in the generation of the final correction function, so they provide completely
independent data for evaluating the performance of CF(y). The evaluation with the data for 100,
200, and 400 nm beads is also useful because the final CF;(y) was determined by averaging the
results obtained with multiple bead sizes and concentrations of these samples, and not from a single
bead size and concentration. Results of independent measurements obtained with the DAWN-EOS
on four bead suspensions (100, 200, 400, and 700 nm) are also included in the evaluation analysis

for additional comparisons.
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The comparisons of B5'55T (1) and BFEF (1) are shown in Figure 1.6 for the six polystyrene
bead samples. The presented values of B5'557 (1)) are the median values for each angle from each
measurement series. The measured values of 54" N (1) are additionally depicted for the 100, 200,
400, and 700 nm diameter beads. In general, the magnitude and angular dependence of B5"5°T ()
exhibits good agreement with reference values for all bead diameters. Notable differences occur
within the minima of volume scattering function, for example near the angle of 80° for the 400 nm
beads (Figure 1.6¢c). This issue has been mentioned above in the context of determinations of
CF; () and BF (). The agreement observed between B5'5°T () and B3 4" N (1)) lends additional
credence to the determined correction function CFr(y) and its application to LISST-VSF
measurements.

Figure 1.7a illustrates the relationship between B5"5*T () measured at all angles between
3.02° and 150° and ,85” (y) for the corresponding angles for the six bead samples. The overall

agreement is quite good over a range spanning nearly 4 orders of magnitude. The regions of largest
disagreement correspond to angles measured with the ring detectors, as well as angles
corresponding to sharp minima or maxima in volume scattering function which are observed for
the larger beads. Although the measured minima and maxima occur essentially at the same angles
as predicted by Mie scattering calculations, the measured magnitude of minima or maxima can
differ by a few tens of percent from the reference values. This is illustrated by plots of percent
differences between the measured and reference values (Figure 1.7b). The oscillations and peaks
(both positive and negative) in percent differences correspond to the minima and maxima in the
angular patterns of volume scattering function.

Table 1.2 includes several statistical parameters that quantify the agreement between the

data of B5'55 (1) and BFEF (1) illustrated in Figure 1.7a. In this analysis we ignore 1 <3.02° due
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to generally low scattering signal relative to baseline for these ring detectors. The values of
statistical parameters support the overall good agreement; for example, the median ratio (MR) of
Byt (@) to BREF (1) is very close to 1, and the median absolute percent difference (MAPD)
between ﬁ,’,jISST (y) and ﬂ{fEF (y) 1s only ~4%. These median values indicate no overall bias in the
corrected measurements of B5'55T () relative to the reference values of BF5F () and small

statistical differences between B5S5T () and BrEF (). Table 1.2 also includes the statistical

parameters for a subset of data presented in Figure 1.7a. In this subset, the forward scattering
measurements with ring detectors were excluded, so the angular range is 16—150°. The statistical
parameters for this subset are generally improved compared with the dataset covering the angular
range 3.02—150°. For example, the root mean square difference (RMSD) is smaller (0.015 m ™' sr '
vs. 0.21 m' sr'') and the slope of linear regression is closer to 1 (0.958 vs. 0.723). The
improvements in the statistical parameters after removing the ring detector data are related
primarily to much larger values of volume scattering function at forward scattering angles
compared with larger angles, and a tendency to negative bias in 85" (1) relative to BF5F () at
forward angles.

To further validate the correction of LISST-VSF measurements with the CF¢ () function,
we performed comparisons for approximate scattering and backscattering coefficients, by, 159 and
bpp,150 » TEspectively. The approximate scattering coefficient b, 150 was obtained by integrating

the volume scattering function within the angular range from 0.09° to 150°. The approximate

backscattering coefficient b,y 150 was obtained by the integration from 90° to 150°. These

calculations were made for the uncorrected measured B5'557*(3), CFj-corrected measured

BT (), and reference BREF (). We also used Mie scattering calculations to estimate the
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underestimation of the scattering and backscattering coefficients for the examined polystyrene

beads caused by the integration of BEF (1) up to 150° as opposed to 180°. We found that the

approximate scattering coefficient, bﬁ’;o, can be lower by as much as 7% compared with the

"true" scattering coefficient ngF . This result was observed for 100 nm beads. For backscattering
the approximate coefficient by5 s, was found to be lower by as much as 24% for the 500 nm

beads. Although the LISST-VSF measurements extend to 150° rather than 180°, the approximate
coefficients are still useful for our validation exercise because most of the angular range and
magnitude of total scattering and backscattering coefficients are included in the integration up to
150°. In addition, this validation analysis includes all 20 experiments conducted in this study, and

not just the six example experiments presented in Figures 1.6 and 1.7.

Figure 1.8 compares the reference values of by 35, and byy4so with LISST-VSF values

determined from uncorrected B5"557* () and CFy-corrected B5"55T (). In these calculations we

used the median values of B5"5°7*(y) and B;'55T () for each measurement series from all 20

experimental combinations of bead sizes, concentrations, and PMT gains listed in Table 1.1. For

all experiments, the approximate coefficients, by75" and bppis,, derived from uncorrected

LISST*(4))) are nearly half of the reference values of bREE and bREY .. After CF, correction
D y p,150 bp,150 f

the approximate coefficients bL5ST and bLISST  exhibit a nearly 1:1 relationship with bREE = and
pp p,150 bp,150 y p p,150

bgﬁ’;so. The statistical parameters that quantify the overall good agreement between bé"fssg and

bgﬁ’;o and between bﬁ{ffsTo and bﬁgqso are listed in Table 1.2.
Similarly to the validation analysis of CF; (i), the performance of the correction function

BFf(y) was evaluated by comparing the corrected LISST-VSF measurements of the degree of

linear polarization, DoLB;"*ST (1)), with reference values of DoLP ¥ (1) for six samples of
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polystyrene beads (100, 200, 400, 500, 700, 2000 nm in diameter). Figure 1.9 depicts these
comparisons. The values of DoLP,#"" () measured with DAWN-EOS are also depicted for the
100, 200, 400, and 700 nm beads. For all bead sizes, the magnitude and angular dependence of
DoLPy"SST (1) exhibits generally a very good agreement with both the reference values and
DAWN-EOS measurements. For larger beads, notable differences occur within the minima of the
degree of linear polarization, for example near the angle of 80° for the 400 nm beads (Figure 1.9¢).

Figure 1.10a is a scatter plot of DoLP,"$5T (1) vs. DoLPEF (1)) which includes all data for
the six bead samples presented in Figure 1.9. In the region of negative values which correspond to
the minima in the angular pattern of the degree of linear polarization, the DoLP,"55" (1) exhibits
a positive bias relative to DoLPpREF (¥). This bias is seen in the form of peaks in the angular pattern
of the difference between DoLP,'S5T () and DoLB ¥ (1) for larger bead sizes (Figure 1.10b).
The peak amplitudes generally range from 0.05 to 0.3. Importantly, however, aside from these
features the data of DoLPy"S5T () vs. DoLBREF (1) are distributed close to the 1:1 line within the
major part of the region of positive values (Figure 1.10a). This includes the region of maximum
values of the degree of linear polarization of scattered light from natural seawater samples, which
are observed at scattering angles near 90° or greater. The overall good agreement between BFy-
corrected measured DoLPy"5T (1) and DoLPyEF (1) is supported by the statistical parameters
shown in Table 1.2 which are calculated on the basis of the entire dataset presented in Figure 1.10
For example, the RMSD and MAPD values are small, 0.065 and 5%, respectively. Also, despite
some negative bias for data with negative values of the degree of linear polarization, the MR for

the ratio of DoLP,"557 (1) to DoLBREF (1) for the entire dataset is 0.993, indicating essentially no

bias. These statistics would improve if the data within the minima in the angular pattern of the

degree of linear polarization were removed from the analysis.
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1.3.2. Measured Light Scattering Properties of Natural Particulate Assemblages

Figure 1.11 depicts the corrected measured volume scattering function, 8557 (), and the
degree of linear polarization, DoLP;"*ST (1), for three contrasting natural assemblages of particles.

The selected parameters describing the particulate and optical properties of these samples are
provided in Table 1.3. Sample A was obtained ~8 km offshore from the subsurface chlorophyll-a
maximum at a depth of 18 m, sample B was collected just beneath the sea surface at SIO Pier
during a calm sunny summer day, and sample C was collected ~2 km inland at the San Diego River
Estuary during low tide. The SPM range covers about one order of magnitude from 0.36 g m > for
sample A to 3.18 g m > for sample C, which is reflected in significant range of the particulate
scattering coefficient, b%SST from 0.36 m ™' to 2.23 m™'. Chla was also lowest for sample A (0.75
mg m ) but highest for sample B (2.5 mg m°). Thus, whereas the offshore sample A represents
a particle concentration that is within the range of observations in relatively clear open ocean
waters, sample C is representative of more turbid coastal or nearshore waters [5,7]. Samples A and
B have similarly high values of the ratio POC/SPM (0.43 and 0.47, respectively) and relatively
high values of Chla/SPM (2.1 x 107 and 2.2 x 10>, respectively), indicating organic-dominated
particulate assemblages with significant contribution of phytoplankton. In contrast, sample C has
much lower values of POC/SPM (0.14) and Chla/SPM (3.8 x 107%), indicating inorganic-
dominated particulate assemblage and relatively small role of phytoplankton, despite significant
chlorophyll-a concentration (1.21 mg m™>).

These differences in particle properties between the three samples are responsible for the

differences in the magnitude and angular shape of BT (y) and DoLP;"55T (1) presented in
Figure 1.11 and the optical parameters listed in Table 1.3. These optical parameters include the

particulate backscattering ratio, bf>", the ratio of B5'557 (45°) to B5'55T (135°), and the maximum
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value of DoLB;"*5T (1)) denoted as DoLPy 5. This maximum value occurs at a scattering angle
Wmax Which is also provided in Table 1.3. The offshore sample A has an intermediate value of

b515ST and the highest DoLPas% of about 0.77 associated with the smallest Yy, of 92°. Sample

B from the SIO Pier has the lowest Eé{,SST of' 0.008 among the three samples, suggesting a relatively
steep slope of particle size distribution, relatively low bulk particle refractive index, or both [17].
This sample also shows the least steep near-forward scattering pattern (Figure 1.11c), which
suggests a higher proportion of small particles relative to larger particles compared with the two

other samples. Finally, the most turbid and least organic sample, sample C, exhibits an enhanced

LISST

proportion of backscattering with the highest Ebp

of 0.027. While this result may suggest a

relatively high bulk particle refractive index [17] consistent with the lowest POC/SPM ratio among
the three samples, the additional influence of particle size distribution cannot be ruled out. Sample
C shows steep near-forward scattering pattern (Figure 1.11c), which is typically indicative of an
increased proportion of large particles relative to small particles. Note that sample C also has the

lowest B5"55T (45°) /B5"55T (135°) ratio of 12, which indicates a higher degree of symmetry in the
angular pattern of scattering about 90°, which is consistent with the relatively high value of EI%SST
for this sample. In addition, sample C has the lowest DoLPpL};ECSL,TC of 0.58.

For comparison, Table 1.3 also includes the values for the selected optical parameters
estimated from measurements reported by Petzold [38] for clear ocean waters (off Bahamas),
coastal waters (San Diego coastal region), and turbid waters (San Diego Harbor). These
measurements span a generally similar range of scattering angles as the LISST-VSF (10-180° in
5° increments), but are based on a spectrally broader incident beam (75 nm full width half

maximum) centered at 514 nm. The estimates of particulate volume scattering function £, from

Petzold's measurements were obtained by subtracting pure seawater contribution f,, from the
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measured total . The pB,, value was calculated assuming a water temperature of 15 °C and salinity
of 33 PSU [77]. Although Petzold's data include measurements made in clearer waters compared
with our samples, the range of values for the dimensionless parameters associated with the shape
of angular scattering pattern, by " and B5'55T (45°)/B5'SST (135°), is very similar. Specifically,
our data for the offshore sample A are similar to Petzold's data from clear waters, sample B from
the SIO Pier aligns with Petzold’s data from coastal San Diego waters, and sample C from San

Diego River Estuary with Petzold's data from the San Diego Harbor.

We note that the dotted lines in Figure 1.11 reflect some variations in 85557 () and
DoLPy"S5T (1) between the individual measurements within a given set of measurements for each

sample. For example, on the basis of the collection of 200 to 400 measurements for each of the
two linear polarization states of the incident beam and the scattered light, the coefficient of
variation at ¥ = 90° was 14%, 8%, and 13% for B;'55T and 20%, 13%, and 15% for DoLP,"'ST
for samples A, B, and C, respectively. These variations between the individual measurements that
have been taken in rapid succession do not necessarily reflect the measurement precision, as they
can also be associated with actual variations in the sample, for example the fluctuations in the
presence of relatively rare large particles within the interrogated sample volume. Another

important point is that the small negative values of DoLP,"S*Tobserved for some individual

measurements at forward scattering angles <30° (see the 10th percentile dotted lines in Figure 1.11
b,d,f) are not necessarily an indication of measurement uncertainty because the negative values,
especially in this angular range, are physically possible for certain types of particles [30,54,56,58].

Figure 1.12 depicts scatter plots of the relationships between the dimensionless optical
parameters, by5*ST and DoLPss%, and the dimensionless particulate compositional properties,

POC/SPM and Chla/SPM, for all 17 samples examined in this study. The overall range of
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POC/SPM in our dataset is 0.04 to 0.6. The presented data have been divided into three groups
according to the values of POC/SPM as follows: the least organic-dominated (or the most mineral-
dominated) data with POC/SPM < 0.15; the most organic-dominated data with POC/SPM > 0.3,
and the intermediate data with 0.15 <POC/SPM < 0.3. The selected boundary values of POC/SPM
for discriminating between the organic-dominated and mineral-dominated groups of data differ
from those used in our previous studies [65,78], but appear to adequately reflect the patterns in the
present data. In particular, the most mineral-dominated samples with POC/SPM < 0.15 form a
clear cluster of data points with the highest Eé{,SST (Figure 1.12a) and the lowest Chla/SPM (Figure
1.12b,d). We also note that no data were collected for POC/SPM between 0.15 and 0.2, so we will
refer to all data with POC/SPM > 0.2 as highly organic because they all represent highly significant
or dominant role of organic particles.

The scatter plot for the data of Bg{,SST vs. POC/SPM suggests the presence of a relational

trend with significant negative correlation between the variables (the correlation coefficient R =

—0.73). While the bj5*" values are clearly highest for POC/SPM < 0.15, the organic-dominated

LISST

bp - This result is consistent with the notion that mineral-

samples have consistently lower b
dominated particulate assemblages with relatively high bulk refractive index of particles tend to
have higher backscattering ratio Ebp compared with organic-dominated assemblages with lower
refractive index [17]. However, we also note that highly organic samples with POC/SPM > 0.2

show no clear relationship and essentially no correlation between E{;;,SST and POC/SPM (R =

LISST

—0.11). This result may be attributable to the effect of other particle characteristics on Ebp

, such

as variations in refractive index of particles associated with changes in the composition of

LISST

particulate organic matter, variations in particle size distribution, or both. The scatter plot of Ebp

vs. Chla/SPM (Figure 1.12b) provides interesting insight into this question, as this relationship is
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significantly better compared with bj5" vs. POC/SPM. Whereas the correlation between bjy "
and Chla/SPM for all data is strong (R = —0.85), the subset of data for highly organic samples
(POC/SPM > 0.2) has also a relatively high correlation coefficient of —0.51. This is an important
result, suggesting that for particulate assemblages with high organic content, the backscattering
ratio Ebp tends to decrease with increasing proportion of phytoplankton in the particulate
assemblage. It is likely that the relationship in Figure 1.12b is largely driven by a decrease in the
bulk particle refractive index with increasing proportion of phytoplankton in the particulate
assemblage. Because this trend also holds for the subset of highly organic samples, it may indicate

that live phytoplankton cells have generally lower refractive index than non-living organic

particles.

LISST

In contrast to Ebp

, the DoLPB,1a5% data show no clear relational trend and very weak
correlation with POC/SPM (R = 0.31), indicating that the maximum degree of linear polarization
does not provide a useful optical signature for the organic vs. inorganic content of particulate
assemblages in our dataset (Figure 1.12¢). A similar result with no correlation (R = 0.07) is
observed for DoLPy 155" vs. Chla/SPM, indicating that varying proportion of phytoplankton in total
particulate assemblage has no discernible systematic effect on the maximum degree of linear
polarization (Figure 1.12d). We also determined that there is no significant correlation between
DoLPHssE and blSST in our dataset (R = —0.22), as well as between 1,4, and POC/SPM or
Chla/SPM (R = —0.09 and 0.06, respectively). It is also of interest to note that the range of our
DoLPia% data is generally consistent with the range of values reported in literature for natural

seawater samples, although the reported range in some earlier studies extends to somewhat lower

values, as low as about 0.4 [15,39-42,79,80].

51



The assessment of potential presence of systematic effects of particle size distribution
(PSD) on bj¥T and DoLPiss% is presented in Figure 1.13. In this assessment, we use two PSD

metrics: the 90" percentile diameter, D;°, derived from the particle volume distribution, and the
power function slope, {, derived from the particle number distribution. We also tested other

percentile-based diameters such as the median DJ° but no improvements in the examined

LISST

by associated with

relationships were observed. Figure 1.13a,b shows no trend in the data of b

variations in the particle size metrics, even though these metrics vary over a significant dynamic
range. This is the case for the entire dataset as well as a subset of highly organic samples with
POC/SPM > 0.2, which supports the interpretation of results presented in Figure 1.12b in terms of

the role of refractive index. The data of DoLPy 5% vs. Dy° show the potential for the presence of

a relational trend (Figure 1.13c). Although the scatter in these data points is significant and

correlation is weak (R = —0.47), the lowest values of DoLP,1a5% tend to occur along with the

highest values of Dy°. This result indicates that the decrease in the maximum degree of linear
polarization tends to be associated with particulate assemblages exhibiting a higher proportion of
large-sized particles. The potential usefulness of the relationship between the degree of linear
polarization and particle size has been proposed for the first time in 1930 [81], and the trend

observed in our data is consistent with those early results.

1.4. Concluding Remarks

Our laboratory measurements combined with Mie scattering calculations for samples of
standard polystyrene beads illustrate the value of such an approach for evaluating the calibration
and performance of light scattering instruments. For the specific version of LISST-VSF instrument

and data processing code used in our study, we determined the calibration correction functions for
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improved determinations of the particulate volume scattering function £, (1) and the degree of
linear polarization DoLF, (y). The required correction was found to be particularly significant for
Bp(W); a correction factor of ~1.7 to 1.9. The improved determinations of f,(y) and DoLP, (1)
were validated with measurements on independent samples, and also using another independently-
calibrated light scattering instrument, DAWN-EOS. Although the correction functions developed
in this study are applicable only to the specific version of LISST-VSF instrument and the data
processing code used in this study, our results emphasize a general need for evaluating the
performance of light scattering instruments and minimizing the associated uncertainties in
quantitative determinations from measurements.

The improved protocol for measurements of light scattering with our LISST-VSF
instrument was applied to measurements taken on 17 natural seawater samples from coastal and
offshore marine environments characterized by contrasting assemblages of suspended particles.
The particulate volume scattering function, degree of linear polarization, and backscattering ratio
were determined from LISST-VSF measurements. For our dataset, these light scattering properties
exhibit significant variations related to a broad range of measured particle properties characterizing
the organic vs. inorganic composition and size distribution of particulate assemblages. For
example, we observed negative relational trends between the particulate backscattering ratio and
the increasing proportions of organic particles or phytoplankton in the total particulate assemblage.
These proportions were parameterized in terms of the measured ratio of particulate organic carbon
(POC) or chlorophyll-a (Chla) concentration to the total dry mass concentration of suspended
particulate matter (SPM). The observed trends can be useful in the development of optical
approaches for characterizing the composition of particulate assemblages. Our results also suggest

a potential trend between the maximum degree of linear polarization of light scattered by particles
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and particle size metrics. Specifically, the decrease in the maximum degree of linear polarization
observed at scattering angles close to 90° tends to be associated with particulate assemblages
exhibiting a higher proportion of large-sized particles.

Earlier theoretical studies have shown that changes in the angular shape and the maximum
value of the degree of linear polarization depend on particle refractive index and size distribution
[82,83]; however, the experimental data of the degree of linear polarization of scattered light for
natural marine particle assemblages are very scarce. Our results provide a contribution to filling
this gap. This type of data can also be useful for improving an understanding of the polarization
properties of marine light fields including polarization of water-leaving radiance and advancing
related applications, including remote sensing applications [84-90]. The various potential
applications of angular light scattering measurements, including the polarization effects associated

with light scattering by marine particles, call for further efforts in this research area.
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1.6. Figures

Figure 1.1. Measurements of the particulate volume scattering function, B,(¥), at light
wavelength of 532 nm for 200 nm (a,b) and 2000 nm (¢,d) diameter polystyrene beads suspended
in water. The left panels depict the angular range of 1-50° with logarithmic scaling, and the right
panels depict the range 50-160° with linear scaling. The expected reference value, Bi°" (),

obtained from Mie scattering calculations is indicated as a dashed line. Quality-controlled but
uncorrected measurements obtained with the LISST-VSF (gray lines, number of measurements N
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Figure 1.2. Comparison of measurements of the particulate beam attenuation coefficient, c,, at
532 nm obtained with a spectrophotometer with measurements from the LISST-VSF. The
comparison is depicted for suspensions of polystyrene beads of six different diameters as indicated
in the legend, and the 1:1 line is plotted for reference (dotted black line). Appropriate dilution
factors have been applied to account for the different particle concentrations used in measurements
with each instrument. The presented values correspond to samples measured with the LISST-VSF.
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Figure 1.3. Measured values of the particulate volume scattering function S, (1) obtained with

the LISST-VSF after correction (circles) for scattering angles 90-150° and illustration of the
results of two model relationships (Beardsley and Zaneveld [75], Zhang et al. [76]) fitted to the
data. The illustrated example measurement was made on a natural sample collected from the San
Diego River estuary.
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Figure 1.4. Correction functions, CF (y), for the LISST-VSF measurements of particulate volume
scattering function B5'557* (1)) over the angular range 4.96-150° determined for 100, 200, and 400
nm polystyrene bead suspensions. For each individual bead size, dashed lines represent the median
values and the dotted lines indicate the 25™ and 75" percentiles determined from the series of

measurements. The final computed correction function CF () is shown in black, and includes the
constant value used for the near-forward angular range from 0.09° to 4.96°.
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Figure 1.5. Correction functions, BF (y), for LISST-VSF measurements of the degree of linear
polarization of light scattered by particles, DoLP;"55"* (1) over the angular range 16-150°
determined for 100, 200, and 400 nm polystyrene bead suspensions. For each individual bead size,
dashed lines represent the median values and the dotted lines indicate the 25" and 75™ percentiles
determined from the series of measurements. The final computed correction function BFy () is

shown in black.
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Figure 1.6. Comparison of S, (y))measurements on suspensions of polystyrene beads of varying
diameter with reference values, B55F (). The B55ST () data represent CFy-corrected median
values obtained from a series of measurements with the LISST-VSF. Independent measurements
of B, (1) obtained with the DAWN-EOS instrument are also shown as diamonds in panels a, b, ¢
and e. The bead diameters are indicated in the legend.
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and the 1:1 line is plotted for reference (dotted black line). (b) Residuals expressed as percentages

between B5'55T and BFEF for each bead size as a function of scattering angle.
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Figure 1.8. (a) Scatter plot comparing reference values of the particulate scattering coefficient

computed over the angular range 0.09-150°, b33, with values determined from the LISST-VSF,
b;155 , before (asterisks) and after (circles) correction with CFy. A type II linear regression model
fit to the data is indicated by the dotted lines. (b) Similar to (a), but for the particulate

backscattering coefficient computed over the range 90—150°.
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Figure 1.11. Measurements of B5°Tand DoLP,"ST obtained with the LISST-VSF on natural
seawater samples from the San Diego region representing (a,b) subsurface offshore waters, (c,d)
SIO Pier, and (e,f) San Diego River Estuary. Solid lines represent median values while dotted lines

indicate the 10™ and 90" percentiles obtained from a series of measurements on each sample. Insets
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Figure 1.12. LISST-VSF measurements of (a,b) the particulate backscattering ratio, bj5°", and

(c,d) the maximum value of the degree of linear polarization of scattered light, DoLPy 5oy, as a
function of the POC/SPM or Chla/SPM ratio. The data are divided into three groups defined by

the range of POC/SPM as indicated in the legend.
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Figure 1.13. Similar to Figure 1.12, but with optical quantities shown as a function of the particle
size metrics (a,c) D;°, representing the diameter corresponding to the 90™ percentile of the particle
volume distribution, and (b,d) ¢, the power law slope of the particle number distribution.
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1.7 Tables

Table 1.1. Information on the polystyrene bead size standards used to create laboratory sample
suspensions for experiments. The nominal bead diameter (D), catalog number, and actual mean
diameter D (+ standard error of estimate) and standard deviation of the mean (SD) provided by the
manufacturer (Thermo Fisher Scientific, Inc.) is listed. The particulate beam attenuation
coefficient at light wavelength 532 nm of the master sample as determined with a
spectrophotometer, ¢;"5¢, is listed in addition to specific dilution names and factors (e.g., DF1,
DF2, etc.) of the master suspension used for LISST-VSF measurements at different PMT gain
settings. The dilution factors in italic font denote the experimental data used for generation of the

final correction functions CF,and BF}, and those in boldface font denote the six examples used for
statistical evaluation in Table 1.2.

Nor;n)mal Catalog D SD Cip Ec Dilution Factor Dilution Factor

(nm] No. [nm] [nm] [m™] (PMT 500) (PMT 550)
DF1: 96, DF2: 48.5, DF1: 96, DF2: 48.5,

100 3100A 100+ 3 7.8 58.63 DF3:32.7 DF3: 32.67
DF1: 96, DF2: 48.5, DF1: 96, DF2: 48.5,

200 3200A 203 £5 5.3 46.26 DF3: 327 DF3: 32.7
DF1: 87.4, DF2: 44.2, .

400 3400A 400+9 7.3 51.44 DF3: 29.8 DF1:87.4

500 3500A 508 +8 8.5 20.64 DF2: 20

700 3700A 707+9 8.3 50.93 DF1: 96, DF2: 48.5

2000 4202A 2020+ 15 21 18.21 DF2: 20
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Table 1.2. Statistical results evaluating the comparison of corrected data from the LISST-VSF
measurements with reference values obtained from Mie scattering calculations. For 85557, the
results are shown for the angular range 3.02—150° which includes the ring data and for the range
16—-150° without the ring data. R is the Pearson correlation coefficient and the coefficients 4 and
B are the slope and y-intercept, respectively, determined from a type II linear regression between
individual pairs of X; and Y; values where Y; represents measured values and X; reference values.
The mean bias (MB) was calculated as 1/N x Y. (Y; — X;) and MR represents the median ratio of

Y; /X;. The root mean squared deviation, RMSD, was calculated as /% N, (¥; — X;)?, and the median

) . Yi—X; )
absolute percent difference, MAPD, was calculated as the median value of | lx- ‘| x100. N is the
13
number of data points used in the analysis.
Data R A B MB MR RMSD MAPD N

LISST (w/rings)  0.987 0.72  0.031m 'sr' -0.028m'sr' 1.00 0210m 'sr' 3.94% 876
14

BT (wiorings) 0998 0.96  0.002m 'sr' —0.002m 'sr' 100  0.015m 'sr' 339% 810

by35s 0.995 1.04 —0.048m”'  —0.007m" 1.00 0.043m’' 230% 20
bipiso 0999 099 0.000lm’'  —0.001m" 1.00  0.006m"' 3.70% 20
DoLPHSST 0989 091  0.046 0.016 0.99  0.065 500% 810

p
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Table 1.3. General information on particle characteristics and median values of optical quantities
derived from LISST-VSF measurements for the three example natural seawater samples depicted
in Figure 1.11. Values of selected optical quantities estimated from the measurements of Petzold
[38] are shown for comparison.

Sample Chla SPM  POC/SPM b, by, B, (45%) DOLPp oy Wmax

1D [mgm™] [gm’| lg/g] [m']  [dim] B,(135°) [dim] [deg]
A 0.75 0.36 0.43 0.36 0.012 16.5 0.77 92
B 2.49 1.13 0.47 1.75 0.008 17.1 0.69 96
C 1.21 3.18 0.14 2.23 0.022 12.0 0.58 94

Petzold Measurements

Clear 0.03 0.015 18.0

Coastal 0.19 0.009 17.8

Turbid 1.74 0.020 12.2
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Chapter 2

Assessing the effects of particle size and composition on light scattering

through measurements of size-fractionated seawater samples
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2.0. Abstract

Measurements of the particulate volume scattering function [, (¥)] at light wavelength of
532 nm, particle size distribution (PSD), and several metrics of particulate concentration and
composition were made on eight contrasting seawater samples from near-shore and coastal oceanic
environments including river estuary and offshore locations. Both 5, (1) and PSDs were measured
on original (unfiltered) samples and particle size-fractionated samples obtained through filtration
using mesh filters with pore sizes of 5 um and 20 pm. We present results based on direct size-
fractionated measurements and data adjusted for imperfect fractionation, which provide insights
into the roles played by particle size and composition in angle-resolved light scattering produced
by highly variable natural assemblages of aquatic particles. Despite intricate interplay between the
effects of particle size and composition, small particles (< 5 um in size) consistently produced a
major or dominant contribution (~50-80%) to the particulate backscattering coefficient, by, in
organic, either phytoplankton or non-algal, dominated samples regardless of significant variations
in PSD between these samples. The notable exception was a sample dominated by large-celled
diatoms from microphytoplankton size range, which exemplifies a scenario when large particles
(> 20 pum) can produce a considerable contribution (~40%) to by,,,. We also observed a trend for
inorganic-dominated samples exhibiting consistently lower contributions (~30—40%) of small
particles to by,. The particle size-based budget for the particulate scattering coefficient, by,
indicates a significant decrease in the role of small particles accompanied by an increase in the

role of larger particles compared to the by, budget.
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2.1. Introduction

The angular distribution of light scattered by natural waters has wide-ranging significance
and potential applications in aquatic sciences, especially in oceanography. One of the most
fundamental inherent optical properties (IOPs) of seawater is the spectral volume scattering
function, B(1, A) [in units of m™ sr’'], which describes the scattered intensity at light wavelength
A as a function of scattering angle, 1, per unit incident irradiance per unit volume of water (Mobley
1994). Integrating (1, A) over all scattering directions gives the spectral scattering coefficient,
b(A) [m']. In this integration, it is commonly assumed that light scattering by an assemblage of
randomly-oriented scatterers (molecules and particles) in natural waters is azimuthally symmetric
about the direction of incident light beam. Similarly, integration within the range of backward
scattering angles yields the spectral backscattering coefficient, by, (1) [m']. It is common to
include a subscript p in the notation of these inherent scattering properties (and other IOPs) to
denote the contribution only by particles in suspension with the contribution of molecular water
(subscript w) removed, e.g., 5,(, 1) = B, 1) — B, (¥, 4). As the scattering measurements in
this study were made at a single wavelength of 532 nm, we omit A for brevity hereafter unless
otherwise noted.

Because light propagation through the water column depends on scattering, radiative
transfer simulations require the input data of the volume scattering function, S (), or scattering
phase function, (1) which is typically defined as () normalized by b. Such simulations have
been used to study numerous problems of ocean optics (Gordon et al. 1974; Mobley et al. 2002;
Lietal. 2014) and have also been included in ocean biogeochemical and ecosystem models (Gregg
2002; Mobley et al. 2015). The effect of the angular shape of B (1) has been explicitly incorporated

in an ocean color analytical model which has the potential for improvements of satellite remote
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sensing applications (Zaneveld 1995; Twardowski and Tonizzo 2018). Furthermore, light
scattering properties depend on the physical and chemical nature of water and its constituents and
thus can provide biogeochemically useful information about water composition. For example, the
particulate backscattering ratio, by,/b,, can provide information about bulk particulate
composition such as dominance of organic or inorganic particles in seawater (Twardowski et al.
2001; Boss et al. 2004; Koestner et al. 2018). Inverse methods have also been applied to
measurements of 8, (1) for natural particle assemblages to estimate particulate compositional and
size information (Zhang et al. 2013). The particulate scattering and backscattering coefficients
have been examined as proxies for estimating the mass concentrations of suspended particulate
matter SPM (Babin et al. 2003; Neukermans et al. 2016), particulate inorganic carbon PIC (Balch
et al. 1999; 2001), particulate organic carbon POC (Stramski et al. 1999; 2008), and chlorophylI-
a Chla (Huot et al. 2008; Barbieux et al. 2018) in ocean waters. The spectral slope of backscattering
was used for estimating the characteristics of particle size distribution from satellite or in situ
measurements (Boss et al. 2001; Kostadinov et al. 2009; Slade and Boss 2015). However, the
complexity and variability of natural particulate assemblages impose significant challenges for an
understanding of bulk light scattering properties of seawater in terms of detailed particle size and
compositional characteristics (Babin et al. 2003; Stramski et al. 2004). This complexity is, for
example, reflected in significant variations in the relationships between light scattering properties
and measures of phytoplankton and particle concentrations (Huot et al. 2008; Wozniak et al. 2010;
Neukermans et al. 2012) and the lack of robust relationship between the spectral slope of b}, and
particle size across different water types (Reynolds et al. 2016).

To realize the full potential of applications associated with light scattering in the ocean,

further improvements are required in the fundamental understanding of the effects of particle size
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and compositional characteristics on variability in scattering across various marine environments.
It has recently been demonstrated that classifying samples in terms of the ratio of POC/SPM, which
serves as a bulk compositional proxy for the relative organic and inorganic contributions to
particulate matter, has the potential to provide improved estimates of particle characteristics from
optical measurements including light scattering (Wozniak et al. 2010; Reynolds et al. 2016). This
approach deserves further investigation. Further studies of the role of the particle size distribution
in light scattering associated with diverse particle assemblages encountered across different marine
environments are also needed.

The size of optically significant marine particles varies from submicron range to at least
several hundreds of micrometers (Jonasz and Fournier 2007; Davies et al. 2014), thus the particle
size distribution (PSD) is a major driver of variability in particulate scattering in the ocean. For
example, theoretical modeling of idealized assemblages of homogenous spherical particles
obeying a Junge-type power-law of PSD predicts that very small particles in the picoplankton and
colloidal size range, i.c., less than about 2 pm in diameter, can be a dominant source of by, under
typical open ocean conditions in the absence of phytoplankton bloom or significant presence of
coccolithophores (Stramski and Kiefer 1991). The idealized assumptions about marine particles
imply that such theoretical modeling must be interpreted with caution, especially in terms of
quantitative predictions for natural particle assemblages, as various scenarios of the scattering
dominance by different particle-size fractions or types can be encountered in various environments
(Stramski et al. 2004). Theoretical computations have also shown that non-homogenous particles,
for example layered spheres, produce enhanced backscattering compared with homogenous
spheres (Meyer 1979). This suggests that marine particles > 1 um in size, especially phytoplankton

cells, can play a greater role in by, within the surface ocean waters than predicted from the
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assumption of homogenous spherical particles (Kitchen and Zaneveld 1992; Whitmire et al. 2010).
Only a few studies have used an experimental approach based on particle-size fractionation of
natural seawater samples to address the role of particle size in backscattering. One such study in
the equatorial Pacific Ocean suggested that particles <3 pm in size contribute significantly to by,
accounting for over 50% of the bulk signal in most samples (Dall’Olmo et al. 2009). Twelve
samples from mainly oligotrophic waters (Chla < 0.25 mg m™) with low particle concentration
were analyzed using a flow-through system with and without a 3 um cartridge filter. In another
study Organelli et al. (2018) also used a flow-through system to collect and filter seawater for

measurements of PSD and by, for 22 samples collected along an Atlantic meridional transect.
Compared to Dall’Olmo et al. (2009), a broader range of oceanic conditions was included and
Organelli et al. (2018) concluded that particles < 1 um accounted for about 30-55% of by,,,. In both
studies, light scattering was measured only at one scattering angle and no significant assessment
of the observed variability in light scattering as it relates to particulate characteristics such as size
distribution and composition was made. In addition, these studies performed limited investigation
into how the reported size-based by, budgets may have been affected by imperfect fractionation.
To improve our understanding of the effects of particle size and composition on the light
scattering properties of seawater we conducted laboratory measurements of f3,(1)) combined with
comprehensive characterization of the particulate assemblages of natural seawater samples before
and after particle-size fractionation. The experiments were made for eight seawater samples
collected near San Diego, California, which represent significant variability in terms of
concentration of suspended particles, particle size distribution, and composition as assessed by the
contributions of organic vs. inorganic and phytoplankton vs. non-algal particulate components.

Unlike previous light scattering studies involving size-fractionation (Dall’Olmo et al. 2009;

84



Organelli et al. 2018), we investigate the roles of particle size and composition for a broad angular
range of light scattering from less than 1° to 150° using a comprehensive suite of parameters for
particle characterization in parallel with angle-resolved scattering measurements. The
fractionation of samples was made with mesh filters of 5 um and 20 um pore sizes, which allows
for the investigation of the fraction of particles which are small-sized and large-sized. To our
knowledge, the role of large-sized particles (> 20 um) has not been evaluated experimentally in
the past. Our study also includes the assessment of the effects on our results associated with

unavoidable limitations of particle fractionation methodology.

2.2. Methods

2.2.1. Water samples

Seawater samples were collected in the region of San Diego, California, from June 2016
through March 2017. Two samples were collected at offshore locations aboard the R/V Sproul in
mid-September. One sample was collected ~8 km offshore with Niskin bottles at a depth of ~20
m coinciding with the measurement of maximum chlorophyll-a fluorescence. The other sample
was collected ~2 km offshore at a near-surface depth using the ship’s surface seawater intake. Four
near-shore samples were collected at the Scripps Institution of Oceanography (SIO) Pier, three of
which were collected during periods of relatively high phytoplankton abundance in summer 2016
and one collected after a significant rain event in March 2017. Two estuarine samples were
collected 2 km inland in the San Diego River Estuary at two stages of high tide. The near-shore
and estuarine samples were collected at a depth of about 1 m using either a bucket or a 5 L Niskin
bottle. Table 2.1 provides additional description of samples with their corresponding ID used

throughout the paper.
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Approximately 3040 L of seawater were collected from a single location for each
experiment with onshore laboratory analysis completed within 8 hours after sampling except for
offshore samples which were completed within 24 hours after sampling. Before analysis, water
was stored in 20 L carboys and protected from light. The water in carboys was homogenized by
gentle mixing immediately prior to removing samples for subsequent analysis. Special care was
taken to ensure that subsamples of seawater used for different measurements and analyses were
treated similarly and collected from carboys within one hour of each other. All measurements were

typically completed within a 4-hour period.

2.2.2. Particle fractionation

Seawater for each sample was fractionated using high-precision woven nylon or polyester
mesh filters with pore sizes of 5 um and 20 um (Spectrum Labs). A 20 x 20 cm square of mesh
filter was placed in a customized plastic Buchner funnel with a 15-cm diameter opening for each
filtration. Mesh filters were sonicated in a 2% acid detergent solution (Citranox) for at least 10
minutes followed by back-flushing with at least 5 L of 0.2 um-filtered deionized water before each
use. After each use, mesh filters were back-flushed with at least 5 L of 0.2 um-filtered deionized
water followed by soaking in 2% Citranox solution overnight.

Both the 5 pym and 20 pm mesh filters did not require any excess pressure beyond the
gravitational force of the water head. The 5 pm mesh filter exhibited mild resistance to flow and
seawater was trickled into the Buchner funnel at a rate of ~4 mL/s to limit the overall pressure
exerted on suspended particles being retained by the filter. The 20 pm mesh did not produce any
noticeable resistance to flow and seawater was poured manually in a swirling pattern.

We acknowledge that the fractionation procedure cannot produce sharp cutoffs at the mesh

sizes and we thus choose to refer to particles retained on the 20 pm mesh as “large”, particles
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collected in the 5 um filtrate as “small”, and those collected in the 20 um filtrate but retained on
the 5 um mesh as “medium”. To provide a quantitative metric of filtration efficiency, we use a

nominal filter rating in percent following Sparks and Chase (2015):

emergent # particles D > MD
incident # particles D > MD

EMD = (1 )x 100% @.1)

where D [um] is an equivalent spherical diameter of the center of a size bin used in measurements
with the Coulter technique (see below for more details), MD is the diameter of a sphere
corresponding to the pore size of the mesh (i.e., 5 pm or 20 pm in our experiments), incident #
particles refers to concentration of particles in the original sample before filtration (i.e., unfiltered
sample), and emergent # particles refers to concentration of particles in the filtrate. In an ideal case

of perfect fractionation, the numerator in Eq. 2.1 would be zero and hence EMP would be 100%.

2.2.3. Particulate mass concentration and composition

The mass concentrations of suspended particulate matter (SPM), particulate organic carbon
(POC), and chlorophyll-a (Chla) were determined following filtration of each original seawater
sample onto 25 mm Whatman glass fiber filters (GF/F) at low (< 120 mm Hg) vacuum. Ratios of
these mass concentrations additionally serve as proxies of bulk compositional characteristics of
the particulate assemblage. Filtration volumes ranged from 200 mL to 1400 mL depending on
particle concentration.

The determinations of SPM were made with a standard gravimetric method (van der Linde
1998). We used pre-rinsed (~500 mL 0.2 pm-filtered deionized water), pre-combusted (5 hours at
450° C), and pre-weighed GF/F filters. Filters with retained particles were gently rinsed with 0.2
um-filtered deionized water to remove residual salt and then dehydrated in a 60° C convection

oven for at least 1 hour before weighting with a high-precision (1 pg) microbalance (MTS5, Mettler-
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Toledo). Filters were then stored in a desiccator and weighed two more times immediately
following additional dehydration in oven. The values of SPM [g m™] were determined by
subtraction of the blank filter mass and dividing by the volume of filtered seawater.

POC samples were filtered onto pre-combusted GF/F filters and organic carbon content
was determined using a standard high temperature combustion method (Parsons et al. 1984). Filters
with retained particles were dehydrated and stored in acid-washed glass scintillation vials before
analysis. Following acidification with 150 pL 10% HCI to remove inorganic carbon, the organic
carbon mass of each filter was determined with a CEC 440HA Elemental CHN Analyzer (Control
Equipment, now Exeter Analytical). The values of POC [mg m™] were determined by subtracting
the average carbon mass of several blank filters and dividing by the volume of filtered seawater.

Chla was measured using a spectrophotometric method. GF/F filters with retained particles
were extracted overnight in 90% acetone, centrifuged, and the absorbance of the clarified acetone
extract determined in a dual-beam spectrophotometer (Lambda 18, Perkin-Elmer) equipped with
a 15-cm integrating sphere (RSA-PE-18, Labsphere). Following subtraction of the blank (90%
acetone solution), values of Chla in the acetone extracts were calculated using the 4-band equation
of Ritchie (2008) and scaled by filtration volume to obtain the final Chla [mg m™] in the seawater
sample.

For both the SPM and POC measurements, duplicate sample filters were collected and the
results averaged to obtain the final estimates of SPM and POC for a given unfiltered seawater
sample. Single filters were also collected to determine both SPM and POC for the 5 pm-filtrate of
all seawater samples with the exception of one sample (Pyn). Determination of Chla for the
unfiltered sample was performed using single filters and no determinations were made for the

filtrates.
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2.2.4. Particle size distribution

The measurements of particle size distribution, PSD, were made using an electronic
impedance method with a Multisizer 3 (Beckman Coulter) equipped with a 100 um aperture which
allows particle counting in the size range of volume-equivalent spherical diameters, D, from 2 pm
to 60 um. Within this range, 300 logarithmically-spaced size bins were used to produce high
resolution PSDs. A baseline measurement of 0.22 um-filtered seawater was subtracted from
sample measurements. Approximately 10 to 15 replicate measurements of 2 mL subsamples of
each original (unfiltered) and two size-fractionated samples (i.e., the 5 pum and 20 um filtrates)
were collected. Care was taken to ensure particles were well mixed and remained in suspension by
manual stirring between replicate measurements. After removing outlier measurements, the
remaining measurements were summed and divided by the total volume evaluated to produce an
average PSD in particle counts per bin per unit volume of seawater.

We report various metrics of the PSD and provide graphical representation of the density
function of particle number distribution, N(D) [cm™ um™'], which results from the normalization
of particle number concentration in each size bin by the width of each bin. Assuming spherical
shape of particles, the particle volume distributions, V(D), were determined from the number
distributions for each sample. From V(D), the percentile-based particle diameters were calculated
such as the median diameter, D2°, and the 90th percentile diameter, DJ°. These parameters have
been shown to provide potentially useful metrics in the analysis of relationships between the

optical and particle size properties in seawater (Wozniak et al. 2010).
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2.2.5. Light scattering by particles

Measurements of the particulate volume scattering function, £, (1)) [m” sr'], were made
with the LISST-VSF instrument (Sequoia Scientific) in a laboratory benchtop configuration. For
each sample, f3,(1)) was measured on the original (unfiltered) sample and two size-fractionated
samples. The LISST-VSF measures angular scattering at light wavelength of 532 nm with an
incident laser beam of ~3.2 mm in diameter. The intensity of light scattered was measured at angles
1 between 0.09° and 15.17° with 32 ring detectors and between 14° and 155° with 1° resolution
using a roving eyeball sensor (photomultiplier tube; PMT). The geometry of measurement with
the roving eyeball sensor results in interrogated sample volumes in the range ~0.1-0.3 cm’
depending on the scattering angle. The interrogated volume for the ring detectors is somewhat
larger because the scattering contributions to these detectors are generated along a more significant
portion of the 15 cm pathlength of the instrument. Beam attenuation was also measured over a 15
cm pathlength to provide an estimate of the particulate beam attenuation coefficient, ¢, [m™'], and
to correct light scattering measurements for attenuation losses along the interrogated path of the
sample. The volume of water necessary for benchtop use of our LISST-VSF is ~1.8 L and each
measurement takes ~4 seconds. Extra care was taken to thoroughly clean the benchtop chamber
before measurements of each unfiltered and size-fractionated sample by flushing with 0.2 pm-
deionized water. A thorough analysis of this specific instrument and measurement configuration
has been previously performed, including formulation of a calibration correction and validation of
By () measurements (Koestner et al. 2018). Therefore, the description below emphasizes only
some methodological aspects of LISST-VSF measurements conducted in this study.

All reported data of f,(1) represent the particulate scattering with molecular water

scattering and scattering from very small particles (less than about 0.2 pm) removed from the
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sample measurement via subtraction of a baseline measurement on filtered seawater.
Approximately 2 L of 0.22 pm-filtered seawater were prepared via two filtrations at low vacuum;
first, with a 47 mm diameter GF/F filter and then with a 47 mm diameter 0.22 um nitrocellulose
membrane filter. The 0.22 um-filtered seawater was recirculated in the LISST-VSF chamber with
a peristaltic pump and 0.2 um Polycap 36 TC cartridge filter (Whatman) for at least 45 minutes to
obtain the least contaminated baseline measurement. The particle concentration of the samples was
adequate to ensure that measurements satisfy the single-scattering condition (Van de Hulst 1981;
Koestner et al. 2018). One sample (Er) was diluted to reduce ¢, to a value < 2 m™ in order to
satisfy this condition. Reported results for Er. account for this dilution.

Between four and eight sequences of 50 replicate measurements were collected for each
unfiltered and size-fractionated sample with gentle hand mixing between sequences while a 5 cm
magnetic stir bar was rotating at very low speed changing direction every 30 seconds. Thus, the
final results of 8, () are based on 200400 replicate measurements depending on the sample. As
a result, the total volumes interrogated with the eyeball sensor in the analysis of our samples varied
between ~20 and 120 cm’ depending on the eyeball scattering angle, and were somewhat larger
for the ring detectors. The determinations of final 8, (y) involved quality control of replicate
measurements, removing outliers potentially affected by measurement artifacts, and then deriving
the median value at each angle from the remaining measurements.

To estimate the b, and by, from the measured f3,, (1), an extrapolation procedure has been
used to provide data within the angular range 151-180° as described in Koestner et al. (2018). In
brief, a factor k was determined to estimate the contribution of scattering within the range 151—

180° to by, by finding the best fit function to our measured S, (1) between 90° and 150° and then
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extrapolating the fit function to 180°. Having determined b,, and by,,, the backscattering ratio was

calculated as Ebp = bpy/by.

2.2.6. Light absorption by particles

For the measurement of spectral absorption coefficient of particles, a,(A) [m'], unfiltered

seawater samples were filtered onto 25 mm GF/F filters at low vacuum. Filtration volumes ranged
from 100 mL to 800 mL depending on particle concentration in the samples. The a,(4) coefficient

was determined in the spectral range from 300 to 850 nm at 1 nm intervals using a Lambda 18
UV/VIS spectrophotometer (Perkin Elmer) equipped with a 15 cm integrating sphere (RSA-PE-
18, Labsphere). In these measurements we used a special "inside-sphere" configuration of the
filter-pad technique with a sample filter placed inside the integrating sphere, which efficiently
minimizes the scattering error (Rottgers and Gehnke 2012; Stramski et al. 2015). Duplicate
spectral scans were made and averaged for two orientations of the filter to account for any spatial
inhomogeneity of particulate matter retained on the filter. An average baseline obtained from
measurements of several blank filters saturated with 0.22 pm-filtered seawater was subtracted
from the measurements of sample filters. The calculation of a,(A) involved the use of the
pathlength amplification correction recommended by Stramski et al. (2015).

Following the measurement of a,(4), the sample filters were immediately subject to

treatment with 95% methanol which aims at removing the absorption contribution by extractable
phytoplankton pigments (Kishino et al. 1985). The methanol-treated filters were then measured
with the same inside-sphere spectrophotometric configuration. The result of this measurement is
typically referred to as the spectral absorption coefficient of non-algal particles or detrital particles,

which is often denoted by a,4(A). The final a, (1) and a,(4) spectra were obtained by smoothing
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the respective spectral curves with a 5-nm moving average and correcting the a;(A) spectra with
an offset which ensured that the a;(4) values match the a, (1) values in the near-infrared spectral
region (775-800 nm). As a final step of absorption data processing, the spectral absorption

coefficient of phytoplankton was calculated as a,,(4) = a,(4) — aq(A).

2.2.7. Light scattering budget based on particle-size fractionation

The measurements of f,(1) on unfiltered and size-fractionated samples allow the

calculation of a light scattering budget based on particle size. Specifically, we define the scattering

budget for ﬁp (¥) associated with small, medium, and large particle-size fractions as follows:

Bps(W) = Bp(W)[5 pm filtrate],

Bom() = B,(W)[20 pm filtrate] — £, (Y)[5 pm filtrate],

Bpi (W) = B, (P)[unfiltered] — 5, (1)[20 pm filtrate], (2.2)
where subscripts s, m, and / stand for small, medium and large particle-size fractions, respectively,
and [5 um filtrate], [20 um filtrate], and [unfiltered] refer to the type of sample used in the
measurement of f,(1). Note that the lower particle size limit in our measurements is about 0.2
pum because the baseline measurement was made with the 0.22 um filtered seawater. We also
applied the same scheme and notation of scattering budget for b, and b,,. The percent

contributions by each particle-size fraction to total particulate scattering by unfiltered samples

were also computed for 5,(1), by, and by,,,. For example, the percent contribution of the small

particle-size fraction to total by, of unfiltered sample is 100 x (by,s / bpp).
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2.2.8. Adjustment for imperfect particle-size fractionation

An analysis to investigate the effect of imperfect fractionation on the results for b, and b,
budgets was performed using theoretical light scattering computations for measured and idealized
PSDs. We made these calculations using a particle scattering model of Xu et al. (2017) under the
assumption that scattering calculations for hexagonally-shaped particles can reproduce angular
light scattering by natural assemblages of marine particles more adequately than calculations for
spherical particles. Adjustment factors describing the fractional difference in theoretical light
scattering for idealized fractionation relative to theoretical scattering for actual fractionation were

determined as follows:

bl
Ex = M (2.3)
px
bl
Eox = i (2.4)
bpx

where subscript x is the particle-size fraction (s, m, or /), &, and &, are the adjustment factors for
b,x and by, respectively, and superscript I or M denotes whether the ideal or measured PSD was
used as input for the scattering calculations. By ideal, we mean the PSD corresponding to a
hypothetical perfect size-fractionation with fractionation efficiency FMP of 100% (see Eq. 2.1)
and without any effect on particles smaller than the pore size of the mesh filter. Accordingly, the
ideal PSD of 5 um filtrate is equivalent to the measured PSD of unfiltered sample for all size bins
associated with particles smaller than 5 um in diameter and has null particle concentration for all
size bins larger than 5 pm. Similarly, the ideal PSD of 20 pm filtrate is equivalent to the measured
PSD of unfiltered sample for all size bins associated with particles smaller than 20 pm in diameter

and has null particle concentration for all size bins larger than 20 pm.
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Because the particle size measurements covered the range 2—60 pm, for the purpose of this
analysis we extrapolated the measured PSDs down to 0.2 pm and up to 200 um which improves
the representation of optically significant size range. Extrapolations were performed by
determining a slope parameter of power function fit to the measured PSD. The extrapolation from
2 um to 0.2 pm used a slope parameter determined from size bins between 2.1 um and 3.5 pm and
extrapolation from 60 um to 200 um used a slope parameter determined from bins between 20 pm
and 55 um. Note that the idealized PSDs for 5 um and 20 pum filtrates do not require an independent
extrapolation to 0.2 um because below 5 pm and 20 pum these PSDs are identical to the measured
PSDs of unfiltered samples including their extrapolated portions to 0.2 pm.

To compute theoretical scattering and backscattering coefficients for our extrapolated

measured and idealized PSDs, we first calculated f5,(y) for each PSD. Using an idealized PSD

for an example,

D=200 um

Bym = ) N'(D)ADa,(,n D), 2.5)

D=02 um
where D is an equivalent spherical diameter of the center of a given size bin [m], AD is the width
of the bin [m], N'(D)AD is the particle number concentration [m™] in the bin as obtained from
idealized PSD, n is the assumed complex refractive index of particles relative to water, and gy, is
the differential scattering cross section [m? sr™'] calculated from the particle scattering model (Xu
et al. 2017). We integrated the theoretical f8,(3) within the angular range from 0.09° to 150° of
LISST-VSF instrument and used the k determined from the measured f8,, () (as described above)
to derive theoretical values of b, and by,. Following Eq. 2.2, we then determined the necessary

inputs for Eq. 2.3 and 2.4 and subsequently the corresponding &, and &,,.
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For each sample, these calculations were repeated for five values of the real part of
refractive index which were chosen to reasonably cover a range of the bulk refractive index for
natural assemblages of marine particles (Zaneveld et al. 1974; Jonasz and Fournier 2007). For
samples dominated by organic particles with the largest contribution of phytoplankton (Px, Py, Pp,
and Oc as described below in the Results section), we used the refractive index relative to water
from 1.03 to 1.07 with a 0.01 step (Aas 1996; Stramski et al. 2001). For samples dominated by
inorganic particles with the lowest contribution of phytoplankton (Er and Ey) we used the values
from 1.09 to 1.13 with a step of 0.01 (Carder et al. 1974; Wozniak and Stramski 2004). For the
two remaining samples with intermediate contribution of phytoplankton (Pr and Os), we used the
values from 1.06 to 1.10 with a step of 0.01. In all these calculations, we used one value of the
imaginary part of refractive index of 0.0005 which reasonably represents weak absorption at 532
nm.

For each sample the final adjustment factors ¢, and &, were determined for each particle-
size fraction as the average of the adjustment factors determined from calculations made for all
five values of the refractive index. The final ¢, and &, were multiplied by our LISST-VSF
measured by, and by, to yield a final result of our analysis which provides an assessment of the
potential effect associated with imperfect fractionation. Using small particle-size fraction as an
example,

bys = bys & (2.6)
bZSps = bbps $bs » 2.7)
where * indicates that the measured scattering and backscattering coefficients have been adjusted

for imperfect fractionation. Compared to the actual size-fractionated measurements the adjusted
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coefficients b, and by, refer more rigorously to particles smaller than 5 wm in diameter, b, and
by, refer to particles larger than 20 um, and by, and by, refer to particles in the 5-20 um range.

Finally, using the scattering and backscattering coefficients adjusted for imperfect
fractionation, the adjusted percent contributions of each particle-size fraction to total b, and by,
of unfiltered samples were computed. For example, the adjusted percent contribution of small
particle-size fraction, which in this case corresponds more rigorously to particles < 5 um in size,

to total by, of unfiltered sample is 100 % (by,,s / bpyp).

2.3. Results

2.3.1. Assessment of particle-size fractionation

Filtration efficiency for natural assemblages of aquatic particles is complex and depends
on many factors including filter type, loading rate, and particle composition and shape (Sparks and
Chase 2015). As a means of assessing the particle-size fractionation through filtration with the
5 um and 20 um mesh filters, we compared measurements of PSD on the unfiltered samples with
size-fractionated samples. Figure 2.1 shows an example of such measurements for the Ex sample.
In general, there is adequate retention by the mesh of particles larger than the pore size of the mesh.
However, fractionation is non-ideal in the sense that some particles smaller than the pore size are
retained on the mesh and some particles larger than the pore size are found in the filtrate. For
example, in Fig. 2.1 we see that retention of particles by the 20 um mesh starts to increase
significantly around 10 um and particles larger than 20 pm are still present in the filtrate (solid
green line), albeit at much lower concentrations compared with the unfiltered sample (solid red
line). Under the condition of ideal fractionation, the PSD of the 20 um filtrate would be identical

to that for the unfiltered sample in the range D <20 um and the particle concentration would drop
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to zero at 20 um and beyond (dashed green line). Similarly, Fig. 2.1 shows that the 5 um filtrate
contains particles larger than 5 um although at significantly lower concentrations compared with
the unfiltered sample. While the filtration efficiency may be affected by several factors, it is also
critical to recognize that our PSDs are determined for volume-equivalent spherical diameters so
the unknown degree of non-sphericity of particles suspended in the samples can influence the
fractionation results.

Filter ratings for the 5 um and 20 um mesh filters calculated following Eq. 2.1 are shown
in Table 2.2 for all eight samples examined in this study. We also display the particle diameter
associated with F. = 80% as an additional metric for assessing filtration efficiency. This value
denotes the threshold diameter at which 80% of the total counts of particles larger than this
threshold have been retained on the mesh and hence removed from the liquid phase of the sample
during fractionation. Although this 80% threshold is chosen somewhat arbitrarily it provides a
measure of particle diameter at which substantial fractionation is achieved.

Data in Table 2.2 show significant retention of particles > 5 pm by the 5 um mesh with F?
ranging from 21% to 60%. The threshold diameter associated with 80% retention is less than 16
um with the exception of two offshore samples. The 20 um mesh shows a larger range of filter
rating, F2°, compared with that for the 5 um mesh. The threshold diameter associated with 80%
retention of particles by the 20 um mesh is typically about 30 um with the exception of three
samples with values exceeding 40 um. The evaluation of the 20 um mesh is complicated by the
fact that particles with D > 20 um occur typically at very low concentrations in the samples (< 10
particles cm™ um™) so the particle counting statistics obtained with the Coulter technique are
typically limited for these relatively large diameters. In addition, particles with D > 60 pm were

beyond the size range of our PSD measurements. We also note one peculiar case (Os) which has
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a negative F2° value indicating more particles with D > 20 um in the 20 um filtrate than in the
unfiltered sample. This may result from low particle counts, possible disruption of larger particle
aggregates, or both. Nonetheless, the diameter associated with 80% retention is 41 pm in this case.

Not surprisingly, the results from this analysis support the notion that realistically
achievable efficiencies of particle-size fractionation can differ considerably from an ideal
fractionation scenario (Sheldon 1972; Logan 1993), even if seawater samples are subject to gentle
filtration through high-precision mesh filters with relatively large pore size as was done in the
present study. Nevertheless, we consider such fractionation a useful experimental approach for
addressing the main objectives of our study because the fractionation produces a large change in
the PSD which is consistent with the pore size of the filter. However, because the pore size of the
filter cannot be used in a quantitative sense as a strict cutoff size in the PSD, the particle-size
fractions obtained from measurements on 5 pm filtrates, 20 um filtrates, and unfiltered samples
are qualitatively referred to as representing small, medium, and large particles as has been already

explained in relation to Eq. 2.2.

2.3.2. Particle size and composition characteristics

The measured particle size distributions of the eight seawater samples are shown in
Fig. 2.2. Each panel includes the additional PSD measurements for the two size-fractionated
samples. The particle number concentrations span nearly 7 orders of magnitude within the
measured size range 2—60 um with the Py and E; samples exhibiting the highest concentrations
approaching or surpassing 10° particles cm™ um™ at a diameter of 2 um. None of the unfiltered
samples (red lines in Fig. 2.2) appear to obey a Junge-type size distribution with a single slope of
the log-log plot of PSD over the measured size range. In all cases the slope exhibits significant

changes as a function of particle diameter and in some cases large features including maxima (e.g.,
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Pn, Pm, and Pp) are superimposed on the general trend of decreasing particle concentration with
increasing particle diameter. These results support earlier observations that the Junge-type
distribution with a single slope often provides an inadequate approximation of PSD of marine
particles (Jonasz and Fournier 2007; Reynolds et al. 2010; 2016). As expected, the deviations from
a single slope distribution are much more pronounced for the size-fractionated samples which can
also exhibit significant features, especially in some 20 um filtrates.

Characterization of the PSDs using the percentile particle diameters, D3%nd DJ°, is
provided in Table 2.3 for the unfiltered samples and the small particle-size fraction corresponding
to the 5 pm filtrates. The variations in Dj%and DJ° between the samples reflect varying
contributions of small vs. large particles to the PSD. For example, the unfiltered samples Pp, Pg,
and Eg have DJ° > 30 um indicating a significant contribution of large-sized particles while
samples Py, Er and Os have D;J° close to or less than 20 pum indicating a greater role of small-sized
particles. D20 is also useful in interpreting the PSD of unfiltered samples. For example, sample Oc
has a lower D2° than sample Pyi; however, D20 is higher for Oc indicating that small-sized particles
play less significant role in O¢ compared to Py;. Among the eight examined samples of unfiltered
seawater, sample Py has the greatest role of small-sized particles (the lowest values of D3%and
D)%) and sample Py, the greatest role of large-sized particles (the highest values of DJ%nd DJ)°).
As expected, data for small-sized particles after fractionation with the 5 um mesh indicate a
decrease in DJ° and DJ° compared with the corresponding unfiltered samples. For example, DJ°
is less than 7.5 pum for the small-particle fraction of all samples. It is of interest to note that medium
or large-sized particles may still play a role in the small-particle fraction of some samples as

suggested by relatively large values of DJ)°, especially 24.9 um for Ey; and 18.1 um for Pp.
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Table 2.3 also provides a comparison of samples in terms of particle mass concentration
and composition characteristics. SPM, POC, and Chla serve as metrics of bulk concentration of
total particulate matter, organic particulate matter, and phytoplankton, respectively. The ratios
POC/SPM, Chla/SPM, and a,, (440)/a,(440) are used as metrics of composition of particulate
matter. Specifically, POC/SPM provides a proxy for contributions of organic vs. inorganic
particles to total mass of particulate matter. Both Chla/SPM and a,,(440)/a,(440) provide
proxies for contributions of phytoplankton vs. non-algal particles although the former in the
context of particulate mass concentration and the latter in the context of particulate absorption. In
Table 2.3 all these concentration and composition parameters are listed for unfiltered samples and
some parameters are also provided for the small particle-size fraction. The spectral information on
the ratio a,, (1)/a,(4) for unfiltered samples is also depicted in Fig. 2.3.

Among the eight original (unfiltered) samples examined, the offshore samples (Os and Oc¢)
have the lowest SPM (~0.5 g m™ or less) and the samples collected in the San Diego River Estuary
(EL and Ey) have the highest SPM in the range from about 3 to 10 g m™. The samples from the
SIO Pier have intermediate values of SPM. The offshore samples also have the lowest POC and
Chla. The offshore values of Chla ranged from about 0.5 to 0.75 g m™, which is significantly higher
than the average near-surface Chla of about 0.2 mg m™ within the global ocean (Gregg and
Conkright 2002). Only one SIO Pier sample (Pr) has POC and Chla that are comparable to the
offshore values; the remaining samples are characterized by significantly higher values, including
Chla>2 mg m™ for Py, Pp, and E.. These data indicate that in terms of particle concentration, our
samples are not representative of vast areas of oligotrophic open ocean where Chla is less than 0.5

3
mgm”.
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The composition of particulate assemblages also varies significantly among the unfiltered
samples as characterized by the large range of POC/SPM from 0.09 to 0.6, i.e. from inorganic-
dominated (Ep) to highly organic-dominated (Pp). The samples from San Diego River Estuary are
inorganic-dominated with the lowest POC/SPM. Despite the relatively high Chla, we presume
phytoplankton to have minimal relative contribution to Er and Ey as indicted by the lowest
Chla/SPM and a,,,(440)/a, (440) values (see also the spectra a,,(1)/a, (1) in Fig. 2.3). Only
one SIO Pier sample (Pr) has comparatively low POC/SPM of 0.14; the remaining samples have
significantly higher values indicating a major or dominant role of organic particles.

Two SIO Pier samples (Py and Pp) are totally dominated by organic matter with POC/SPM
in the range 0.47-0.60. These samples also have relatively high values of Chla/SPM and
a,n(A)/a, () indicating a dominant role of phytoplankton. We use some ancillary information
(not shown) to help further characterize these samples. The Py sample is most likely nano- or
perhaps even picophytoplankton dominated. We note that the highest concentration of
picoeukaryotes observed with flow cytometry measurements during summer 2016 (Brian Palenik,
personal communication) corresponded to the period of collecting the Py sample. Despite a
conspicuous particle (most likely phytoplankton) population near 25 pum in the PSD of Py
(Fig. 2.2), half of the measured particle volume is associated with particles smaller than about

5 pum (Table 2.3) which, along with very high a,,, (440)/a, (440), supports the major role of small-

sized phytoplankton cells in this sample. The Pp sample is considered to represent highly
productive conditions related to the strong presence of microphytoplankton. This conjecture is
supported by observations of an abundance of the chain-forming diatom Hemiaulus hauckii with
the Scripps Plankton Camera System operated by the Jaffe Laboratory for Underwater Imaging

during the time of collecting our Pp sample. This is also consistent with the PSD of Pp which
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shows a large particle population centered around 30 pm. These diatom chains consist of individual
cells of about 15 um in base diameter by 100 um in length which produces a volume-equivalent
spherical diameter of about 32 pum.

The offshore samples Os and Oc are also highly organic-dominated with POC/SPM
ranging from 0.35 to 0.43. However, as indicated by Chla/SPM and a,,(4)/a,(2) the role of
phytoplankton in the particulate assemblage of surface sample Os is significantly reduced
compared to sample Oc that was collected within the subsurface chlorophyll maximum. We
therefore presume Os to be mostly organic and non-algal in nature while Oc is phytoplankton
dominated.

Our analysis also includes one SIO Pier sample (Py) which has an intermediate value of
POC/SPM of 0.22. This value indicates a major role of organic particles with a non-negligible
effect of inorganic particles. This particulate assemblage also has the second highest ratio of
a,n,(440)/a,(440) of 0.77 (see also Fig. 2.3) suggesting a very important role of phytoplankton.

Table 2.3 also includes SPM, POC, and POC/SPM data for the small particle fractions
corresponding to the 5 pm filtrates. Based on these data the percent contribution of SPM associated
with the small particle fraction to the total SPM associated with the unfiltered sample ranges
between 13% and 67%. For POC this range is 34% to 81%. For samples Py, Os, and O¢ over half
of the total SPM and POC is associated with small particle fraction. With the exception of one
sample (Pp), the ratio POC/SPM is higher in the small particle fraction compared with unfiltered
sample, indicating that the small particle fraction is usually more organic than the entire particulate
assemblage. For example, the POC/SPM value for the small particle fraction of sample Ep
increased almost 3-fold compared with the entire particulate assemblage (0.24 vs. 0.09),

suggesting that while the entire assemblage is inorganic-dominated, the small particle fraction is
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organic-dominated and therefore the medium and large-sized particles are even further dominated
by inorganic particles (i.e., POC/SPM < 0.09). A similar trend is observed for sample Pr which

exhibits an important role of inorganic particles in its unfiltered assemblage.

2.3.3. Particulate scattering properties

Figure 2.4 shows the particulate volume scattering functions, 3, (1), and scattering phase
functions, [;’p (¥), measured on the eight unfiltered seawater samples. The San Diego River Estuary
samples have the largest magnitude of f,(3) for nearly all scattering angles while offshore
samples have the lowest values (Fig. 2.4a,b). Although the angular scattering patterns share the
common features of a strong peak at forward angles and flattening in the backscattering region
1 > 100°, which are characteristic for natural assemblages of aquatic particles (Morel 1973; Jonasz
and Fournier 2007; Sullivan and Twardowski 2009), there are significant differences amongst our
samples in the angular shape of scattering as shown by the scattering phase functions (Fig. 2.4c,d).
In particular, the ﬁp (¥) functions of the estuary samples exhibit enhancements within the range
encompassing intermediate and backscattering angles, i > 45°. The SIO Pier samples generally
have the lowest values of [;’p (¥) in this range of scattering angles while the offshore samples have
the intermediate values. Within the near-forward scattering region where 1 is less than about 10°,
the angular shapes of ﬁp (y) are generally similar between the samples, although the SIO Pier
sample Py stands out in this region with enhancement between about 2° and 8° and a flattening for
1 < 1°, while data for all other samples continue to rise more substantially with further decrease
in scattering angle (Fig. 2.4d).

Table 2.4 shows b, and bj,,, computed from the measured 3, as well as the backscattering

ratio, Ebp, for the unfiltered samples and 5 um filtrates (i.e., small particle fraction). The b, and
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by, coefficients generally follow the trends observed in the magnitude of 8, () as displayed in
Fig. 2.4a,b, while Ebp generally reflects the variations in ﬁp (y) shown in Fig. 2.4c,d. The estuary
samples (EL and En) have the highest values for both b, and by,,, which is consistent with the

highest particle mass concentration of these samples (SPM in Table 2.3). The offshore samples

(Os and Oc) have the lowest values of b, and by,;,, which is consistent with the lowest values of
SPM for these samples. For the SIO Pier samples, b, and by, assume intermediate values between

the estuary and offshore samples. There are, however, notable differences between the pier

samples. For example, whereas by, for Py and Pr are nearly identical, b, for Py is over twice as
large as it is for Pr. The Pp sample has the lowest values of b, and by, among the pier samples,
which is especially well pronounced for byy,.

The backscattering ratio Bbp varies over a 2.75-fold range between 0.008 for Py and 0.022
for Ey. This range is consistent with earlier observations of Ebp in different marine environments
(Boss et al. 2004). The most inorganic-dominated samples with the lowest POC/SPM ratio, Pg,
Er, and Ey, have the highest Ebpvalues, which suggest that these assemblages are dominated by
particles having a relatively high refractive index (Twardowski et al. 2001). The sample Py with
the lowest Ebp is highly organic and phytoplankton-dominated (Table 2.3). Interestingly, although
Py also has the lowest values of particle size metrics as shown in Table 2.3, this relative importance
of small particles does not seem to have a clear enhancement effect on Ebp. We also recall that, in
contrast to other samples, Py exhibits enhancement in the phase function ﬁp (¥) between about 2°
and 8° (Fig. 2.4d), which may contribute to lower Ebp by means of increased b,,.

Data in Table 2.4 also show that the Ebp values of the small particle-size fraction are

generally very similar (to within #£0.001) to the values of unfiltered samples. The only exception
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is sample Pr for which Ebp of the small particle-size fraction decreased by 0.004 compared to the

unfiltered sample. This sample is characterized by the noteworthy increase of POC/SPM in the
small size fraction compared to the unfiltered sample (0.24 vs. 0.14, Table 2.3). Nevertheless, the
interpretation of the potential effect of changes in particle composition on Ebp of sample Py as a
result of size fractionation is not straightforward because most other samples also showed an
increased POC/SPM in the small size fraction (Table 2.3). In addition, Ebp is dependent on particle
size which, on average, is smaller in the small particle-size fraction than the unfiltered sample
(Table 2.3) and, hence, expected to reduce Ebp (Morel and Bricaud 1986).

With regard to data for the small particle-size fraction, Table 2.4 also shows an expected
decrease in the magnitudes of b, and by, compared with the unfiltered samples. This reduction is

a component of the particle size-based scattering budget which is discussed in greater detail in the
next section. In brief, the data for the eight examined samples displayed in Table 2.4 indicate a

significant range in the extent to which b, and by, are reduced in the small particle-size fraction

compared to the unfiltered samples. For example, this reduction for backscattering is only about
20-30% for Py, Os, and Oc¢ and as much as 65-70% for E; and Ey. This result indicates that our
study includes a range of contrasting samples with highly different scenarios for particulate
backscattering in terms of the roles of the small particle-size fraction.

Figure 2.5 shows the relative contributions of small [S,,; ()], medium [ S, (1)], and large
[Bp1 ()] particle-size fractions to the total particulate volume scattering function, 8, (), for each
experiment using the notation described in Eq. 2.2. Generally, the small particles dominate 5, (1)
at nearly all scattering angles for all samples except Er, and Ex. Samples Py and Oc exhibit the
highest contributions of £, (1) to 5, (1)), generally greater than 75%, and samples Py and Os also

have very high contributions generally in the range of 65—75%. For samples Pp and Pg, the
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contributions vary between about 40% and 55%. For sample E the scattering by medium-sized
particles, fB,,,(¥), is the most important contributor to f,(3p) while Ey exhibits a pattern with
most similar contributions of all three particle-size fractions. We also note that, with the exception
of Ey, the contributions of £, (1) and B,,(¥) to B,(¥)) are quite comparable to one another.
Another interesting feature is a significant decrease in the contribution of 8,,5(¥) to 8, (1) at small
scattering angles less than about 10°, which is consistent with the notion of general dominance of
near-forward scattering by larger particles (Morel and Bricaud 1986; Jonasz and Fournier 2007).

Otherwise, the scattering-budget curves in Fig. 2.5 are mostly flat as a function of 1.

2.4. Discussion

This study is based on a suite of simultaneous measurements of light scattering and several
metrics of particulate concentration, composition, and size distribution of contrasting natural
seawater samples, including measurements on particle size-fractionated samples. Owing to this
approach, our results provide unique insights into the complexity of the roles played by particle
size and composition in light scattering produced by highly variable natural assemblages of aquatic
particles. We examined eight contrasting samples from near-shore and coastal oceanic
environments including river estuary and offshore samples. Samples Py, Pp (from SIO Pier) and
Oc (from subsurface chlorophyll-a maximum at offshore location) are all highly dominated by
organic particulate matter, which includes strong contribution of phytoplankton as indicated by the
highest values of POC/SPM accompanied by high values of Chla/SPM and a,, /a, (Table 2.3).
Despite sharing these common features, these three samples are highly contrasting because Py
exhibits the greatest relative role of small-sized particles (mainly nano- and picophytoplankton

cells) and Pp the greatest role of large-sized particles (mainly chain-forming diatoms) among all
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examined samples (Table 2.3). Samples Er and Ey (from San Diego River Estuary) provide strong
contrast with other samples because of predominance of inorganic particles and the smallest
relative role of phytoplankton (Table 2.3). Again, despite sharing common features, E;, and Eg
differ significantly from one another in terms of particle size characteristics with E; having a
higher proportion of small vs. large sized particles (Table 2.3). Samples Py, Pr (SIO Pier), and Os
(surface water at offshore location) provide additional contrasting features (Table 2.3).
Specifically, Os is dominated by organic particles but it is the non-algal component, rather than
phytoplankton, which is most important. Sample Pr was collected after rain event and hence is
characterized by dominant presence of inorganic particles although phytoplankton still make an
important contribution to particulate absorption. Finally, sample Py appears to represent an
intermediate scenario of transition between inorganic and organic dominated particulate
assemblage that includes, however, a major role of phytoplankton.

Our results obtained with such contrasting samples support long-recognized challenges for
the use of particulate scattering and backscattering coefficients as empirical proxies for
phytoplankton or particulate concentration metrics, such as Chla (Huot et al. 2008; Barbieux et al.
2018), POC (Stramski et al. 2008; Wozniak et al. 2010), and SPM (Babin et al. 2003; Neukermans
et al. 2016). For example, samples Py and Pr are characterized by nearly identical by, and SPM
but differ greatly from one another in terms of b,, POC and Chla, as well as all particulate
composition and size metrics determined in our experiments (Tables 2.3 and 2.4). Another
example is provided by a comparison of samples Pr and Oc, which are characterized by nearly

identical Chla and POC but very different b, by,;,, SPM, and particulate composition metrics.

In view of such complexities, our data obtained for the original (unfiltered) and size-

fractionated samples provide particularly useful insights on the intricate effects of particle size and
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composition on light scattering. Specifically, measurements of angle-resolved scattering provided
information on the contributions of three particle-size fractions, referred to as small, medium, and
large size fractions, to total magnitude of particulate volume scattering function, £,(3), at
different scattering angles 1 for each examined sample (Fig. 2.5). These measurements also allow

the determination of similar particle size-based budgets for the particulate scattering, b,, and

D>
backscattering, by, coefficients. Because of specific needs to advance an understanding of the
backscattering coefficient owing to its effect on ocean reflectance and ocean color remote sensing
(Morel and Prieur 1977; Gordon and Morel 1983) as well as increasing potential for applications
associated with extensive use of backscattering sensors on autonomous in situ platforms (Organelli
et al. 2017; Barbieux et al. 2018), we here put special emphasis on the discussion of particle size-
based budgets for by,,. These budgets are illustrated using the results obtained directly from our
measurements (Fig. 2.6a) and after adjustment for imperfect size-fractionation (Fig. 2.6b), as
described in Methods section 2.2.8.

Figure 2.6a suggests that the samples can be grouped into three categories based on the
contribution of the small particle-size fraction to by,,. The first group includes the four samples,
Pn, Py, Os and Oc, with the highest contribution of small particles as indicated by by /by, >
60%. The samples with b, most dominated by small particles are Py and Oc with by,,s /b, around
80%. These samples are highly organic in nature with high values of POC/SPM, and are dominated
by phytoplankton (Table 2.3). Interestingly, while Py distinguishes itself in terms of the smallest
values for particle size metrics, D3° and DJ°, and hence the largest relative role of small-sized
particles in the PSD, this feature is not observed in O¢ (Table 2.3). We note that although the

metrics of particulate composition, especially Chla/SPM and a,,/a,, suggest a dominant role of

phytoplankton, this result does not automatically imply that phytoplankton cells are the dominant
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direct source of backscattering in these samples. An important relevant point is that the abundance
of non-algal particles in seawater can often be higher compared with phytoplankton cells across
the optically significant size range (Stramski and Kiefer 1991; Jonasz and Fournier 2007).
Therefore, the question of partitioning backscattering between different types of particles cannot
be unambiguously resolved without quantitative information on various properties, including the
concentration and size distribution, of separate phytoplankton and non-algal particulate
components present in the samples. Such information is, however, beyond the reach of present
experimental methods. Another organic-dominated sample in the first group, Os, also has a high
value of by,;,s/by, above 70% but in this case organic non-algal particles are considerably more
important than phytoplankton (Table 2.3). Finally, the fourth sample in the first group, Py, with
byys/bpy of about 64% is more balanced in terms of organic and inorganic particulate matter as
indicated by lower POC/SPM of 0.22, however phytoplankton play a major role, especially in

terms of high value of a,,/a, (Table 2.3). It is also remarkable that the values for particle size

metrics, D3° and D.J°, vary significantly among the four samples from this first group (Table 2.3).
In summary, the results for this first group of samples indicate that particulate backscattering can
be dominated by the small size fraction in samples that are characterized by quite different
particulate compositions and size distributions.

The second group includes the samples with the lowest contribution of small particles,
byps/bpp <40%, and therefore highest combined contribution of medium and large particles. This
group includes the two inorganic-dominated samples collected in the San Diego River Estuary, E.
and Egy, which also exhibit the weakest role of phytoplankton among the examined samples.
Because the particle size metrics for these two samples are quite different (Table 2.3), our results

suggest that the scenario of relatively weak contribution of small particles to backscattering can
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occur in samples with significant differences in PSD. However, it is important to note that these
two samples also differ in terms of the proportions of organic and inorganic particles both in the
small particle-size fractions and original unfiltered samples (Table 2.3).

The third group includes the samples with intermediate, but still considerable contribution
of small particles, 40% < by /by, < 50%, and accordingly, similar or somewhat larger combined
contribution of medium and large particles. This group includes two samples from the SIO Pier
with very different compositional characteristics, Pp and Pr. Pp was collected during enhanced
presence of diatom Hemiaulus hauckii and is apparently dominated by these large-sized
microphytoplankton as corroborated by the highest values of particle size metrics, D3° and DJ°,
among all examined samples (Table 2.3). In contrast, Pr was collected after a rain event and is
dominated by inorganic particles although phytoplankton appear to have a considerable presence
in this sample. Pr has a value of DJ° that is nearly 3-fold lower compared with Pp; however the
difference for D.J° is not as substantial between the two samples (Table 2.3).

Figure 2.6b shows that the particle size-based budget for backscattering coefficient after
adjustment for imperfect size-fractionation is qualitatively similar to that based on measurements
without adjustment. Specifically, the grouping of samples remains similar with Py, Py, Os, and Oc
still having the greatest role of small particles that are now defined more rigorously as particles

<5 um in size. For these samples, by,s/bp, ranges from about 50% to 75%. These percent

contributions are, however, slightly lower compared with those based directly on size-fractionated
measurements. The percent contributions of small particles to by, for E. and Ey are still amongst
the lowest (33—36%) in Fig. 2.6b, but in this case the adjustment for imperfect fractionation has
not resulted in consistent reduction of these contributions. For sample Pp, which is dominated by

diatoms from microphytoplankton size range, this adjustment resulted in the most significant
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reduction of percent contribution of small particle-size fraction from about 49% (Fig. 2.6a) to 32%
(Fig. 2.6b). Thus, in the adjusted budget, this sample along with E and Ey represent the weakest
role of small particles in backscattering. For sample Pg, the adjustment for imperfect fractionation
made no significant effect on the contribution of small-particle fraction to by, which is about
42%.

The effects of adjustment for imperfect fractionation on the backscattering budget for the
medium and large particle-size fractions, especially how the contributions are partitioned between
these fractions, are more convoluted. In general, however, the adjustment resulted in an increase
of the contribution of medium-sized particles to by, for all samples except for Ey. With regard to
the role of large particles > 20 um in size, the most noteworthy result is that the adjustment resulted
in an increase of the contribution from about 29% to 40% for sample Pp. This result suggests that
under conditions leading to an abundance of large-celled diatoms, the microphytoplankton size
range can produce a very important contribution to particulate backscattering extending to, or
perhaps even exceeding, 40%.

Figure 2.7 shows the particle size-based budgets in the same fashion as Fig. 2.6, except
that it is for the particulate scattering coefficient, b,,. In agreement with data for 8, (1) in Fig. 2.5,
the results based on size-fractionated measurements in Fig. 2.7a show that small particle-size
fraction is the most important contributor to b,, for all samples, except for Er. and En. The percent
contributions of small particles to b, in Fig. 2.7a are generally higher than or about the same as
the corresponding contributions for by, in Fig. 2.6a. However, the adjustment for imperfect
fractionation resulted in a significant decrease in the contribution of small-sized particles (< 5 um)
to b, (Fig. 2.7b). For example, the contribution of small-sized particles to b, decreased from 84%

to 26% for sample O¢ and from 71% to 40% for sample Os. Similar decreases were observed for
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the other two samples that belong to the first group of samples (Px and Pyr), as described above in
relation to the backscattering budget. As a result of adjustment for imperfect fractionation the
contribution of medium-sized particles to b, increased for most samples, in some cases to values
over 50% (Px, Pum, and Oc). For a few samples (Py, Pp, and Os) this adjustment also resulted in
considerable increase in the contribution of large-sized particles (> 20 pm) to b,. In particular, for
diatom-dominated sample Pp, the percent contribution increased more than 2-fold from about 35%
(Fig. 2.7a) to 75% (Fig. 2.7b). The contribution of large-sized particles to b, did not, however,
increase for all samples and, in some cases, decreased slightly (Pg).

The patterns in Fig. 2.7 indicate that the particle size-based budget for b,, is considerably
more sensitive to imperfect fractionation than the budget for by, (Fig. 2.6). This result is consistent
with earlier modeling studies of light scattering by polydisperse particle assemblages, which

indicated that the particle size-based contributions to b,, are more heavily weighted towards larger
particles compared with contributions to b, (Stramski and Kiefer 1991). Accordingly, our data

show that the adjustment for the presence of particles larger than 5 um in the 5 um filtrate has a

greater effect on the b, budget than the by, budget. As a result, while 4 out of 8 samples exhibit
the small-particle (< 5 um) contributions to by, greater than 50% in the adjusted budget (Fig.
2.6b), all samples have contributions less than 45% to b, (Fig. 2.7b). Along the same lines, while
in the adjusted budgets the highest large-particle (> 20 um) contribution is about 40% for by, it
is 75% for b,.

Although size-fractionated measurements and scattering computations to assess the effect
of imperfect fractionation are unavoidably subject to some limitations, the combination of these

results provided significant insights into the roles of particle size and composition in light
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scattering by particulate assemblages in seawater. Our study supports the notion that assemblages
with contrasting particle size and compositional characteristics can produce very different
scenarios for particulate scattering (b,) and backscattering (by,) budgets in terms of relative
contributions of different particle-size fractions (Stramski et al. 2004). Our results also indicate
that particle assemblages with contrasting characteristics can produce similar scenarios for particle
size-based b, and by, budgets.

Our results quantitatively demonstrate several highly different scenarios of particle size-
based scattering budgets on the basis of analysis of eight contrasting samples from coastal
environments, including near-shore samples dominated by organic particulate matter with
predominant role of small-celled or large-celled phytoplankton, estuarine samples dominated by
inorganic particles, and offshore samples representative of phytoplankton-dominated subsurface
chlorophyll-a maximum and near-surface water dominated by organic non-algal particles. Despite
intricate interplay between the effects of particle size and composition on light scattering, we
observed that small particles (< 5 pm in size) consistently produced a major or dominant
contribution to by, (close to or more than 50%) in organic, either phytoplankton or non-algal,
dominated samples in spite of significant variations in particle size metrics between these samples.
The notable exception was a sample dominated by large-celled diatoms from microphytoplankton
size range, which exemplifies a specific scenario when large particles (> 20 um) can play a
considerable role in backscattering (about 40%). In addition, we observed a trend for inorganic-
dominated samples exhibiting consistently lower contributions of small particles to by,
(~30—40%). This trend for reduced contribution of small particles associated with inorganic-
dominated assemblages having generally higher refractive index of particles, compared with

organic-dominated assemblages with generally lower refractive index, is consistent with earlier
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predictions based on light scattering modeling of idealized populations of marine particles with
low and high refractive index (Stramski and Kiefer 1991).

The chlorophyll-a concentration in our coastal samples was greater than 0.5 mg m”, so
these samples are not representative of vast open-ocean areas where Chla is typically less than
0.5 mg m™. Our two offshore samples (Os and Oc) and the near-shore sample with the highest
proportion of small particles (Py) most closely resemble the characteristics of samples from open-

ocean oligotrophic waters. For these three samples, the contribution to by, of particles <5 pm was

estimated to range from 64% to 75%. Because the open-ocean oligotrophic samples are also
expected to be organic-dominated with similar or perhaps even higher relative abundance of small
particles, the contribution of small-sized particles to by, can also be expected to be similarly high
or higher than our estimates for these three samples. Given such relatively high estimates of percent
contributions for the size fraction < 5 pum, it is conceivable that very small particles from
picoplankton and colloidal size range (< 2 um) can play a major or dominant role in backscattering
under non-bloom conditions in open-ocean waters. While this supposition is generally consistent
with earlier theoretical and experimental results (Stramski and Kiefer 1991; Dall'Olmo et al. 2009;
Organelli et al. 2018) it requires further research. There are also other related questions that are
difficult to address but demand special attention in future research. For example, the role of
phytoplankton cells as a direct source of backscattering versus the role of co-existing non-algal
particles that are typically more abundant than phytoplankton, except perhaps for specific particle-
size range under bloom conditions, is poorly understood. Another example is the need to consider
the effects of variations in particle shape on light scattering by natural assemblages, which present
particular challenges for theoretical and experimental studies and receive less attention that the

effects associated with particle size and composition.
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2.6. Figures
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Figure 2.1. (a) Particle size distributions as probability density functions, N, for unfiltered and
size-fractionated samples from the San Diego River Estuary (sample Ey). (b) Percent difference
between the size-fractionated samples and the unfiltered sample shown in (a). Solid lines represent
the measured size distribution and dashed lines represent idealized size-fractionation.
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Figure 2.2. Measured particle size distributions for unfiltered and size-fractionated samples for
the eight seawater samples as indicated. Vertical black dotted lines are shown to represent the
expected cutoff of the mesh filters at 5 um and 20 um.
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Figure 2.3. The proportion of spectral particulate absorption coefficient associated with
phytoplankton for the eight seawater samples as indicated.
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Figure 2.4. (a,b) Measurements of the particulate volume scattering function, 8, (), and (c,d) the
particulate scattering phase function, ﬁp (¥), at light wavelength of 532 nm for the unfiltered
seawater samples as indicated. The left panels (a,c) depict 8, () and ﬁp (y) with linear scaling of
scattering angles between 0° and 150° while the right panels (b,d) depict 8, (1) and ﬁp (y) with
logarithmic scaling of angles between 0.1° and 150°. Data points represent median values.
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Figure 2.5. Particulate scattering budget in terms of contributions of particle-size fractions to the
total particulate volume scattering function S8, (1) in the range of scattering angles 0.09—150° for
the eight seawater samples as indicated. Results for small, medium, and large particle-size
fractions are shown as a percentage of the total 8, ().
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Figure 2.6. (a) Particulate backscattering budget in terms of contributions of particle-size fractions
to total particulate backscattering coefficient by, for the eight samples as indicated below each set

of bars. Results for small, medium, and large particle-size fractions are shown as a percentage of
total by, on the basis of measurements on original (unfiltered) and size-fractionated samples. (b)
Same as panel (a) but results were obtained after adjustment for imperfect fractionation. Number
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Figure 2.7. Same as Figure 2.6 but for the particulate scattering coefficient, b,,.
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2.7. Tables

Table 2.1. General sample information for the eight experiments including identifier used
throughout the paper (ID), location of sampling, date of sampling, and some key characteristics
used as a general descriptor. The pier samples were collected at the Scripps Institution of
Oceanography (SIO) Pier, the estuary samples were collected in the San Diego River Estuary, and
offshore samples were collected at various locations offshore of San Diego.

ID Location Date Key characteristics

Px Pier 6/30/2016  Nanophytoplankton abundant
Pum Pier 7/12/2016 ~ Mixed assemblage

Pp Pier 7/26/2016  Microphytoplankton abundant
Pr Pier 3/01/2017  After heavy rain

Ev Estuary 8/09/2016  Lower high tide

En Estuary 8/18/2016  Higher high tide

Os Offshore 9/15/2016  Surface water

Oc Offshore 9/19/2016  Subsurface Chla maximum
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Table 2.2. Filter ratings, FMP where MD is the pore size of filter mesh in pm, and the volume-
equivalent spherical diameter D associated with F. = 80% for the 5 um and 20 pm mesh filters.
EMP was calculated using Eq. 2.1 and PSD data from each experiment.

5 um mesh 20 um mesh
D F3 D(F, =80%) F2°  D(F,.=80%)
[%o] [wm] [%o] [wm]
Px 24 16.0 10 28.6
Pum 21 14.0 24 28.9
Pp 21 14.8 15 49.2
Pr 60 8.02 74 28.2
Er 42 8.58 36 47.0
En 56 10.2 75 31.6
Os 30 33.8 -29 41.0
Oc 28 19.0 45 335
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Table 2.3. Mass concentrations of SPM [g m™], POC [mg m™] and Chla [mg m™] and particulate
composition and size parameters derived from measurements on the unfiltered seawater samples
from the eight experiments. Information is also displayed when available for the small particle-
size fraction in the 5 um filtrates. The absorption ratio is given at A = 440 nm. The particle size
parameters, D3° and DJ°, are the diameters in pm associated with the 50™ and 90" percentile,
respectively, of the particle volume distribution.

Concentration Composition Size
ID SPM POC Chla poc Chia  @pn(840) oy g
SPM SPM a,(440) v
Unfiltered seawater
Px 1.13 532 249 0.47 0.0022 0.88 5.10 14.0
Py 1.19 259 1.76 0.22 0.0015 0.77 7.41 28.6
Pp 0.75 453  2.26 0.60 0.0030 0.65 249 358
Pr 1.13 153  0.76 0.14 0.0007 0.50 8.78  30.2
EL 990 873  3.00 0.09 0.0003 0.23 6.39  20.1
En 3.18 436 1.21 0.14 0.0004 0.25 13.5 346
Osg 054 192 0.53 0.35 0.0010 0.36 7.08 19.9
Oc¢ 036 153 0.75 0.43 0.0021 0.71 9.84 258
Small particle fraction
Pn - - - - - - 455 811
Py 0.62 181 - 0.29 - - 6.11 11.5
Pp 032 157 - 0.49 - - 7.49 18.1
Pr 0.26 63 - 0.24 - - 4.76 16.9
EL 1.25 296 - 0.24 - - 493 995
Ey 096 165 - 0.17 - - 6.54 249
Osg 036 151 - 0.41 - - 5.77 13.5
Oc¢ 024 124 - 0.53 - - 6.77 16.2
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Table 2.4. Particulate scattering (b,) and backscattering (by,) coefficients at 4 = 532 nm
determined from measurements of f,(1) for unfiltered seawater samples from the eight
experiments. Information is also displayed for the small particle-size fraction in the 5 pm filtrates.
The values of the backscattering ratio Ebp = by, /by, are also shown.

Unfiltered seawater Small particle fraction

ID by [m'] by, [m] byy by (m™] by, [m’'] byy

Pn 1.75 0.0135 0.008 1.57 0.0109 0.007
Pm 1.13 0.0116 0.010 0.76 0.0074 0.010
Pp 0.73 0.0078 0.011 0.33 0.0039 0.012
Pr 0.75 0.0135 0.018 0.41 0.0058 0.014
EL 9.25 0.1690 0.018 2.56 0.0493 0.019
En 2.23 0.0498 0.022 0.78 0.0181 0.023
Os 0.49 0.0068 0.014 0.35 0.0049 0.014
Oc 0.36 0.0042 0.012 0.30 0.0033 0.011
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Chapter 3

Development of an approach based on polarized light scattering
measurements of seawater for characterizing size and composition of marine

particles
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3.0. Abstract

Polarized light scattering measurements provide improved capabilities for the
characterization of natural particle assemblages in terms of particle size and composition, however
few studies have investigated this capability for marine particle assemblages. In this study,
seawater samples representing contrasting natural assemblages of particles from coastal
environments have been comprehensively characterized with measurements of angle-resolved
polarized light scattering, particle size distribution and particle composition in terms of various
metrics derived from mass concentration and particulate absorption. Measurements were also
collected on samples following fractionation with 5 um and 20 pm mesh filters. A decrease in the
maximum value of the degree of linear polarization of light scattered by marine particles was
weakly dependent on particle composition and mainly associated with increased proportions of the
relatively rare large sized particles. It was also found that scattering matrix element p,,(100°) had
lower values for samples containing higher proportions of large sized particles and was relatively
independent of particle composition, while p,,(20°) had lower values for samples which are more
inorganic dominated and was relatively unaffected by the presence of large sized particles. Finally,
simple optically-based proxies to estimate particle size and composition were developed which
rely on polarized light scattering measurements at only one or two angles. Using an incident laser
which was polarized parallel to the scattering plane, light scattered around 110° with perpendicular
polarization was proportional to particle size when normalized by light scattered with parallel
polarization around 110°, while it was proportional to particle composition when normalized by

light scattered with parallel polarization around 20°.
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3.1. Introduction

The 1973 Nobel Prize in Physiology was given to Karl von Frisch in part for his pioneering
work on the ability of honey bees to detect and utilize polarized ultraviolet light from the sky (von
Frisch 1952). This astonishing adaptation found in honey bees gestures toward the power of
polarization as a tool for broadening understanding and augmenting otherwise limited data.
Following the first observations of polarized light in the ocean (Waterman 1954), studies have
shown that fish and other marine organisms are sensitive to the polarization state of underwater
light (Waterman 1981; Flamarique and Hawryshyn 1996). When skies are clear, the visible direct
light from the sun is typically unpolarized (i.e., randomly polarized), the diffuse skylight is
partially polarized, and the underwater light field is also partially polarized which depends largely
on solar angle and the inherent optical properties of seawater (Waterman and Westell 1956;
Timofeeva 1974). In other words, a thorough understanding of the manner in which marine
particles scatter both unpolarized and polarized light is likely to enable sophisticated predictions
of the polarized light field within the ocean; in turn, inversions of the observed underwater
polarized light field and the use of measurements of the inherent polarization properties of light
scattered by seawater (i.e., the elements of the so-called Muller scattering matrix) should enable
advanced characterization of marine particles.

The use of polarized light has been explored at length in astronomical and atmospheric
sciences as it relates to the determination of particle composition and size distribution using
measurements and theoretical modeling of aerosol particles (Yanamandra-Fisher and Hanner
1999; Mishchenko et al. 2000; Mufioz et al. 2012; Zubko 2012). This fundamental knowledge
regarding polarized light scattering by aerosol particles has been paramount for the use of

polarimetry in the retrieval of atmospheric composition from satellite-based sensors (Dubovik et
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al 2019). In oceanography, however, the use of polarization in light scattering measurements of
marine particles has been limited (Fry and Voss 1985; Volten et al. 1998; Svenson et al. 2011),
particularly with application to natural assemblages of marine particles (Beardsley 1968;
Kadyshevich 1977; Voss and Fry 1984). However with improved knowledge of polarized light
scattering by marine particles, the use of polarimetric sensors, in situ or airborne, has the potential
to compliment traditional unpolarized radiometric measurements with refinements in particle
characterization (Chami 2007; Loisel et al. 2008; Ibrahim et al. 2016; Hasekamp et al. 2019). The
current study aims primarily to improve understanding of the inherent polarization properties of
light scattered by particles suspended in seawater using measurements with a known artificial
source of light (i.e., a laser).

Both polarized and unpolarized light scattering are foremostly a function of particle size,
shape, and composition including internal structure. Additionally, both vary depending on
scattering angle from the incident photon direction, 1, and light wavelength in vacuum, A.
However, particle scattering of polarized light is far more complex, given its dependence on the
incident polarization state of light. This interaction is described using a 4 x 4 scattering matrix, or
Mueller matrix, which represents how a particle, or ensemble of particles, linearly transforms the
4-component incident Stokes vector into a 4-component scattered Stokes vector (Bohren and
Huffman 1983). The current study focuses primarily on three of these matrix elements: p;, (¥, 1),
p12(Y,A) and p,,(Y,A). The degree of linear polarization of light scattered by particles,

DoLP, (3, 1), describes the proportion of linearly polarized light relative to total intensity of the

scattered light beam. For various assemblages of particles including suspended marine particles
and when the incident light beam is unpolarized, this quantity can be derived from p;4 (3, 4) and

p12(, 1), which require measurements involving linear polarization (Volten et al. 1998; Hovenier
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et al. 2002; Kokhanovsky 2003). The p,, (1, 1) element also describes how linearly polarized light
is transformed and has the unique property of being equal to p;, (3, 1) for a collection of optically
inactive homogeneous spheres (Hovenier et al. 1985). Few studies exist which examine p,, (1, 1)
using measurements on natural seawater samples (Beardsley 1968; Kadyshevich 1977; Voss and
Fry 1984). The most recent measurements of p,, (1, 1) for A =488 nm on seawater from a variety
of western north-Atlantic and eastern north-Pacific waters indicate that p,, (1, 1) decreases from
~1 at i = 0° to a minimum of about 0.6—0.8 at 1 = 100°, which is in general quite agreeable with
measurements by Kadyshevich (1977) in Baltic waters (Voss and Fry 1984). It is unclear, however,
of the role of different particle types in the variability of DoLF,(¥,A) and p,,(, 1) because
particle assemblages were not characterized beyond location of sampling in these studies.

The majority of studies which comprehensively measured polarized light scattering by
natural marine particle assemblages are well over three decades old. Given the technological
advancements of today, a reevaluation of polarized light scattering by marine particles using
measurements along with comprehensive characterization of particles in terms of particle size
distribution and composition is warranted. These advancements in technology have led to the
development of a commercial instrument capable of measuring p11 (¥, 1), p12 (Y, 1) and p,, (Y, 1)
at A = 532 nm with high angular resolution (LISST-VSF; Sequoia Scientific). Here, the focus on
angle-resolved polarized light scattering by marine particles is twofold. Firstly, the scattering
measurements of well-characterized seawater samples are described for the purpose of
interpretation in terms of particle size distribution and composition. Additionally, this study seeks
to develop simple optical relationships which characterize marine assemblages as a function of

polarized light scattering measurements at one or several angles.
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3.2. Methods

Tables 3.1 and 3.2 define a list of the important measurement and statistical symbols,
respectively, used throughout Chapter 3. The data presented in Chapter 3 have been acquired using
experimental procedures that are described in detail in sections 1.2 and 2.2. A short description of
relevant methodology follows, however more details related to particle-size fractionation and
measurements of absorption spectra, particle mass concentration, and particle size distribution can
be found in section 2.2 and details related to LISST-VSF instrument and light scattering
measurements and data processing can be found in section 1.2. Additional details of the LISST-
VSF light scattering measurements and data processing are presented here, along with the
development of an alternate correction function for improved estimates of the particulate volume

scattering function S, (1), degree of linear polarization DoLP, (1), and scattering matrix element

P22(¥).

3.2.1. Water samples

Sixteen seawater samples were collected in the region of San Diego, California, from June
2016 through March 2017. Two samples were collected at offshore locations aboard the R/V
Sproul in mid-September. One sample was collected ~8 km offshore with Niskin bottles at a depth
of ~20 m coinciding with the measurement of maximum chlorophyll-a fluorescence. The other
sample was collected ~2 km offshore at a near-surface depth using the ship’s surface seawater
intake. Eleven near-shore samples were collected at the Scripps Institution of Oceanography (SIO)
Pier. Three estuarine samples were collected 2 km inland in the San Diego River Estuary at
different stages of high tide. The near-shore and estuarine samples were collected at a depth of

about 1 m using either a bucket or a 5 L Niskin bottle. Note that one sample collected offshore
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near the Santa Barbara Channel which was used in Chapter 1 has been removed from this analysis
due to low signal during LISST-VSF measurements.

Approximately 3040 L of seawater were collected from a single location for each
experiment with onshore laboratory analysis completed within 8 hours after sampling except for
offshore samples which were completed within 24 hours after sampling. Before analysis, water
was stored in 20 L carboys and protected from light. The water in carboys was homogenized by
gentle mixing immediately prior to removing samples for subsequent analysis. Special care was
taken to ensure that subsamples of seawater used for different measurements and analyses were
treated similarly and collected from carboys within one hour of each other. All measurements were
typically completed within a 4-hour period.

Seawater for each sample was size-fractionated using woven nylon or polyester mesh
filters with pore sizes of 5 um and 20 pm (Spectrum Labs). The details of the methodology of this

fractionation are described in section 2.2.2.

3.2.2. Particle characterization

The mass concentrations of suspended particulate matter (SPM), particulate organic carbon
(POC), and chlorophyll-a (Chla) were determined with standard methodology following filtration
of each original seawater sample onto 25 mm Whatman glass fiber filters (GF/F) at low (< 120
mm Hg) vacuum (section 2.2). Ratios of these mass concentrations additionally serve as proxies
of bulk compositional characteristics of the particulate assemblage, e.g., POC/SPM or Chla/SPM.
For both the SPM and POC measurements, duplicate sample filters were collected and the results
averaged to obtain the final estimates of SPM and POC for a given unfiltered seawater sample.
Single filters were also collected to determine both SPM and POC for the 5 um-filtrate of all

seawater samples with the exception of four samples from the SIO Pier. Single sample filters were
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collected and analyzed for Chla, and no determinations were made for the filtrates. Thus, there
was a total of 16 measurements of Chla, and 28 measurements of both POC and SPM available for
analysis.

The measurements of particle size distribution, PSD, were made using an electronic
impedance method with a Multisizer 3 (Beckman Coulter) equipped with a 100 pm aperture which
allows particle counting in the size range of volume-equivalent spherical diameters, D, from 2 pm
to 60 um. Approximately 10 to 15 replicate measurements of 2 mL subsamples of each original
(unfiltered) and two size-fractionated samples (i.e., the 5 um and 20 um filtrates) were collected.
Assuming spherical shape of particles, the particle volume distributions were determined from the
particle number distributions for each sample and the percentile-based particle diameters were
calculated such as the median diameter, D2°, and the 90th percentile diameter, DJ°, on the basis
of particle volume distributions These parameters have been shown to provide potentially useful
metrics in the analysis of relationships between the optical and particle size properties in seawater
(Wozniak et al. 2010). Of the sixteen seawater samples collected for these experiments, two
unfiltered samples from the SIO Pier, two 20 um filtrate samples from the SIO Pier, and one 5 pm
filtrate sample from the San Diego River Estuary were removed from further analysis because of
uncertainty in the quality of Multisizer 3 measurements collected on these samples. Thus, there
was a total of 43 measurements of PSD available for analysis.

For the measurement of spectral absorption coefficient of particles, a,(4) [m'], unfiltered
seawater samples were filtered onto 25 mm GF/F filters at low vacuum. The a,(4) coefficient was

determined in the spectral range from 300 to 850 nm at 1 nm intervals using a Lambda 18 UV/VIS
spectrophotometer (Perkin Elmer) equipped with a 15-cm integrating sphere (RSA-PE-18,

Labsphere). Following the measurement of a,(4), the sample filters were immediately subject to
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treatment with 95% methanol to remove extractable phytoplankton pigments and the methanol-
treated filters were then measured to determine the spectral absorption coefficient of non-algal
particles, denoted as ay;(A). The spectral absorption coefficient of phytoplankton was then

calculated as a,,(4) = a,(4) — aq(A). For this study, we evaluate the fraction a,,(1)/a,(4) at

A =440 for each unfiltered sample as an indication of the prevalence of phytoplankton in the
sample. More details on particulate absorption measurements can be found in section 2.2.6. There

was a total of 16 measurements of spectral absorption available for analysis.

3.2.3. Polarized light scattering measurements

3.2.3.1. Instrumentation and theoretical background

For the incoherent elastic scattering of light at a given wavelength 1 by a collection of
particles suspended in water, the Stokes vector of incident light beam S; = [I; Q; U; V;]T where T
represents the transpose operation, is transformed into the Stokes vector of scattered beam, S;(y),
by a scattering matrix, P (). For an ensemble of randomly oriented particles exhibiting certain
symmetry properties and no optical activity, the scattering matrix simplifies to 6 independent non-

zero elements (van de Hulst 1981; Bohren and Huffman 1983; Hovenier et al. 2002):

Is(('»b)) p11(¥) P12 (YY) 0 0 ;

N UACO) — o |P2@) P22 () 0 0 Qi

S =gy | T PO =107 P07 @) | [u| 0GP
Vs(¥) 0 0 —p34(¥)  Daa WLV,

where A has been omitted for brevity, C is a constant factor (for a given sample, light wavelength
and measurement geometry), p1; (1) represents the scattering phase function, and the reference
plane is the scattering plane containing the incident and scattered directions (Bohren and Huffman

1983). This form provides a reasonable description of the measured scattering matrix by
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suspensions of randomly oriented marine particles, including various specific types of particles
present in seawater (Voss and Fry 1984; Fry and Voss 1985; Volten et al. 1998; Mufoz et al.
2012). In the case of unpolarized incident light (i.e., Q;, U;, and V; are all zero) the volume
scattering function [ () equals (to within a constant factor) p;,(y), and the degree of linear

polarization DoLP (1) can be determined from (Mishchenko and Travis 1994; Volten et al. 1998):

—p12() _ —Qs(¥) _

DoLP(h) = ") = 1)

(3.2)

Note that the subscript p is not included here as this is a general equation that can refer to the whole
seawater sample with scattering contributions associated with both molecules and particles.
Positive values of DoLP (1)) are for dominantly perpendicular polarization and negative values for
dominantly parallel polarization. This definition of DoLP () has been widely used for
characterizing the inherent scattering properties of various types of particles beyond aquatic
particles, such as aerosol particles and cosmic dust (Yanamandra-Fisher and Hanner 1999; Volten
et al. 2001).

Measurements with the LISST-VSF instrument (described in detail in section 1.2.1) consist
of two scans of a 15-cm path within the sample, each with a different linear polarization state of
the incident beam, i.e., parallel and perpendicular to the scattering plane. Scattered intensity is
measured at multiple scattering angles 1 from 0.09° to 15.17° with 32 logarithmically-spaced ring
detectors and from 14° to 155° with 1° interval using a Roving Eyeball sensor equipped with
photomultiplier tubes (PMTs). For the Roving Eyeball, scattered light is split between two PMTs
with a polarizing prism allowing for only parallel or perpendicularly polarized light to be detected
by each PMT. Detection of scattered light within the angular range 14—155° using the Roving
Eyeball sensor employs measurements made with two linear polarization states of the incident

beam and the corresponding two linear polarization states of the scattered light. The four
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measurement configurations allow for the determination of relative values of p11 (¥), p12 (¥), and
P22 (). A baseline measurement of 0.2 pm filtered water, or seawater, was collected with LISST-
VSF and subtracted from sample measurements so that these scattering matrix elements refer to
light scattered by suspended particles and are denoted with a subscript p for symbols related to
LISST-VSF measurements, except p,, () that represents particles (i.e., after subtraction of pure
water contribution).

The scattered Stokes vector for the LISST-VSF instrument can be expressed with Eq. 3.1
by also including a polarization rotation matrix, R (), to account for the rotation of the scattered
ray’s polarization axes within the Roving Eyeball sensor and a scattering matrix for each
component produced by the polarizing prism, L and L* where || designates parallel polarization
and L designates perpendicular polarization (LISST-VSF User’s manual revision A). The PMT

detector response is proportional to the unpolarized component of the scattered Stokes vector, I;.

1 0 0
0 cos2y sin 2y
0 -sin2y -cos2yY
0 0 0

The polarization rotation matrix, R(y) =

_ O O O

For the first eyeball rotation, the incident beam is polarized perpendicular:

1 1 0 O 1
L"R(¢)P(¢)S#=[3) 50 olrRwPW) |
0O 0 0 O 0
Y ) = pra ) — praGh) + 05 29 (pra (@) — pan () 3.3)
1 -1 0 O 1
LlR(¢)P<w)s#=[‘01 L0 SlRapP@) |
0 0O 0 O 0
Y W) = alpry @) — pra@) — cos 29 (pra () — paa())] (3.4)
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For the second eyeball rotation, the incident beam is polarized parallel:

1 1 0 O 1
L"R<w)P<w)s£'=[3, Lo SRapP@) |
0O 0 0 O 0
Y I = pra () + prah) + o5 29 (pra () + pas (@) 3.5)
1 -1 0 O 1
LiR(¢)P(¢)SJ'=[‘01 b0 SRaP@) |3
0 0O 0 O 0
YOS W) = alp () + pra ) — cos 200 (P2 () + paz ()] (3.6)

Note all elements are normalized to incident unpolarized radiance, i.e., I;. For this notation, the
measured total scattered intensity (component I of the scattered Stokes vector) is described in
further detail with the first superscript character denoting incident laser polarization state and the
second superscript character denoting detected polarization state. For example, I+ indicates that
the incident laser is perpendicularly polarized and detector is observing parallel polarized scattered
light. The gain of the second PMT detector, observing only perpendicular light, relative to the first
PMT detector, observing only parallel light, is described by the alpha factor, a. For each incident
laser polarization state, this relative gain factor was estimated by using measurements at ¢ = /4
and Y = 3m/4, where Eq. 3.3 and 3.4 simplify to a = I+ (¥)/I+"(y) and Eq. 3.5 and 3.6
simplify to a = IM ) /1M (). It was determined from measurements with polystyrene bead
suspensions that ¢ was relatively constant throughout our experiments and can be treated as a
constant for all measurements (section 1.2.1.3; @ = 0.9335, coefficient of variation < 5% over ~18
months throughout the period of experiments).

Combining the above equations (Eq. 3.3-3.6) leads to:

1
Pu) = 2| @) + @) + a(IH @) + ' W)| (3.7)
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po@) = 7 [a(1H6) — 1w) + (1) ~ 1-@))] - (38)

Note that these are determined in PMT counts and a scaling factor, S¢ (described in section 1.2.1.3),
is needed to compute £, (1) in absolute units, i.e.,

ﬁp(lp) = Sf P11 () . 3.9

Note the subscript p indicates it refers only to the contribution of suspended particles larger than

~0.2 pm. Two methods (see appendix section 3.8 for derivation) are used to compute p,, (1) and

they are averaged for a final estimate of p,, ():

2p1 (@) — a | (1) + 1 @)cos@2) ) + (1) — 1 (p)cos(2y) )|
P22 () = 20057 (20) (3.10a)

2p1, (@) — (1) + 11 @)cos@y) ) + (1 @) — I+ (p)cos(2y) |
2cos?(2y)

P22 (¥) = . (3.10b)

3.2.3.2. Development of correction functions

In Chapter 1, it was found that independent corrections were needed for f,(y) and
DoLP,(y) following comparisons of measurements on nearly-monodisperse polystyrene bead
suspensions with simulations using Mie scattering theory for homogenous spheres. Corrections in
Chapter 1 (section 1.2.1.4) were developed for both 8, (¥) and DoLF, (¥ ), which were determined
after combining the four measurements (Eq. 3.7 and 3.8). These corrections, however, provide no
correction for p,, (1) or the individual polarization combinations of measurements. Alternatively,
and for the study presented in this chapter, reference values for each measurement combination

were determined using above equations and pli®(y) and pMe(y) from Mie scattering

calculations described in section 1.2.1.4 while noting that p,,(1) = p;;1 (1) for homogenous
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spheres (Hovenier et al 1985; Jonasz and Fournier 2007). For example, using perpendicularly

polarized incident laser beam and parallel polarized detected light (Eq. 3.3),
TH() = plfe () — pltie () + cos 24 (pMe () — pllie () @3.11)
B (W) = I (w) b®F (3.12)
where the hat symbol denotes reference value of polarized intensities determined from Mie
scattering calculations and the reference value of b,’fEF was computed identical to how it was in

section 1.2.1.4. For comparison with measured data from the LISST-VSF Roving Eyeball sensor,

S; must be included to convert PMT counts into absolute units, e.g.,

W) =S @) (3.13)
and, when appropriate, the relative gain factor a, e.g.,

F) = a S W) (3.14)
where the asterisk denotes measured and uncorrected data from the LISST-VSF Roving Eyeball
sensor. Figure 3.1 shows the comparison of reference values and uncorrected measurements from
the LISST-VSF for the four measurement combinations for 200 nm polystyrene beads. Similar to

LISST*(ap) from Chapter 1 (Fig. 1.1), there is disagreement in both shape and magnitude and

corrections are necessary. The four correction functions for each incident laser and detector

polarization combination are defined as:

B ()
CF2Y(y) = =2
ALl
CF2H(y) = ng((lfb))
p
[§IIII (l/))
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BIL ()
@)

CF2ML(y) = (3.15)

The above calculations were performed for all bead sizes and concentrations described in
section 1.2.1 (Table 1.1). The final correction functions (with subscript f) were determined

identical to how the final correction function CFy(1) for B5'ST*(¥) in section 1.2.1.4 was
determined with 100, 200, and 400 nm beads except that CF2F* (1)), CF2}' (1), and CF2;" ()

were set to their respective value at i = 85° for 85-100° due to reference values near 0 around
these angles (Fig. 3.1 b,c,d). The reference values in this angular range are sensitive to input PSD,
refractive index and assumptions of particle shape, and measured data were subject to low signal
in this region (Fig. 3.1 b,c,d). In an identical fashion to CF; (1) for B5'557* (1) from section 1.2.1.4
(Eq. 1.11), the final correction functions are multiplied by the LISST-VSF Roving Eyeball

measurements to produce corrected results, i.c.,
B! = CF21(p) B ()
FL () = CF2H () Bt ()
W) = CF2" () B ()
W) = CF2M () B @) (3.16)

where the removal of the asterisk indicates the measurement has been corrected. With these
corrected measurement combinations, Eq. 3.2, 3.7, 3.8, and 3.10 are modified by including steps

described in Eq. 3.13 and 3.14 to determine the final results of 5, (), DoLP,(), and p,, () :
1
Pr(h) =4 [B5"'() + B (W) + B+ () + BY-()] (3.17)

B + B w) - (B @) + g ) )]
D)

DoLP,(¥) = (3.18)
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28,) - | (BH @) + B W)cos2p) ) + (BY W) — B (W)cos(2y) )] 1o
pZZ(lp) - 2COSZ(21,[)) Bp(lp) ( : a)

26, () — |(BY- () + BY (W)cos(@y) ) + (B () — B (p)cos(2y) )|
2cos?(2y) B, ()

P22 (¥) = . (3.19b)

Note that p,, (1) is normalized by f, () here, as it is normal notation when presenting results for

scattering matrix elements (Bohren and Huffman 1983; Mishchenko and Travis 1994; Jonasz and

Fournier 2007), and the average of Eq. 3.19a and 3.19b is used for the final estimate of p,, (V¥).

3.2.3.3. Application of correction to seawater samples

For seawater samples, measurements with the LISST-VSF instrument were made in a
laboratory benchtop configuration (section 1.2.2 and 2.2.5). For each sample, between four and
eight sequences of 50 measurements were collected on the original (unfiltered) sample and two
size-fractionated samples. The correction functions developed above were applied to the four

incident and detector polarization combinations (Eq. 3.16) to determine B! (¥), B3 (), By (),

and ﬂgl (¥) so that B,(x), DoLP,(y), and p,, () could be computed for each measurement
(following Eq. 3.17, 3.18, and 3.19). The determinations of final 8, (1), DoLP, (), and p,, (¥))
involved quality control of replicate measurements, removing outliers potentially affected by
measurement artifacts, deriving the median value at each angle from the remaining measurements,
and then smoothing the data three times, first with a 3° and then with a 5° moving average. The
final B, (y) was used to estimate the particulate scattering and backscattering coefficients, b, and
by, following the methodology outlined in section 1.2.2. These metrics and others used

throughout the text are described in Table 3.1. Of the sixteen seawater samples collected for these

experiments, one unfiltered sample from the SIO Pier and one 5 um filtrate sample from the SIO
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Pier were removed from further analysis because of LISST-VSF measurement artifacts identified
during processing which rendered all measurements collected on these samples erroneous. Thus,

there was a total of 46 final 5,(y), DoLB,(), and p,, (1) available for analysis.
3.3. Results and discussion

3.3.1. Validation of CF2f

Before presenting results on measurements with seawater, the alternate correction

functions developed in section 3.2.3 must be validated by comparing final data products 3, (),
DoLP,(y), and p,,(¥), with results obtained from Mie scattering calculations for nearly-

monodisperse polystyrene bead solutions (described in section 1.2.1.4). Note that the advantage of
this new correction procedure is there is one single set of correction functions which provide

improved results for f,(3) and DoLP,(y), and the previously uncorrected p,,(¥). Fig. 3.2
displays the final correction functions from Eq. 3.15; CF 2]"cl W), CF 2]}“ W), CF 2}'" (), and
CF 2}‘" () as functions of scattering angle. These correction functions are generally similar in
magnitude to CF; (1) obtained in Chapter 1 (Fig. 1.4) with some noteworthy differences related to
the use of linearly polarized light and the lack of data for ¥ < 16°. CF ZjllJ‘ (¥) is most similar to
CF;(3) in shape and magnitude, increasing from ~1.7 to ~1.9 for ¢ = 15-60° and beginning to
decrease for Y > 60°. Another difference here is an increase in CF2 j'll (¥) for i > ~130° which is
not observed in CF¢(3). It is in this region that theoretical simulations show very small values of
B ), BMN(), and B3" (), which is shown for the case of 200 nm polystyrene beads in Fig.

3.1 b—d. When only parallel light is detected, the values near 90° are predicted to be ~0 m™ sr™,

with the minimum value at 90° for ,[?,',”' (¥) and at 95° for ,[?;" (). This is to be expected as light
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scattered from a single dipole is unable to propagate in the direction of its electric field oscillations
(i.e., polarization state), and in this case parallel polarization indicates electric field oscillations in
the 90° scattering direction. For an ensemble of similar particles containing many dipoles, this
results in interference patterns with minima near 90°, particularly so for scattered light with parallel
polarization. Interestingly, the measurement combination with perpendicularly polarized incident
laser and detected light also produces very small values of [3’10“ (¥) over a larger angular range,
~85-100°, (Fig. 3.1¢). Deriving such small values with the LISST-VSF is complicated due to low
instrument signal relative to background signal and coupled with uncertainty of inputs into Mie
scattering calculations, the values of CF Zlfl W), CF 2]'1" (¥), and CF 2;‘" (y) for Y = 85-100° were
set to their respective value at 85°.

The validation of this new correction was performed by following similar analysis that was
done in section 1.3.1. Using corrected Bit(¥), Byt (), BA' (), and By () (Eq. 3.16), the final
data products 5, (1), DoLB, (), and p,, () [Eq. 3.17, 3.18, and 3.19] were determined for 100,
200, 400, and 700 nm polystyrene bead suspensions used in the statistical analysis discussed in
1.3.1 and compared with results obtained from Mie scattering calculations, DAWN-EOS scattering
measurements, and CFy(y) and BFs(y) corrected LISST-VSF measurements. The results of
B» () and DoLP, (1)) obtained with the various methods described above are presented in Fig.
3.3. For B,(1), the results are nearly indistinguishable between CFy () corrected LISST-VSF
measurements and CF2¢(3) corrected LISST-VSF measurements and they both agree very well
with reference values obtained with Mie scattering calculations and independent measurements
with DAWN-EOS. The normalized root mean square error (NRMSE) from reference values is
displayed in each panel (a—d), and shows that the CF2¢(3) corrected data is slightly improved

relative to CF¢(3) corrected results. This is further evaluated in Fig. 3.4 which shows percent
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differences of LISST-VSF corrected f5,,(3) from reference values in panels a—d. For the 400 and
700 nm beads (Fig. 3.4 ¢,d), there are improvements in the reproduction of the maxima and minima
patterns such that disagreement with reference values is reduced by about 10% from ~40% for
CF;(}) corrected B,(3). Outside of the maxima and minima patterns, errors for CF2¢(y)
corrected 3, (1) are typically less than 5%.

For DoLP, (), the results are nearly indistinguishable between BF, (1) corrected LISST-
VSF measurements and CF2, (1)) corrected LISST-VSF measurements and they both agree very

well with reference values obtained with Mie scattering calculations and independent
measurements with DAWN-EOS (Fig. 3.3 e-h). This is further evaluated in Fig. 3.4 which shows

absolute differences between LISST-VSF corrected DoLP, (1) and reference values in panels e—
h. For 100 and 200 nm beads (Fig. 3.4 e,f), the CF2,(3) corrected DoLP, () outperforms the
BF;(3) corrected DoLB,() for > ~130°, though the improvements are only minor (~0.02).
Again, similar to (), outside of the maxima and minima features for 400 and 700 nm beads,

the differences are small (< 0.05). In summary, using the more featureless 100 and 200 nm beads

as examples for evaluation of error, the CF2, (1) corrected results suggest average errors < 4%
for all scattering angles 16-150° of 8, (1) and < 0.007 for DoLP,(1). There is a slight increase
in DoLP, (1) error centered around 90° for 100 nm beads (Fig. 3.4e) and 95° for 200 nm beads
(Fig 3.4f), however this is at most 0.017.

An advantage of the CF2¢(3) correction scheme is that it allows for improved estimations
of p,, () from measurements with 100, 200, 400, and 700 nm bead suspensions (Fig. 3.5). It is
expected that for a collection of optically inactive homogenous spheres, p,, (1) = 1 for all angles

(Bohren and Huffman 1983; Hovenier et al 1985). Results for i = 35-55° and 125-145° are not
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shown as recommended in manufacturer’s processing code because solutions for p,,(y) are
unstable at 1 = 45° and 135° (Eq. 3.19). Outside these two problematic angular ranges, the results
show significant improvement in the estimation of p,, (1) after CF2¢(3) correction, particularly
so for Y > 55°. For example, the RMSE displayed in each panel decreases almost an order of
magnitude for 100, 200, and 400 nm beads. The dotted lines representing 25" and 75™ percentile
data suggest that p,, (1) is more subject to uncertainty between measurements than DoLP, (1))
because this interquartile range is on average ~30-40% larger for p,, () than DoLP,(3). From
these results, two angles are chosen to provide the most confident results for p,, (¥); ¥ =20° and
100°. At 20°, error is <0.005 for 100, 200, and 400 nm beads (Fig 3.5 a—) and <0.01 for 700 nm
beads (Fig. 3.5d). At 100°, error is identical for 100, 200, and 400 nm beads but slightly worse for
700 nm beads. Although 700 nm beads produce some increased error, it is most likely related to
maxima and minima patterns related to strong constructive and destructive interference patterns
produced by such particles, which are not observed as clearly with LISST-VSF measurements,
perhaps owing to some effects of non-sphericity of beads related to particle aggregation or
manufacturing artifacts. Additionally, 100° is outside the range significantly impacted by the fixing
of CF2,(3) values which may result in the small feature observed for 100 and 200 nm beads
centered at 92° (Fig. 3.5 a,b), however this feature results in at most 0.01 off from the expected
value of 1.

Seawater samples examined in Chapter 1 (Fig. 1.11) are displayed with CF2¢ (1) corrected
results in Fig. 3.6 as a final validation and evaluation of the CF2¢(y) corrections. Parameters
obtained from these measurements, in addition to those computed from the standard Petzold
scattering measurements of oceanic waters, are shown in Table 3.3. These samples are now noted

with their respective ID from Chapter 2 (Table 2.1). There are only minor differences between
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CF2¢(y) corrected S, (¥)and CFr () corrected B, (1) for nearly all scattering angles (Fig. 3.6 a—
¢). For Y =80-110°, CF; (1) corrected S, (1) is about 2—8% larger than CF2( (1) corrected S5, (1))
while for 1 < 50° and v > 120°, CF;(3) corrected S, (1) is about 2—5% smaller than CF2,(3)
corrected f3,(1). Nonetheless, metrics derived from these measurements are similar (Table 3.3).
For example, CF2 (1) corrections produce similar b, (larger by at most 2.5%; sample Oc) and
by, (smaller by as most ~3.5%; sample Ep). This results in slightly smaller Bbp and larger
Bp(45°)/B,(135°) and the angle of minimum £, (), Yy, is decreased for CF2,(3) corrected
Bp (). The differences outlined above, however, are minor and metrics derived from CF2,(3)
corrected 5, (1) are still quite comparable to Petzold measurements (Table 3.3) which are widely

accepted within the ocean optics community (Mobley 1994; Jonasz and Fournier 2007).

The differences for DoLP, () between CF2¢(3) and BF,(3) corrected results are more
substantial (Fig. 3.6 d—f) and are quantified in Table 3.3. The CF2¢(3) corrected DoLP, (1) has

larger values for 1 = 60—120°, the largest of which occur near 90°. This is of consequence for

DOLP, 1qx- The CF2¢(3) corrections result in DOLP, .4, values which are notably higher than
BF; (1) corrected DOLP, 1 qy (€.g., ~10% higher for Oc and ~18% higher for Ey). The angles of

DoLP,

»maxs Wmax, are nearly identical despite the different values of DOLPF, 4, between the two

corrections. Also, as a result of the larger DOLP, 4, the full width half maximum (FWHM) values
of the CF2 (1) corrected DoLP, (1) are reduced by 7-9° to values of ~66°. An additional feature
of CF2¢(y) corrected DoLP,(3) is reduced symmetry about 1., as observed in the symmetry
parameter (Table 3.3). This is a result of reduced values of DoLP, () for 1 > 120°, relative to
BF;(3) corrected DoLP,(3). This symmetry parameter has not been reported in any previous

literature but it identifies that DoLP,(1) for these seawater samples is more skewed towards
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forward angles because values are larger than 1. This parameter is similar to 5, (45°) /8, (135°)
and it indicates that although the angular pattern of DoLP, (1) is not perfectly symmetrical, it is
significantly more symmetrical than S8, (1) [Table 3.3]. As mentioned earlier, increased error from
CF2£(1) corrections for the 100 and 200 nm beads near 1,4, angles are minor (< 2%); therefore,
it is unlikely to result in the changes observed for DOLP, ,,,4x seen in Table 3.3. Although there are
noticeable changes in DoLP,(y) between CF2¢(3) and BFf(y)) corrections, for reasons of
consistency and the advantage associated with correction for p,, (1), only CF2¢(3) corrected
DoLP, (1) are presented for the remainder of this study. It is also important to note that CF2, (1)
corrected DoLP, (1) results are still within values obtained from previous, albeit limited, studies
with seawater samples (Beardsley 1968; Kadyshevich 1977; Voss and Fry 1984).

Figure 3.6 also includes p,, () results obtained with and without CF2¢(3) correction for
samples Oc, Py, and Ey in panels h, i, and j, respectively. As discussed previously, uncorrected
P22 () for polystyrene beads is significantly erroncous for ¥ > 55° and, accordingly, the
uncorrected data for these seawater samples show a decreasing pattern which does not agree well
with published results for seawater samples (Beardsley 1968; Kadyshevich 1977; Voss and Fry
1984). In contrast, after CF2¢(3) correction, p,, () values for 1 > 55° are increasingly higher
than uncorrected results (by over 0.10 for i = 100°) and p,, (¥) is relatively flat for ¥ > 55° with
small oscillations. The CF2¢ (1) corrected p,, (1) values are slightly higher or about the same as
literature values for seawater samples and considering validation of p,, (1) presented previously,
only CF2, (1) corrected p,, (1) results are discussed in this study.

Our determinations of p,,(y) for seawater samples show that these values are typically

larger than 0.90 for nearly all scattering angles reported. This suggests that these seawater samples
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produce scattering patterns that are close to those produced by a collection of optically inactive
homogenous spherical particles (Bohren and Huffman 1983). The range of angles which seem to
avoid features associated with unstable solutions of p,, (1) from Eq. 3.19 are i <25° and ¢ = 70—
110° and it is suggested that only these angles be investigated in future studies with the LISST-
VSF. This range of angles also experiences reduced uncertainty as seen in the green dotted lines
representing 25" and 75" percentile data. As mentioned previously, the specific angles at which
D22 () is evaluated in the remainder of this study are 20° and 100°. These angles experienced
minimal error in the validation of p,, (1) results with polystyrene bead suspensions. The values
of p,,(Y) at 20° and 100° for these samples are shown in Table 3.3. Sample Ey has the lowest
value at 20° with 0.93 while Py has the highest value of 0.98. The differences of p,,(100°) between
these samples are negligible to 2 decimal places and all samples have a value of 0.94. This results
in a spread of p,,(20°) /p,,(100°) of 0.99—1.04 suggesting that although p,, (1) is mainly flat as

a function of 1, there are some potentially significant differences between samples.

3.3.2. Particle-size fractionation and polarized light scattering

The eight seawater samples characterized in Chapter 2 were also evaluated in terms

of DoLP,(y) and p,,(y) for each original (unfiltered) and two size-fractionated samples. This
provides insight into the response of polarized light scattering, specifically DoLP, (1) and p,, (),
to the removal of medium and large sized particles as well as variations in particle composition
and size between samples. The samples presented here are discussed in detail in Chapter 2 (section
2.3) and summarized only briefly in this section as it pertains to DoLP,(y) and p,, (1) results.
Recall that these eight seawater samples represent contrasting natural assemblages of particles

from coastal environments, including near-shore samples dominated by organic particulate matter
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with predominant role of small-celled or large-celled phytoplankton, estuarine samples dominated
by inorganic particles, and offshore samples representative of phytoplankton-dominated
subsurface chlorophyll-a maximum and near-surface water dominated by organic non-algal
particles.

Results of DoLP, (1) for the unfiltered seawater sample and samples obtained following
fractionation with 5 and 20 pm mesh are presented in Fig. 3.7. The most striking feature here is
that resulting from fractionation. The DoLP, (1) increases for all filtrate samples in the angular
region associated with DOLP, 4, €xcept the 5 pum filtrate of Ey, such that the unfiltered sample
has lower DoLPB, ;,qx than the 20 um filtrate and the 20 um filtrate has lower DOLP, 4, than the
5 um filtrate. These changes are subtle for some samples (e.g., Py and Os) and more noticeable for
others (e.g., Pp and Pr). In addition, the unfiltered sample also has lower DoLP, (1) than each size-
fractionated sample for nearly all scattering angles, though it is more apparent for angles near
Ymax- As a result of fractionation, the value of 1,,,, shifted towards smaller angles for some
samples (e.g., Py, Pp, and Pr). Overall, the results of size-fractionation indicate a tendency for an
increase in DoLP, (), especially DoLP, ,,,4,, With a decrease in the contribution of large sized
particles to particulate assemblage. The samples with the lowest unfiltered DOLP, 4, (< 0.75) are
Pp, Pr, and Eg. Recall that Pp, Pg, and Ey have a strong presence of large sized particles (D30 >
30 um) and vary significantly in terms of composition with Pp highly organic and phytoplankton
dominated, Pr inorganic dominated with non-negligible phytoplankton contribution, and Eg
inorganic dominated (Table 2.3). Samples Er and Os are both dominated by non-algal particles
and have similar PSD metrics (from Table 2.3: D3° = 7 um; Dy° = 20 pm), however the inorganic
dominated Er has lower DOLP, .4, suggesting that composition may also play a role in decreased

DOLP, 14y Finally, the sample with the weakest contribution of large sized particles, Py (from
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Table 2.3: Dp° = 5.1 pm; Dy° = 14.1 pm), does not have the highest DOLP, 4., however the
changes induced to DoLP, (1) following size-fractionation are most insignificant of the samples
shown.

The values of p,,(¥) for these eight samples are shown in Fig. 3.8 for 1 = 20° and 100°,
the angles which are believed to have high confidence in terms of retrieval of p,,(3). Similar to
DoLP, (1), after size-fractionation p,, (20°) and p,,(100°) increase for all filtrate samples, except
for p,,(20°) of the 5 um filtrate for Py. The samples with the highest p,,(20°) are the small and
large phytoplankton dominated organic assemblages (Px and Pp, respectively), which have values
> (.98 for unfiltered samples. The samples with the lowest p,,(20°) are the inorganic dominated
assemblages of Pr and Ey, which have values < 0.93 for unfiltered samples (Fig. 3.8a). The range
of values for p,,(100°) is more limited, however the samples with the highest values of unfiltered
samples are small particle size dominated assemblages of E;r and Os with values > 0.95, and the
samples with the lowest values of unfiltered samples are the large particle size dominated
assemblages of Pp and Pr with values < 0.935 (Fig. 3.8b). It is important to note here that the two
samples which represent the highest values of p,,(100°) are different in terms of composition
with Ep being inorganic dominated and Os being organic dominated, and likewise for the two
samples representing the lowest values.

All 46 measurements of DoLP, () and p,, () collected during this study are presented in
Fig. 3.9 and box plots of metrics derived from these measurements are shown in Fig 3.10. For all
measurements, DOLP, ;4. tanges from ~0.65 to 0.90 with the lowest value associated with an
unfiltered sample and the highest value associated with a 5 um filtered sample (Fig. 3.10a). The
range of p,,(20°) is increased relative to p,,(100°) such that interquartile range of p,,(20°) is 2—

3 times larger than the interquartile range of p,,(100°). A noteworthy trend seen in Fig. 3.10
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(panels a and e) is an increase in the 25™ 50" and 75" percentile values of DOLP, ;,qx and

D22 (100°) as large and then medium sized particles are removed (i.¢., unfiltered samples to 20 pm

filtrates to 5 pm filtrates). However, changes in terms of magnitude of DoLP,(y) are more
substantial than p,, (100°). A similar, but weaker, trend is seen in Fig. 3.10d for p,,(20°), however
it only exists for 50™ and 75™ percentile data (Fig. 3.10b). There appears to be no, or very weak,
changes induced to DoLP, symmetry and p,,(20°) /p,,(100°) as a result of size-fractionation (Fig.
3.10 c,f). A one-way analysis of variance was performed for the data presented in Fig. 3.10 to test
the statistical significance of the trends observed. These tests confirmed that the only metrics with
statistically significant differences as a result of particle size-fractionation were p,,(100°) and
DOLP, 14y (the level of marginal significance p = 0.0002 and p = 0.025, respectively). The results
of this analysis suggested that p,,(20°) differences as a result of particle size-fractionation were

somewhat significant (p = 0.07) compared to the rest of the metrics which had p = 0.2-0.8.

3.3.3. Relationships between polarized light scattering and particle size and composition

In this section, relationships between polarized light scattering metrics derived from the 46
measurements of DoLP,(1) and p,,(3) and particle composition and size parameters are
evaluated quantitatively using Pearson correlation coefficients, R (Table 3.2). Each sample which
has measurements with LISST-VSF and measurements of PSD or composition, is treated as an
independent sample, i.e., size-fractionated samples are treated as independent of their original
(unfiltered) sample to improve statistical significance of correlations. This is reasonable as changes
in both composition and size distribution are observed after fractionation (Table 2.3) and changes

in DoLP,(1) and p,,(y) after fractionation are comparable to changes between different

unfiltered samples (Fig. 3.7 and 3.8).
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In Table 3.4, a grid of R values is shown for polarized light scattering metrics and particle
composition and size parameters. Note that the particulate backscattering ratio Bbp is also included
as a reference light scattering metric which has been previously shown to be related to particle
composition (Twardowski et al 2001; Boss et al 2004; Koestner et al 2018). The ratios POC/SPM,
Chla/SPM, and a,p,(440)/a,(440) are used to quantify composition of particulate matter.
Specifically, POC/SPM provides a proxy for contributions of organic vs. inorganic particles to
total mass of particulate matter. Both Chla/SPM and a,,(440)/a,(440) provide proxies for
contributions of phytoplankton vs. non-algal particles although the former in the context of
particulate mass concentration and the latter in the context of particulate absorption.
Characterization of PSDs using the percentile particle diameters, DJ%nd DJ°, reflects the
contribution of small vs. large sized particles such that higher values indicate increased
contributions of large sized particles to the particulate assemblage. These parameters have been
shown to provide potentially useful metrics in the analysis of relationships between the optical and
particle size properties in seawater (Wozniak et al. 2010).

This correlation analysis provides further evidence to some of the trends discussed
previously. For the relationships between the particulate characteristics and DoLB,(), the only
strong correlation exists for DOLP, ;45 and D,;)°. Interestingly, there is only moderate correlation
for DoLP, qx and D2 suggesting that DOLP, 14y responds more significantly to changes in the
PSD metric which is more sensitive to the presence of large sized particles. Additionally,
DOLP, 14, has weak correlation with particle composition parameters. This finding is interesting
because previous measurements with individual populations of phytoplankton cells and silt
particles suggested that DOLP, .4, could distinguish between phytoplankton and mineral

scatterers with lower values indicating mineral dominated assemblages. As mentioned previously,
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Ymax appeared to decrease following particle fractionation (Fig. 3.10b), however this analysis
suggests that there is weak correlation for v,,,, and particle size and moderate correlation with
particle composition. Although appropriate measures were taken to ensure LISST-VSF
measurements were made in single scattering regime (section 1.2.1.2), it is recognized that
multiple scattering is likely to result in lower DOLP, ;4. To verify that multiple scattering did not
play a role in the DOLP, 1,4, tesults, correlation coefficients (not shown) of DoLP, 4, With both
the particulate attenuation and scattering coefficients as indicators of total particle concentration
were computed. No significant correlation existed (R =~ —0.15).

Table 3.4 shows a noticeable difference between correlations for p,, (1) at i =20° and ¢
= 100°. Despite the particularly small range of p,, () values (Fig. 3.10 d,e), there are strong
correlations of p,,(20°) with particle composition and p,,(100°) with DJ° The ratio
D22(20°)/p,2(100°) also shows very similar trends as p,,(20°) and p,,(100°) shows similar
trends as DoLPB, ;,qx With these particle size and composition parameters. Interestingly, there is
weak correlation between p,,(20°) and particle size metrics, and p,,(20°) has the most significant
correlation with Chla/SPM (R = 0.79). Although the current study is primarily focused on polarized

light scattering, it is worth noting the very strong correlation (R = —0.90) of Bbp with
a,n,(440)/a,(440) and the weak correlation of Ebp with particle size parameters. As it has been
shown in modeling studies that Bbp is a strong function of bulk refractive index (Twardowski

2001), this result suggests the possibility that samples dominated by phytoplankton, not simply
organic particles which would include non-algal particles, may have the lowest bulk refractive
indices.

The polarized light scattering metrics which provided the strongest correlation with particle

composition parameters, p,,(20°) and p,,(20°)/p,,(100°), are plotted in Fig. 3.11 along with
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type II linear regressions of the data. Type II linear regressions were chosen here to accommodate
uncertainty in both measured variables (Ricker 1973). The data points are colored based on values
of DJ° and the red points (D;° > 30 um) are spread throughout high and low values of both
P22(20°) and p,,(20°) /p,,(100°) along their linear regressions. This exemplifies the insensitivity
of the relationships between both p,,(20°) and p,,(20°)/p,,(100°) and particle composition to
particulate assemblages with high DJ°, and therefore high proportions of large sized particles.
With the exception of Ebp (Fig. 3.11 gh), these polarized light scattering metrics show
positive correlations with particle composition metrics in that high values of p,,(20°) or
P22(20°)/p,2(100°) relate to particulate assemblages which are organic or phytoplankton
dominated and low values relate to particulate assemblages which are inorganic dominated.
Although there are significant linear correlations presented here, it is not to say that these
relationships are simple or necessarily linear. For example, in Fig. 11a, at p,,(20°) = 0.985, there
exist data with POC/SPM ranging ~0.3-0.6 and D;° ranging ~12-36 um. Nonetheless,
acknowledging the complexity of natural assemblages of marine particles, these trends are
remarkable in that they hold up over the dynamic range of oceanic conditions presented in this
study.

The polarized light scattering metrics which provided the strongest correlation with particle
size parameters are plotted in Fig. 3.12 along with type II linear regressions of the data. The data
points are colored based on values of Bbp and the red points (Ebp > 0.018) are spread throughout
high and low values of the linear regressions for both DOLP, 4, and p,,(100°). This exemplifies
the insensitivity of the relationships between both DOLP, 4, and p,,(100°) and particle size
parameters to particulate assemblages with high Ebp, and therefore containing higher refractive,

and likely inorganic, particles. These polarized light scattering metrics show negative correlations
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with particle size parameters in that low values of DoLP, 4, and p,,(100°) relate to particulate
assemblages which contain higher proportions of large sized particles. As shown in Table 3.4, the
correlations with D2° are only moderate and this is related to the cluster of samples which have
much higher D2° than all other samples (D3° = 25 um; Fig. 3.12 a,b). When using D%, these data
points are no longer outliers in the relationships with DoLP, ;,,4, and p,,(100°). The improved
correlation of DJ° with p,,(100°) compared to DOLP, 145 1s supported by the higher number of
data points which fall on the line of linear fit for p,,(100°) while data are more scattered around
the line of linear fit which uses DOLP, yq, (Fig. 12 ¢,d). Although there are significant linear
correlations with D;)° presented here, these relationships are not always straightforward. For
example, in Fig. 12d, there exists samples with nearly the entire dynamic range of DJ° at
P22(100°) = 0.95, and likewise for DOLP, ,,,4, = 0.80 in Fig. 12c. Nonetheless, these trends hold
up over the various complex natural assemblages of marine particles presented in this study. These
findings also coincide generally with previous measurements in that the largest variability for
DoLP,() and p,,(¥) between samples measured by Voss and Fry (1984) in mainly offshore
Atlantic and Pacific waters was observed for scattering angles 90° and 100°, respectively. Although
Voss and Fry (1984) did not characterize the suspended particles, it can be expected that these
waters are mainly organic dominated and may vary considerably in terms of PSD.

Although variations of p,,(y) from 1 are generally considered to be associated with
particle nonsphericity as it is equal to 1 at all scattering angles for homogenous and optically
inactive spheres, when samples contain irregularly shaped particles such a seawater, p,, () is also
related to particle size and complex refractive index. Measurements of p,, (1) for aerosol particles
indicate that minima of p,, (1) are seen near the side-scattering angular range and lower minima

are associated with samples containing larger sized particles (Volten et al. 2001). This concurs
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with the findings presented in this section in that p,,(100°) correlates negatively with D.J°. Also,
observed in the study by Volten et al (2001), the average p,,(20°) for mineral-dominated aerosol
particles is 0.89. This suggests that deviations from about 0.89 could be related to deviations from
mineral dominated particulate assemblages. The seawater sample from this study with the lowest
P22 (20°) is the unfiltered Pr, which has a value of ~0.92. It is not unreasonable to assume that the
Pr sample, which was collected at the SIO Pier after a significant rain event and has a POC/SPM
value similar to estuarine samples (Table 2.1 and Table 2.3), could also have a significant
proportion of mineral particles of terrestrial and atmospheric origin. Additionally, there is one
seawater sample with a value of p,,(20°) that is nearly 1 which could indicate that it contains
many particles which are nearly spherical or have the shape aspect ratios close to 1. In this case, it
is the 5 pm filtrate of a seawater sample collected at the SIO Pier location during high abundance
of a large cylindrically-shaped diatom species (one week after sample Pp). The 5 um filtrate of
this sample is unlikely to contain the large cylindrically-shaped diatom and has the highest
POC/SPM of all samples (POC/SPM = 0.64) indicating an entirely organic assemblage.

Finally, the positive correlation of p,,(20°) with particle composition parameters such as
POC/SPM and not particle size parameters is interesting because, referring to Fig. 3.8a, the
increases in p,,(20°) following fractionation indicate that small and medium sized particles may
be more organic dominated than larger particles which are removed from the filtrates by the 5 pm
and 20 um mesh filters. This has been observed in POC/SPM of the 5 um filtrate for nine out of
the twelve samples which have measurements of unfiltered and size-fractionated POC and SPM
(Table 2.3 includes six examples). The relationships between the particle size and composition
parameters shown in Table 3.4 were also investigated during this analysis but results are not

shown. These size and composition metrics have weak correlation (|R| < 0.3), except for D2° and
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Chla/SPM which shows a moderate positive correlation of R = 0.39. This adds to the complexity
of the relationship between particle size and composition, i.e., PSDs with significant proportions

of large particles can be organic or inorganic dominated and vice versa.

3.3.4. Towards the development of simple optical sensors to estimate particle size and

composition

Miniaturized single-angle scattering sensors such as the ECO Puck (WetLabs) and
Seapoint Turbidity Meter (Seapoint Sensors) are increasingly being used on autonomous in situ
platforms, such as autonomous underwater vehicles, floats, gliders, and moorings, to take
advantage of the lower power consumption and ease of use for long-term oceanographic
observations (Claustre et al. 2010; Organelli et al. 2017). The development of many commercially
available in situ optical scattering sensors for oceanographic use has been driven by the desire for
estimates of the backscattering coefficient, b,, mainly because the observed water-leaving
radiance important for satellite and air-borne remote sensing is to first order proportional to by,.
These sensors typically estimate b, from measurements at a single angle chosen based on modeled
and/or measured VSF shape analysis in the backward direction (Boss and Pegau 2001). An
alternative approach would be to identify the optical metrics which best correlate with particulate
characteristics that are of most interest to ocean biogeochemistry as is done with spectral
absorption and chlorophyll or CDOM fluorometers. Optical instruments that rely on diffraction
theory for estimates of the particle size distribution, such as the LISST-100 series (Sequioa
Scientific), already employ this philosophy of sensor development, however these instruments lack
the practicality and efficiency of other low-cost sensors like ECO Puck.

Based on the richness of the data set generated for this study, an analysis was performed to

identify which simple optical measurements best correlate with particle size and composition
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parameters discussed in section 3.3.3 on the basis of two statistical parameters; R and the median
absolute percent difference (MAPD; Table 3.2) derived from a type II linear regression of each
dataset. As mentioned in section 3.2.4, a single LISST-VSF measurement consists of two incident
laser polarization states while scattered light for 1 = 14—155° with 1° resolution is detected for two
polarization states creating a combination of four measurements of polarized angular light
scattering; By (), By (), By (), and B} (). It has previously been shown that DoLP, (1)),
and more specifically DOLP, ,,,4x, has a negative correlation with D), a size parameter which is
indicative of the presence of large sized particles (section 3.3.3). This suggests that large particles
have a tendency to depolarize linearly polarized light, specifically at side-scattering angles near

90°. Recall from Chapter 1 (Eq. 1.3 and 1.4) that DoLP, (1) can also be computed as:

B ) — B @)
B () + By ()

DoLP,()) = (3.20)

where the superscript U indicates that the detected light is measured without any polarizing filter,
hence unpolarized scattered light is measured. From this equation, it is understandable that some
ratio of polarized light scattered at a side-scattering angle would produce a measurement which
would serve as a proxy for a particle size parameter such as D;)°.

The four polarized measurement combinations from the LISST-VSF instrument result in
six unique ratio combinations, e.g., By~ (¥1)/Ba" (). The subscript 1 is used here to emphasize
that both the numerator and denominator use the same scattering angle. For the 41 samples which
contain suitable LISST-VSF measurements and PSD measurements to derive D;)°, a type II linear
regression was performed for D;)° and each of the six possible measurement ratio combinations

using ; = 20-120°. This analysis also included DoLP,(y;) as a polarized light scattering

measurement so that there was a total of 707 linear fits with D;)°. The statistical parameters R and
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MAPD were computed from each of the 707 datasets and are shown in Fig. 3.13 and 3.14,
respectively. Note that R values determined here are negative but displayed as the absolute value
for visualization purposes (Fig. 3.13) and MAPD is plotted inverse such that lower values of
MAPD are warmer in color (towards red color in Fig. 3.14). The most significant correlation
(IR > 0.65) is observed for the B}~ (,)/B)" (1) combination in the region ¥, = 95-110°. The
maximum correlation for DoLP, (1) is |R| = 0.60 for 1; near 90°. It is interesting that DoLP, (1, )
has a large angular range of moderate to strong correlation with |R| > 0.50 for y; = 65-120°, and
correlations with Bt (¥,)/Bp* () behave similarly as DoLP,(y,). It is important to
acknowledge for experimental data such as this, the largest R does not necessarily indicate the
most useful predictive relationship and an indicator of average, in this case median error is used to

further hone in on an ideal measurement to serve as a proxy for D;° (MAPD in Fig. 3.14). In this

L

case, it is now the S

(¥1)/By* (1) measurement combination which has the lowest error with
MAPD < ~15% for 1; = 80-98°. For the angular region associated with a maximum correlation
between D;° and Byt (1) /B3 (1), MAPD is ~20%, and for the angular region associated with
maximum correlations with DoLP,(¥;), MAPD > 25%.

Two schemes were developed to determine the most useful measurement to serve as a
proxy for DJ°. The first sorted all values of |R| in decreasing order to determine the 10
measurements which had the highest correlation with the desired parameter, in this case D;°. Of
those top 10 |R|, the measurement which had the lowest MAPD is then chosen. The second scheme
sorted all values of |R| in decreasing order and recalculates each value as a percentile. This was

also done for 1/MAPD (so that the higher percentile values indicate lower error). These two vectors

of percentile-based |R| and 1/MAPD, were then summed so that the highest combined percentile
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value was indicative of the measurement which had both the highest relative |R| and the lowest
relative MAPD.

In terms of a simple optical proxy for D;°, the first solution is S5 (109°) /83" (109°) with
IR| = 0.6742 and MAPD = 20.4%, and the second solution is B}~ (96°) /B5*(96°) with [R| = 0.5934
and MAPD = 14.1%. For reasons of engineering practicality, the first solution is used here because
it requires only one incident state of the laser, parallel, and two detectors at 109°, one to measure
perpendicularly polarized scattered light and the other to measure parallel polarized scattered light.
This system would utilize a polarizing prism such as what is used in the LISST-VSF Roving
Eyeball sensor. This first solution describing D;)° as a function of Bgl(109°) / ,312" (109°) is shown
in Fig. 3.16 along with D;° as a function of DOLP, 4, (also in Fig. 3.12¢) as a comparison. From
the samples analyzed using a parallel incident beam, there was between ~5.5 and 7 times as much
light scattered at 109° with perpendicular polarization than light scattered with parallel polarization
(Fig. 3.16a). The colored data points spread throughout the linear regression suggest that there is
no clear trend related to composition as assessed through Ebp. The correlation is also weakest for
DJ° for 15-30 um as seen in the large spread of triangle points around the linear regression and
there is an average positive bias for the regression (MNB = 6.5%). The observed strong correlation
with D;)°, and not composition, thus suggests that it is the samples which have PSDs with more
significant contributions from large sized particles, that exhibit scattered light with on average
more equal contributions of perpendicular and parallel polarization states.

The composition metric for this analysis is POC/SPM. As discussed in Chapter 2, simple
approaches to estimate POC from by, are problematic because different scenarios of particulate
composition can result in similar b, magnitude and size-based budgets. This has been observed

in many other studies and an alternate approach to the estimation of POC could be a two-step
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approach which relies on an estimate of POC/SPM before using a composition specific relationship
for by, and POC (Wozniak et al. 2010; Reynolds et al. 2016). However, the estimation of
POC/SPM from a purely optical perspective has remained elusive. As seen in this study, the
backscattering ratio Bbp correlates strongly with composition metrics, including POC/SPM (Table
3.4). This has also been observed for a different composition metric, Chla/c, (660) where ¢, (660)
is the particulate attenuation coefficient at 660 nm which typically correlates well with SPM (Boss
et al. 2004). Based upon this information, it is understandable that some ratio of polarized light
scattering at a backwards scattering angle to polarized light scattering at a forward scattering angle
would produce a measurement which would serve as a proxy for a particle composition parameter
such as POC/SPM. There is additional evidence that enhancements in cross polarized light
scattering in the near-forward scattering region is indicative of presence of inorganic particles,
particularly particulate inorganic carbon (Guay and Bishop 2002).

It was found earlier in this section that Bi*(y,)/Bp () measurement combination

correlated best with DJ° at 1, = 109°. In this analysis, the same measurement combination was
used, however the polarized light scattering ratio B3t (11) /By (1,) was computed for 1, = 80—
120° and 1, = 16-50° and linear regressions were determined with POC/SPM for log-transformed
data. For this analysis, a total of 27 samples were used which contained suitable LISST-VSF
measurements and both POC and SPM measurements. These measurement combinations result in
a total of 1435 datasets with POC/SPM of which the statistical parameters R and MAPD were
computed and plotted as grids in Fig. 3.16. Correlations of this measurement combination with
POC/SPM are in general higher than correlations with DJ° (|[R| > 0.70 for over half of the angle
combinations). The highest correlations with POC/SPM are observed for ; > ~100° and ¢, <

~30°, and the lowest correlations are for 1; = 80-100° and Y, = 35-50°. Interestingly, all 1/, angles
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produce strong correlation when 1, = 16-25° (|R| > 0.80). The trends for MAPD are more sporadic
and only small pockets of the lowest MAPD (< 20%) exist for 1; =~ 110° and ¥, = 20° or 40°.

An identical procedure that was outlined previously for solutions of the single angle
measurement combination to estimate D;° was used to identify the two most useful relationships

to estimate POC/SPM assuming the measurement combination B)*(11)/By' (¥,). The first

solution is 1, = 111° and 1, = 20° with |R| = 0.8635 and MAPD = 19.7%, and the second solution
is Py = 111° and ¢, = 19° with |R| = 0.8613 and MAPD = 18.3%. These solutions differ in only
Y, by 1° which is insignificant when considering uncertainty in measurements. Nonetheless,
solution two is assumed as the ideal solution because of the lower MAPD (by ~1.5%) and is shown
in Fig. 3.17 along with POC/SPM as a function of Bbp for comparison. From the samples analyzed
using a parallel polarized incident beam, the ratio of light scattered at 111° with perpendicular
polarization to light scattered at 19° with parallel polarization was between 0.006 and 0.014
(Fig. 3.17a). The improvements of POC/SPM as a function of Sy (111°)/8)"(19°) in terms of
statistical parameters R, MAPD, and MNB, are significant when compared to POC/SPM as a
function of Ebp (Fig. 3.17). These improvements are related to the tighter spread of data points
along the regression line with the mixed and inorganic dominated samples with POC/SPM < 0.3
(triangles and diamond points) in Fig. 3.17a compared to data in Fig. 3.17b. The colored data
points spread throughout the regression line suggest that there is no clear trend related to particle
size as assessed through DJ°.

It is notable that the ideal solutions to estimate POC/SPM and D;° from polarized light
scattering measurements both rely on a measurement of Bit(1;) with ¥; = 109° for D;°

estimation and ; = 111° for POC/SPM estimation. In the case of estimating particle size,

normalizing Byt (1;) by B'(;) results in a measurement which correlates well with Dg°
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independent of the compositional proxy Ebp. For the case of estimating particle composition,

normalizing B)*(¥,) by Bi(1,), with 1, around 20°, results in a measurement that correlates

well with POC/SPM independent of the PSD parametrized with D;°. Note that it was checked if
W (@,) could be replaced by Bt (1),) in the POC/SPM optical relationship and it was found to

decrease correlations and increase errors relative to the use of B! (1,) as the normalization factor.

p

It was also checked which angles of only ,8,',“ (¥) correlate with POC/SPM. This analysis showed
that for angles ~80-140°, R > 0.80 and MAPD < 30% with the ideal solution at 127° (R = 0.81,
MAPD = 26.5%, and MNB = 7.4%). Interestingly, all angles evaluated within the range 16—150°
have improved correlations relative to the backscattering ratio Ebp (Fig. 3.17b), but all solutions
have higher MAPD. Also note that none of the solutions presented earlier in this section change if
the angular range of the analysis is expanded to include 1y, = 121-150° and no significant changes

in solutions are found if type I linear regressions are used in the determination of MAPD.

3.3.5. Determining the particle size metric D,)° using percentile-based values of DOLP, 15

Up until this point, all optical parameters evaluated for relationships with particle size and
composition metrics were determined from the median values of scattering parameters based
~200-400 original replicate measurements with the LISST-VSF instrument for a given sample.
Following observations of improved correlation of DOLP, ., with Dp° as opposed to D;°,
anomalous values of DOLP, 1, associated with percentile-based values were compared using type
II linear regressions with particle size parameter D;)°. Briggs et al. (2013) found that fluctuations

in by, or ¢, measurements with clay particles in a laboratory environment could be used to

p

estimate mean particle size. In a similar manner, it is expected that the use of variability within

measurements for a given seawater sample will improve the observed relationship between the
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presence of large sized particles and lower values of DOLP, 4, discussed in section 3.3.3. To be
specific, it is expected that lower percentile values of DOLP, ;45 are to be associated with the
relatively rare and larger sized particles influencing D,J°.

To derive the percentile based values of DOLP, 4, in this study, DoLP, () was redefined
using the desired percentile values at each 1 so that a new DOLP, 4, could be found. The new
DOLP, 14, is notated with a superscript number associated with the percentile used in the
determination of DoLP, (). For example, DoLP, 7,4, was derived using 10™ percentile data. In
Fig. 3.18, D2° is plotted as a function of the 10", 50", and 90" percentile values of DoLB, max
(i.e., DOLB;tax, DOLPyp a0y, and DoLPy%, ., tespectively) derived from the ~200-400 LISST-
VSF measurements for each sample. Note that DoLPps}’nax is equivalent to the median DOLP, 4

used throughout the study and what is shown in Fig. 3.18b is identical to Fig. 3.12c. The lower
percentile data corresponds to a shift towards lower values of DOLP, ,, 4, While the range of values
remains fairly consistent. For example, DoLPy 4, ~0.75-0.99 while DoLB, 7, 4, = 0.57-0.82. The
regressions determined in the top panels (Fig. 3.18 a,b,c) were used in the comparison of estimated
D;J° vs. measured D,)° in the bottom panels (Fig. 3.18 d,e,f). There are clear improvements in the
linear relationship between DOLP, 4, and D;° when using lower percentile data. For example, R
decreases from a value of -0.42 for DoLP,), 4, to a value of -0.73 for DoLP, ), 4. The estimated
D;° vs. measured D.° plots also show significant improvement and the least scattered data around
the 1:1 line for DoLPy 7,4, compared to the higher percentile-based measures. This suggests that
the rare low values of DOLP, 4, relate most closely to the particle size parameter D,)°, which is

most influenced by the presence of rarer large particles. Therefore, it is the large sized particles

which tend to decrease DoLP, 4, and generate scattered light in the side angle region near 90°
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which has lower degree of linear polarization. Other percentiles were also used, such as 5", 25",

75", and 95™ percentile data, to determine DoLP, () and DoLP, 4. These results generally
p P P,

agreed with the trends discussed above in that lower percentile data provided improved correlation

and statistically significant relationships between DOLP, 1,4, and DJ°.

This analysis was based on a time series which consisted of approximately 15-30 minutes
of LISST-VSF measurements of a given sample in a controlled laboratory environment under very
good mixing conditions. This analysis was also performed using only the first ~100 measurements
(i.e., ~7 minutes of data acquisition) of each measurement sequence and provided similar results.
It is important to note that larger particles defined here as > 20 um in diameter are relatively rare
in seawater samples compared with smaller particles, however they were still present in significant
quantities during these experiments. For example in sample Py (weakly influenced by large
particles), particles counted during PSD measurements in size-bins > 20 um were ~20 particles
per mL. For sample Pp (strongly influenced by large particles), particles counted during PSD
measurements in size-bins > 20 pm were ~300 particles per mL. Acknowledging that the LISST-
VSF laser beam illuminates ~1 mL per measurement scan (laser is ~3 mm in diameter by 15 cm
in length), it is not unreasonable that a sufficient number of larger particles were encountered over
the course of ~100 measurements to influence the scattering measurements. Interestingly, this
analysis did not work for p,,(100°), i.c., correlation decreased for 10th and also 90th percentile

22(100°) data, despite p39(100°) having improved correlation with DJ° compared to DoLP>S, .,
p pIte P22 2

(Fig. 3.12 c,d).
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3.4. Summary and concluding remarks

This study involved sixteen seawater samples representing contrasting natural assemblages
of particles from coastal environments, including near-shore samples dominated by organic
particulate matter with predominant role of small-celled or large-celled phytoplankton, estuarine
samples dominated by inorganic particles, and offshore samples representative of phytoplankton-
dominated subsurface chlorophyll-a maximum and near-surface water dominated by organic non-
algal particles. Each seawater sample underwent careful and comprehensive characterization in
terms of angle-resolved polarized light scattering, particle composition in terms of various metrics
derived from mass concentration and particulate absorption, and particle size distribution. Samples
were additionally characterized in terms of angle-resolved polarized light scattering, particle size
distribution, and sometimes particle composition following fractionation with 5 and 20 pm mesh.
Some of the important findings are summarized below:

(i)  Values of p,,(20°) for marine particles are weakly dependent on particle size and
range between about 0.92 and 1.0 with the lowest values generally associated with
inorganic dominated assemblages and the highest values generally associated with
organic dominated assemblages.

(i)  Values of p,,(100°) for marine particles are weakly dependent on particle
composition and range between about 0.92 and 0.97 with the lowest values generally
associated with particle assemblages containing higher proportions of large sized
particles and the highest values generally associated with particle assemblages
containing lower proportions of large sized particles.

(iii)  Reductions of DOLPF, ;4 depend weakly on particle composition and are associated

mainly with increased proportions of the relatively rare large sized particles.
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(iv)  Optically-based proxies to estimate particle size and composition were developed

which rely on polarized light scattering measurements at only one or two angles.

It is remarkable that the two optically-based solutions for estimating particle size and

composition share the measurement combination of ﬁr'll (y,) with ¥, centered around 110°. A

simple sensor to estimate D,)° and POC/SPM would thus consist of three detectors and an incident
polarization state of laser parallel to the scattering plane. Two detectors would be placed at a
scattering angle of around 110° utilizing a polarizing prism to partition the scattered light into two
components (similar to the LISST-VSF instrument) so that one detector would sense only parallel
and another detector would sense only perpendicularly polarized scattered light. A third detector
would be placed at a scattering angle of around 20° to sense only parallel polarized scattered light.
Using the relationships developed in this study, it is estimated that such an instrument could predict
both D;)° and POC/SPM to within 20% accuracy, therefore providing useful predictions of the
proportions of small vs. large sized particles and organic vs. inorganic particles with unprecedented
efficiency. Such particle size and composition parameters are currently achieved following lab-
based analysis on aliquots of seawater which can be significantly limited in spatial and temporal
scales compared to in situ optical measurements. Measurements with such an instrument could be
taken relatively rapidly using autonomous or otherwise small instrument platforms.

The engineering development of such a sensor is beyond the scope of the current study,
rather this data can be used as a scientific foundation for the development of a low-cost optical
sensor for estimating particle size and compositional proxies, with several notes of caution. This
data is limited in the sense that sample sizes are relatively small (N =27 for POC/SPM; N = 41 for
DJ°) and although a broad range of oceanic conditions is included, it is lacking in environments

consistent with oligotrophic open ocean or highly inorganic waters dominated by particles of
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terrestrial origin. The other limitation of this study is that the PSD measurements were limited to
the range of 2-60 um, and therefore the size parameter D;)° is limited in the sense that populations
of smaller particles such as heterotrophic bacteria, picophytoplankton, or other colloidal particles,
as well as larger particles such as large microphytoplankton have not been included in this size
parameter. Finally, the evaluation of the optical relationships for particle size and composition
have been performed using the “training” data and to properly quantify error of the developed
relationships, an independent data set should be used.

As a final note, the basic research presented in the current study on the inherent polarization
scattering properties of marine particle assemblages contributes fundamental knowledge to aid in
deriving new or improved ocean biogeochemical data products from remote sensing platforms
observing the ambient polarized light field. Currently, there are plans to include two polarimeters
on board the NASA PACE satellite mission expected to launch in 2022 (Hasekamp et al. 2019).
The findings of this current study provide a foundation for the potential use of these polarimeters
for characterizing marine particle assemblages in terms of particle size distribution and
composition, and further investigation, with both experimental and theoretical modeling studies,

is needed to realize the full potential of polarimetry in the study of the oceans.
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3.6. Figures

102 E
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— Measured ]
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Figure 3.1. Reference values (red) and measurements (green) of the four polarized light scattering
measurement combinations from the LISST-VSF for 200 nm diameter polystyrene beads
suspended in water. The expected reference values obtained from Mie scattering calculations are
plotted from 0.09° to 160° and measured values obtained with the LISST-VSF are plotted from 16°
to 155° both with linear scaling. Quality controlled but uncorrected measurements obtained with
the LISST-VSF (dark green lines, number of measurements N = 128) and the median value (solid
green line) are shown.
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Figure 3.2. Final correction functions, CF2, (1), for LISST-VSF measurements of each polarized

light scattering measurement combination, as indicated in legend, over the angular range 16—-150°
determined from 100, 200, and 400 nm polystyrene bead suspensions.
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Figure 3.3. Comparison of measurements obtained with two different corrections and reference
values of 8,(1) [panels a—d] and DoLP,(3) [panels e-h] for suspensions of polystyrene beads of
varying diameter as indicated in legend and for 1y = 16—150°. The reference values obtained with
Mie scattering calculations are shown in red, while LISST-VSF measurement results obtained
following corrections described in Koestner et al. 2018 [CF; (1) or BF¢(3)] are shown in blue and
results obtained following CF2¢(3) correction are shown in green. Solid lines indicate median
values while the dotted lines are 25™ and 75" percentile values. The normalized root mean square
errors, NRMSE, from reference values of the two corrected 8, () are displayed in panels a—d,
while the root mean square errors, RMSE, from reference values of the two corrected DoLP, (1))
are displayed in panels e-h. Independent measurements of 8, (1) and DoLP, (1) obtained with the
DAWN-EOS instrument are also shown as diamonds.
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Figure 3.4. Residuals between median values for each of two different corrections and reference
values from the data shown in Fig. 3.3.
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Figure 3.5. Measurements of normalized scattering matrix element p,,(y) for Y = 16-150°
obtained with the LISST-VSF instrument with and without CF2¢(3) correction for polystyrene
bead suspensions as indicated in legend. Data is not shown for ¥ = 35-55° and 125-145 per
manufacturer’s suggestion. A reference value of p,,(y) = 1 for all i is plotted to represent
homogenous spherical particles and the root mean square error, RMSE, from 1 is displayed for
1 = 70-110°. Dotted lines represent 25" and 75™ percentile data from the ~128 measurements
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Figure 3.6. Measurements of 8, (y), DoLP, (1), and p,, (1) obtained with the LISST-VSF for
Y = 16-150° on natural seawater samples from the San Diego region representing (a,d,g)
subsurface offshore waters, (b,e,h) SIO Pier, and (c,f,i) San Diego River Estuary with reference
sample ID indicated in legend. Results obtained following corrections described in Koestner et al.
2018 [CF¢(¥) or BF¢(3)] are shown in blue and results obtained following CF2¢(3) correction
are shown in green, with the exception that no correction is shown using blue for p,, (¥) results.
Solid lines represent median values while dotted lines indicate the 25™ and 75" percentiles
obtained from a series of measurements on each sample.
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Figure 3.6. (Caption on previous page)
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Figure 3.7. Measured DoLP, () for unfiltered and size-fractionated samples of the eight seawater
samples described in Chapter 2 (Table 2.1) as indicated in legend.
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Figure 3.8. Measured values of p,,(¥) at (a) Y = 20° and (b) ¥ = 100° for unfiltered and size-
fractionated samples of the eight seawater samples described in Chapter 2 (Table 2.1) as indicated.
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Figure 3.9. Measured (a—) DoLPB,(¥) and (d—f) p,,(3) for unfiltered and size-fractionated
samples of all seawater samples as indicated in legend. Data for p,, (1) is not plotted for i = 26—
69° and ¥ = 121-145°. After quality control of data from the sixteen seawater experiments, one 5
um filtrate and one unfiltered seawater samples were removed thus (a,d) N= 15, (b,e) N= 16, and
(c,f) N=15. The solid black line indicates the median values of DoLP,(y) and p,, (1) determined
from all samples.
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Figure 3.10. Box plots of polarized light scattering metrics derived from (a—c) DoLP, () and (d—
f) p,, () data shown in Fig. 3.9. Three box plots are shown in each panel as indicated with f1 for
5 um filtrate, f2 for 20 um filtrate, and fO for unfiltered seawater, with a fourth box plot shown
using all unfiltered and size-fractionated samples. Outliers are marked in panel c for being over 4
times the interquartile range from the third quartile.
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Figure 3.11. Particle compositional parameters shown as a function of polarized light scattering
metrics (a,c,e,g) p,,(20°) and (b,d,f,i) p,,(20°)/p,,(100°) from measurements with seawater
samples. Data points are color coded by the value of D;° as indicated in legend. A type II linear
regression is plotted with a black dashed line and the Pearson correlation coefficients and sample
sizes are shown in Table 3.4.
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Figure 3.13. Results of the analysis of 707 datasets obtained from 41 seawater samples of particle
size parameter D) and 7 polarized light scattering measurement combinations. Each measurement
is determined at ¥; and the symbols shown indicate the polarization state of incident light and
scattered light detected. For example, II.L/[ll is equivalent to B3+ (11) /By (1) where an incident
parallel polarized beam is used in both the numerator and denominator but only perpendicularly
polarized scattered light at 1, is detected in the numerator and only parallel polarized scattered
light at ¢, is detected in the denominator. Results are shown for the absolute value of the Pearson
correlation coefficient, R.
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Figure 3.14. Similar to Fig. 3.13 except that results are shown for the median absolute percent
difference, MAPD determined using type II linear regressions from each dataset.
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Figure 3.15. Particle size parameter Dg° shown as a function of polarized light scattering metrics
for seawater samples as indicated in legend by color and symbol in legend. The ideal solution
determined with data in Fig. 3.13 and 3.14 is shown in (a), i.e., B3 (¥1)/B (,) with linear

regression D0 = —20.36(B)+(109°)/441(109°)) + 149.7. For comparison, DOLP, 4, is shown
in (b) with linear regression D;° = —146.3(D0LP, ;4 ) + 137.0. Statistical parameters from the
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linear regressions are displayed in each panel.
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Figure 3.16. Results of the analysis of 1435 datasets obtained from 27 seawater samples of particle
composition parameter POC/SPM and polarized light scattering metric Byt (¥1)/By (¥2). Type
II linear regressions were determined for log-transformed data. Results are shown for the absolute
value of the Pearson correlation coefficient, R, and the median absolute percent difference, MAPD.
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Figure 3.17. Particle composition parameter POC/SPM shown as a function of polarized light
scattering metrics for seawater samples as indicated in legend by color and symbol. The ideal
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p p p
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regressions are displayed in each panel.
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shown as a function (a) 10™ percentile based DOLP, 1nax

(b) 50" percentile based DOLP, 145 and (c) 90™ percentile based DOLP, 14 and indicated by color

and symbol in legend above and legend in panel c. Type Il linear regressions are plotted with black
dashed lines and Pearson correlation coefficient R is displayed in each panel. Equations for linear

regressions are (a) D.)° =
and (c) DJ° =

~117.5(DoLP)%4x) + 104.1, (b) D3° = —146.3(DoLPy%,4,) + 137.0
~129.1(DoLP)Y, ) + 133.1. Bottom panels (d—f), show regression performance

by comparing the estimated DJ° using the regression from the panel above (a, b, and c,
respectively) and the measured DBO. A 1:1 dotted line is plotted and statistical parameters are
displayed in each panel.
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3.7. Tables

Table 3.1. Table of measurement symbols and their description. All optical metrics at wavelength
in vacuum A = 532 nm unless otherwise stated.

Symbol Description [units]
P Scattering angle with 0 defined as direction of initial propagation [deg]
Lor| Indicates polarization perpendicular or parallel to scattering plane
Bp (W) Particulate volume scattering function [m™ sr''] (Eq. 3.17)
by, Particulate scattering coefficient [m™']; 2m [ 10800 Bp () sin(¥y) dyp
bpp Particulate backscattering coefficient [m™']; 21 fgloioo Bp () sin(y)) dy
bpp Particulate backscattering ratio; by, /by,
DoLP, () Degree of linear polarization of light scattered by particles (Eq. 3.18)
DoLP, 1max Maximum value of DoLB, (¥)
Ymax Scattering angle of DOLP, 14 [deg]
FWHM The angular width of DoLP, () at half of DOLP, 4, [deg]

DoLP, Symmetry ~ Symmetry of DoLP, (1) about ;455 DOLP, (Ymax — 45°)/DOLP,(Ymayx + 45°)
P22 () Normalized scattering matrix element row 2 column 2 (Eq. 3.19)

ap(4) and app (1)  Spectral absorption coefficients of particles and phytoplankton [m™]

SPM Dry mass concentration of suspended particulate matter [g m™]
POC Particulate organic carbon mass concentration [mg m'3]
Chla Chlorophyll-a mass concentration [mg m™]
PSD Particle size distribution [number or volume concentration]
D2° and DJ)° 50™ and 90™ percentile diameter of the cumulative volume PSD [um]
CFr(¥) Correction function for f, (1) from Chapter 1 (Fig. 1.4)
BFs(¥) Bias function for DoLP, () from Chapter 1 (Fig. 1.5)
CF2:(Y) Correction functions for polarized light scattering combinations (Fig. 3.2)
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Table 3.2. Table of statistical symbols and their description.

Symbol Description
N Number of samples
X; Ory; Measured value for sample i of N
xory Mean value; X = %Z?’:l x;, and likewise for ¥
y Predicted or reference value
N V(v
R Pearson correlation coefficient; Liz O Wi29)
L0250
MAPD Median absolute percent difference; 50" percentile of |%| X 100%
MR Median ratio; 50" percentile of %
MNB Mean normalized bias; (%Z?’:l 9‘}};3") x 100%
1 ~
RMSE Root mean square error; \/ m SN LGP —y)?
NRMSE

. 1 Pi—v;
Normalized root mean square error; EZ?LI(f)Z x 100%
i
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Table 3.4. Grid of Pearson correlation coefficients, R, determined from optical and particle size
and composition metrics. Grids are color coded with red indicating weak correlation (|R| < 0.30),
orange indicating moderate correlation (0.30 < |R| < 0.60), and green indicating strong correlation
(IR| = 0.60). The strong correlation values are bolded and the number of samples, N, which have
data for both variables is displayed.

DoLP,

p,max

Yinax
FWHM

DoLF, Symmetry

P22(20°)
P22(100°)
P22(20°)/p,,(100°
By
N
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3.8. Appendix

3.8.1. Derivation of pao

First eyeball rotation (incident beam polarized perpendicular)

IH = piy — pra + cos 20 (p12 — pa2) (3.S1)

[SLL = 04[?11 — P12 — COS 27?(1912 - p22)] (3.52)

Second eyeball rotation (incident beam polarized parallel)
I = p1y + pr2 + cos 2 (pra + paa) (3.83)

IH = alpyy + pra — cos 2¢0(p1a + paz)] (3.84)

Objective is to solve for py;. There are two methods by which this can be accomplished, using

equations (3.S1) and (3.S3), and (3.S2) and (3.S4), respectively.

3.8.2.  Parallel solution

This method solves for pyy using the parallel detector; the solution is a function of pyy, Isl I and

111, Additionally, note that 72+, I;-!, 11+, and 1! are all functions of v.

First solve (3.S1) for pyo:

]j‘H — p11 = c0s 2¢)(p12 — p22) — P12
IH — piy = p1o cos 20 — pag cos 20 — pra

p12(cos 21 — 1) = [sl” — P11 + pag cos 21

]sLH — P11 + P22 cos 29
cos 2y — 1

P12 =
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Plug result for p;2 into equation (3.S3):

ISJ_H — P11 +p22 COS 2w ISJ_” — P11 +p22 COS 2w

7l — 5
s Thut cos2y — 1 + cos 20 cos2y — 1

+ P22)

I — piy + pag cos 20
cos 2y — 1

p— P11 + D22 cOS 29
cos 2y — 1

]S“H = pi1 + + cos 2¢( ) + paa cos 20

- P11 + D2 cos 29 + I cos 2¢) — pu1 cos 2¢) + paycos®2y
cos2y — 1

[ﬂ” =pu+ + Pag COS 29
I 1 1 cos 200 — 2py) + 2pos cos? 20

i =
° cos2y — 1

I eos 2¢p — T = 1V 4 151 cos 2¢) — 2p1y + 2pay cos? 20

Note that o can be redistributed as it is a constant describing relative intensity between the two

PMT detectors. Thus, for consistency with processing code:

2p11 — af(I1 + 1 cos 2¢0) + (I — 111 cos 24)]
2 cos? 21

D22 =

3.8.3. Perpendicular solution

A likewise solution exists for the perpendicular detector, which gives:

2p11 — [(Is”L + 1M cos 200) + (I — I} cos 29))]
2 cos? 21

P22 =
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