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Abstract

Measurements of the particulate volume scattering function, g,(y), 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 nearshore and coastal oceanic environments including river estuary and off-
shore locations. Both p,(y) and PSDs were measured on original (unfiltered) samples and particle size-
fractionated samples obtained through filtration using mesh filters with pore sizes of 5 and 20 pm. We present
results based on direct size-fractionated measurements and data adjusted for imperfect fractionation, which pro-
vide 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 par-
ticle size and composition, small particles (< 5 pm in size) consistently produced a major or dominant contribu-
tion (~ 50-80%) to the particulate backscattering coefficient, by, in organic, either phytoplankton or nonalgal,
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 sce-
nario when large particles (> 20 ym) 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 byp,. 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.

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, gy, 4) (in units of m™ stY),
which describes the scattered intensity at light wavelength, 4, as
a function of scattering angle, v, per unit incident irradiance per
unit volume of water (Mobley 1994). Integrating S(y, A) over all
scattering directions gives the spectral scattering coefficient, b(1)
(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 sym-
metric about the direction of incident light beam. Similarly, inte-
gration 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
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particles in suspension with the contribution of molecular water
(subscript w) removed, e.g., fp(w, 1) = ply, 1) — Puly, 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, f(y), or scattering
phase function, () which is typically defined as f(y) normal-
ized by b. Such simulations have been used to study numerous
problems of ocean optics (Gordon et al. 1975; Mobley et al.
2002; Li et al. 2014) and have also been included in ocean bio-
geochemical and ecosystem models (Gregg 2002; Mobley et al.
2015). The effect of the angular shape of A(y) has been explic-
itly incorporated in an ocean color analytical model, which
has the potential for improvements of satellite remote sensing
applications (Zaneveld 1995; Twardowski and Tonizzo 2018).
Furthermore, light-scattering properties depend on the physi-
cal and chemical nature of water and its constituents and thus
can provide biogeochemically useful information about water
composition. For example, the particulate backscattering ratio,
byp/bp, can provide information about bulk particulate
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composition such as dominance of organic or inorganic parti-
cles in seawater (Twardowski et al. 2001; Boss et al. 2004;
Koestner et al. 2018). Inverse methods have also been applied
to measurements of fy(y) for natural particle assemblages to
estimate particulate compositional and size information
(Zhang et al. 2013). The particulate scattering and backscatter-
ing 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 (Balch et al. 1999, 2001), particulate organic
carbon (POC) (Stramski et al. 1999, 2008), and chlorophylla
(Chla) (Huot et al. 2008; Antoine et al. 2011; Barbieux et al.
2018) in ocean waters. The spectral slope of backscattering
was used for estimating the characteristics of particle size dis-
tribution PSD from satellite or in situ measurements (Boss
et al. 2001; Kostadinov et al. 2009; Slade and Boss 2015). How-
ever, the complexity and variability of natural particulate
assemblages impose significant challenges for an understand-
ing 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 exam-
ple, reflected in significant variations in the relationships
between light-scattering properties and measures of phyto-
plankton 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 par-
ticle 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
and compositional characteristics on variability in scattering
across various marine environments. It has recently been dem-
onstrated 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 mat-
ter, has the potential to provide improved estimates of particle
characteristics from optical measurements including light scat-
tering (WoZniak et al. 2010; Reynolds et al. 2016). This approach
deserves further investigation. Further studies of the role of the
PSD in light scattering associated with diverse particle assem-
blages 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 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.e., 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
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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 var-
ious scenarios of the scattering dominance by different particle-
size fractions or types can be encountered in various environ-
ments (Stramski et al. 2004). Theoretical computations have also
shown that nonhomogenous particles, for example, layered
spheres, produce enhanced backscattering compared with homo-
genous spheres (Meyer 1979). This suggests that marine particles
> 1 pm in size, especially phytoplankton cells, can play a greater
role in by, within the surface ocean waters than predicted from
the 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 fraction-
ation 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 signifi-
cantly to by, accounting for over 50% of the bulk signal in most
samples (Dall’'Olmo et al. 2009). Twelve samples from mainly oli-
gotrophic waters (Chl a < 0.25 mg m~3) with low particle concen-
tration were analyzed using a flow-through system with and
without a 3 pm cartridge filter. In another study, Organelli et al.
(2018) also used a flow-through system to collect and filter seawa-
ter 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 pm
accounted for about 30-55% of by,,. In both studies, light scatter-
ing 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 lim-
ited 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 f,(y) combined with
comprehensive characterization of the particulate assemblages of
natural seawater samples before and after particle-size fraction-
ation. The experiments were made for eight seawater samples
collected near San Diego, California, which represent significant
variability in terms of concentration of suspended particles, PSD,
and composition as assessed by the contributions of organic
vs. inorganic and phytoplankton vs. nonalgal particulate compo-
nents. Unlike previous light-scattering studies involving size-
fractionation (Dall’Olmo et al. 2009; Organelli et al. 2018), we
investigate the roles of particle size and composition for a broad
angular range of light scattering from < 1° to 150° using a com-
prehensive suite of parameters for particle characterization in
parallel with angle-resolved scattering measurements. The frac-
tionation of samples was made with mesh filters of 5 and 20 pm
pore sizes, which allows for the investigation of the fraction of
particles which are small-sized and large-sized. To our knowl-
edge, the role of large-sized particles (> 20 ym) has not been
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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.

Methods

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 measure-
ment 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 nearshore samples were col-
lected 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 sam-
ples were collected 2 km inland in the San Diego River Estuary at
different stages of high tide. The nearshore and estuarine sam-
ples were collected at a depth of about 1 m using either a bucket
or a 5-liter Niskin bottle. Table 1 provides additional description
of samples with their corresponding ID used throughout the
article.

Approximately 30-40 L of seawater were collected from a
single location for each experiment with onshore laboratory
analysis completed within 8 h after sampling except for off-
shore samples which were completed within 24 h after sam-
pling. Before analysis, water was stored in 20-liter 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 sub-
samples of seawater used for different measurements and ana-
lyses were treated similarly and collected from carboys within

Table 1. General sample information for the eight experiments
including identifier used throughout the article (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 sam-
ples 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

Pn Pier 30 Jun 2016 Nanophytoplankton abundant
Pm Pier 12 Jul 2016 Mixed assemblage

Po Pier 26 Jul 2016 Microphytoplankton abundant
Pr Pier 01 Mar 2017 After heavy rain

E. Estuary 09 Aug 2016 Lower high tide

En Estuary 18 Aug 2016 Higher high tide

Os Offshore 15 Sep 2016 Surface water

Oc Offshore 19 Sep 2016 Subsurface Chl a maximum
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1 h of each other. All measurements were typically completed
within a 4-h period.

Particle fractionation

Seawater for each sample was fractionated using high-
precision woven nylon or polyester mesh filters with pore
sizes of 5 and 20 pm (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 min followed by back-flushing with at least 5 L of
0.2 pm-filtered deionized water before each use. After each
use, mesh filters were back-flushed with at least 5 L of 0.2 pm-
filtered deionized water followed by soaking in 2% Citranox
solution overnight.

Both the 5 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 ym mesh as “large,” parti-
cles collected in the 5 pm filtrate as “small,” and those col-
lected in the 20 pm filtrate but retained on the 5 pm mesh as
“medium.” To provide a quantitative metric of filtration effi-
ciency, we use a nominal filter rating in percent following
Sparks and Chase (2015):

FMP = (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 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,

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

)xlOO% (1)

the numerator in Eq. 1 would be zero and hence FMP would
be 100%.

Particulate mass concentration and composition

The mass concentrations of SPM, POC, and Chla were
determined following filtration of each original seawater sam-
ple 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 characteris-
tics of the particulate assemblage. Filtration volumes ranged
from 200 to 1400 mL depending on particle concentration.
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The determinations of SPM were made with a standard
gravimetric method (van der Linde 1998). We used prerinsed
(~ 500 mL 0.2 pm-filtered deionized water), precombusted (5 h
at 450°C), and preweighed GF/F filters. Filters with retained
particles were gently rinsed with 0.2 pm-filtered deionized
water to remove residual salt and then dehydrated in a 60°C
convection oven for at least 1 h before weighting with a high-
precision (1 pg) microbalance (MTS, Mettler-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 precombusted 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 car-
bon, the organic carbon mass of each filter was determined
with a CEC 440HA Elemental CHN Analyzer (Control Equip-
ment, 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.

Chl a was measured using a spectrophotometric method.
GEF/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 Chl a in the acetone
extracts were calculated using the four-band equation of
Ritchie (2008) and scaled by filtration volume to obtain the
final Chl a (mg m~) in the seawater sample.

For both the SPM and POC measurements, duplicate sam-
ple 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 (Py). Determination of Chl a for
the unfiltered sample was performed using single filters and
no determinations were made for the filtrates.

Particle size distribution

The measurements of PSD were made using an electronic
impedance method with a Multisizer 3 (Beckman Coulter)
equipped with a 100 pm aperture which allows particle cou-
nting in the size range of volume-equivalent spherical diame-
ters, D, from 2 to 60 pm. 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 sub-
tracted from sample measurements. Approximately 10-15 repli-
cate measurements of 2 mlL subsamples of each original
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(unfiltered) and two size-fractionated samples (i.e., the 5 and
20 pm filtrates) were collected. Care was taken to ensure parti-
cles 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 aver-
age 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 distri-
bution, N(D) (cm™ pm™?), 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,
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 (WoZniak et al. 2010).

Light scattering by particles

Measurements of the particulate volume scattering function,
Bpw) (m~"' sr'), were made with the LISST-VSF instrument
(Sequoia Scientific) in a laboratory benchtop configuration. For
each sample, f,(y) was measured on the original (unfiltered)
sample and two size-fractionated samples. The LISST-VSF mea-
sures 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 y 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). The geometry of measurement with the roving eyeball
sensor results in interrogated sample volumes in the range
~0.1-0.3 mL depending on the scattering angle. The interro-
gated 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 scat-
tering measurements for attenuation losses along the interro-
gated 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 s. Extra care was taken to thoroughly clean the bench-
top chamber before measurements of each unfiltered and size-
fractionated sample by flushing with 0.2 pm-filtered deionized
water. A thorough analysis of this specific instrument and mea-
surement configuration has been previously performed, includ-
ing formulation of a calibration correction and validation of
ppy) 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,(y) represent the particulate scatter-
ing with molecular water scattering and scattering from very
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small particles (less than about 0.2 pm) removed from the
sample measurement via subtraction of a baseline measure-
ment on filtered seawater. Approximately 2 L of 0.22 pm-
filtered seawater were prepared via two filtrations at low vac-
uum; first, with a 47 mm diameter GF/F filter and then with a
47 mm diameter 0.22 pm nitrocellulose membrane filter. The
0.22 pm-filtered seawater was recirculated in the LISST-VSF
chamber with a peristaltic pump and 0.2 pm Polycap 36 TC
cartridge filter (Whatman) for at least 45 min to obtain the
least contaminated baseline measurement. The particle con-
centration of the samples was adequate to ensure that mea-
surements satisfy the single-scattering condition (van de Hulst
1981; Koestner et al. 2018). One sample (E;) was diluted to
reduce ¢, to a value < 2 m~! in order to satisfy this condition.
Reported results for E; account for this dilution.

Between four and eight sequences of 50 replicate measure-
ments 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 chang-
ing direction every 30s. Thus, the final results of p,(y) are
based on 200-400 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 mL depending on the eyeball scattering angle,
and were somewhat larger for the ring detectors. The determi-
nations of final f,(y) involved quality control of replicate
measurements, removing outliers potentially affected by mea-
surement artifacts, and then deriving the median value at each
angle from the remaining measurements.

To estimate the b, and by, from the measured f,(y), 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 x was determined to estimate the con-
tribution of scattering within the range 151-180° to by, by
finding the best fit function to our measured g(y) between
90° and 150° and then extrapolating the fit function to 180°.
Having determined b, and by, the backscattering ratio was

calculated as by, = byp /bp.

Light absorption by particles

For the measurement of spectral absorption coefficient of
particles, ap(4) (m™'), unfiltered seawater samples were filtered
onto 25 mm GF/F filters at low vacuum. Filtration volumes
ranged from 100 to 800 mL depending on particle concentra-
tion 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” configu-
ration 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
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orientations of the filter to account for any spatial inhomoge-
neity 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 ay(1)
involved the use of the pathlength amplification correction rec-
ommended by Stramski et al. (2015).

Following the measurement of ap(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 measure-
ment is typically referred to as the spectral absorption coeffi-
cient of nonalgal particles or detrital particles, which is often
denoted by aq4(1). The final a,(1) and aq(1) spectra were obtained
by smoothing the respective spectral curves with a 5 nm mov-
ing average and correcting the aqg(4) spectra with an offset
which ensured that the a4(1) values match the ay(1) values in
the near-infrared spectral region (775-800 nm). As a final step
of absorption data processing, the spectral absorption coeffi-
cient of phytoplankton was calculated as apn(4) = dp(4) — aq(4).

Light scattering budget based on particle-size fractionation

The measurements of f,(y) on unfiltered and size-
fractionated samples allow the calculation of a light scattering
budget based on particle size. Specifically, we define the scat-
tering budget for f,(y) associated with small, medium, and
large particle-size fractions as follows:

Bps(w) =Py (w)[5 pm filtrate],
Pom (W) = Bp(w)[20 pm filtrate] - 5, (w) [S pm filtrate],
Poi(w) = (w) [unfiltered] - B, () [20 pm filtrate],

(2)

where subscripts s, m, and 1 stand for small, medium, and large
particle-size fractions, respectively, and [5 pm filtrate], [20 pm
filtrate], and [unfiltered] refer to the type of sample used in the
measurement of (). Note that the lower particle size limit in
our measurements is about 0.2 pm because the baseline mea-
surement was made with the 0.22 pm-filtered seawater. We also
applied the same scheme and notation of scattering budget
for b, and by,,. The percent contributions by each particle-size
fraction to total particulate scattering by unfiltered samples
were also computed for g, (y), by, and by,,. For example, the per-
cent contribution of the small particle-size fraction to total by,
of unfiltered sample is 100 X (bpps/Dpp).

Adjustment for imperfect particle-size fractionation

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

1
- bpx

M
bpx

Sx

I

_ bbpx
M
bbpx

5 bx

(4)

where subscript x is the particle-size fraction (s, m, or 1), &, and
&px are the adjustment factors for by, and byp,, 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. 1) and without any effect on particles smaller than the
pore size of the mesh filter. Accordingly, the ideal PSD of 5 pm
filtrate is equivalent to the measured PSD of unfiltered sample for
all size bins associated with particles smaller than 5 pm in diame-
ter 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 parti-
cle concentration for all size bins larger than 20 pm.

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 pm which
improves the representation of optically significant size range.
Extrapolations were performed by determining a slope param-
eter of power function fit to the measured PSD. The extrapola-
tion from 2 to 0.2 pm used a slope parameter determined from
size bins between 2.1 and 3.5 pm and extrapolation from
60 to 200 pm used a slope parameter determined from bins
between 20 and 55 pm. Note that the idealized PSDs for 5 and
20 pm filtrates do not require an independent extrapolation to
0.2 pm because below 5 and 20 pm, 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 coeffi-
cients for our extrapolated measured and idealized PSDs, we
first calculated py(y) for each PSD. Using an idealized PSD for
an example,

D=200 pm

> N'(D)ADoy(y,n,D),
D=0.2um

By, m) (5)

where D is an equivalent spherical diameter of the center of a
given size bin (m), 4D is the width of the bin (m), N(D)AD is
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the particle number concentration (m~3) in the bin as obtained
from idealized PSD, n is the assumed complex refractive index
of particles relative to water, and oy, is the differential scattering
cross section (m? sr™!) calculated from the particle scattering
model (Xu et al. 2017). We integrated the theoretical g,(y)
within the angular range from 0.09° to 150° of LISST-VSF
instrument and used the « determined from the measured ()
(as described above) to derive theoretical values of by, and by,,.
Following Eq. 2, we then determined the necessary inputs for
Egs. 3, 4 and subsequently the corresponding &, and &,.

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 (Py,
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 sam-
ples dominated by inorganic particles with the lowest contri-
bution of phytoplankton (E; 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 inter-
mediate 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 refrac-
tive 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 byp, to
yield a final result of our analysis which provides an assess-
ment of the potential effect associated with imperfect fraction-
ation. Using small particle-size fraction as an example,

b; =bps fs; (6)

b;ps = bbps gbs; (7)
where * indicates that the measured scattering and backscatter-
ing coefficients have been adjusted for imperfect fractionation.
Compared to the actual size-fractionated measurements, the

adjusted coefficients b; and bzps refer more rigorously to parti-
cles smaller than S pm in diameter, by, and by, refer to parti-

cles larger than 20 pm, and b;m and b;;pm refer to particles in

the 5-20 pm range.

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

size, to total by, of unfiltered sample is 100 x (b;;ps [bpp).

Results

Assessment of particle-size fractionation

Filtration efficiency for natural assemblages of aquatic parti-
cles 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 frac-
tionation through filtration with the 5- and 20-pm mesh fil-
ters, we compared measurements of PSD on the unfiltered
samples with size-fractionated samples. Figure 1 shows an
example of such measurements for the Ey sample. In general,
there is adequate retention by the mesh of particles larger
than the pore size of the mesh. However, fractionation is
nonideal 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. 1, we see that retention of particles by the 20 pm mesh
starts to increase significantly around 10 pm 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 pm filtrate would be identical
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Fig. 1. (a) Particle size distributions as density functions of particle number
concentration, 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 ideal-
ized size-fractionation.

179

Light scattering by particle-size fractions

Table 2. Filter ratings, F}'® 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 and 20 um mesh filters. FMP
was calculated using Eg. 1 and PSD data from each experiment.

5 pm mesh 20 pm mesh
D (F, = 80%) D (F, = 80%)
ID F (%) (pm) F?° (%) (upm)
Pn 24 16.0 10 28.6
Pm 21 14.0 24 28.9
Pp 21 14.8 15 49.2
Pr 60 8.02 74 28.2
E. 42 8.58 36 47.0
Ey 56 10.2 75 31.6
Os 30 33.8 -29 41.0
Oc 28 19.0 45 335

to that for the unfiltered sample in the range D < 20 pm and
the particle concentration would drop to zero at 20 pm and
beyond (dashed green line). Similarly, Fig. 1 shows that the
5 pm filtrate contains particles larger than 5 pm although at
significantly lower concentrations compared with the unfil-
tered 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 nonsphericity of particles suspended
in the samples can influence the fractionation results.

Filter ratings for the 5- and 20-pm mesh filters calculated fol-
lowing Eq. 1 are shown in Table 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 show significant retention of particles > 5 pm
by the 5 pm mesh with F° ranging from 21% to 60%. The
threshold diameter associated with 80% retention is <16 pym
with the exception of two offshore samples. The 20 pm mesh
shows a larger range of filter rating compared with that for the
5 pm mesh. The threshold diameter associated with 80% reten-
tion of particles by the 20 pm mesh is typically about 30 pm with
the exception of three samples with values exceeding 40 pm. The
evaluation of the 20 pm mesh is complicated by the fact that par-
ticles with D> 20 pm occur typically at very low concentrations in
the samples (<10 particlescm™ pm™), so the particle counting
statistics obtained with the Coulter technique are typically lim-
ited for these relatively large diameters. In addition, particles with
D> 60pm were beyond the size range of our PSD measurements.
We also note one peculiar case (Os) which has a negative Ffo
value indicating more particles with D>20pm in the 20pm
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filtrate than in the unfiltered sample. This may result from
low particle counts, possible disruption of larger particle aggre-
gates, 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 frac-
tionation can differ considerably from an ideal fractionation sce-
nario (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. Never-
theless, 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 con-
sistent 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 mea-
surements on 5 pm filtrates, 20 pm 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.

Particle size and composition characteristics
The measured PSDs of the eight seawater samples are
shown in Fig. 2. Each panel includes the additional PSD
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Fig. 2. Measured PSDs 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 and 20 pm.
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measurements for the two size-fractionated samples. The parti-
cle number concentrations span nearly seven orders of magni-
tude within the measured size range 2-60 pm with the Py and
E; samples exhibiting the highest concentrations approaching
or surpassing 10° particlescm™ pm™' at a diameter of
2 pm. None of the unfiltered samples (red lines in Fig. 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 func-
tion of particle diameter and in some cases, large features
including maxima (e.g., Pn, Py, 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 fea-
tures, especially in some 20 pm filtrates.

Characterization of the PSDs using the percentile particle diam-
eters, DS’ and D?°, is provided in Table 3 for the unfiltered
samples and the small particle-size fraction corresponding to
the 5 pm filtrates. The variations in D% and D2° between the
samples reflect varying contributions of small vs. large parti-
cles to the PSD. For example, the unfiltered samples Pp, Py,
and Ey have D?° >30pum indicating a significant contribution

of large-sized particles while samples Py, E;, and O have DJ°
close to or less than 20 pm indicating a greater role of small-
sized particles. D3° is also useful in interpreting the PSD of
unfiltered samples. For example, sample O has a lower D°
than sample Py;; however, Df,o is higher for Oc¢ indicating that
small-sized particles play less significant role in Oc compared
to Py;. Among the eight examined samples of unfiltered seawa-
ter, sample Py has the greatest role of small-sized particles (the
lowest values of D° and D) and sample P, the greatest role
of large-sized particles (the highest values of D}° and D;°). As
expected, data for small-sized particles after fractionation with
the 5 pm mesh indicate a decrease in D3° and DJ° compared
with the corresponding unfiltered samples. For example, D3’
is < 7.5 pm 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 D°, especially 24.9 pm
for Ey and 18.1 pm for Pp.

Table 3 also provides a comparison of samples in terms of
particle mass concentration and composition characteristics.
SPM, POC, and Chl a serve as metrics of bulk concentration of
total particulate matter, organic particulate matter, and phyto-
plankton, respectively. The ratios POC/SPM, Chl a/SPM, and
apn(440)/a,(440) are used as metrics of composition of particu-
late matter. Specifically, POC/SPM provides a proxy for
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Table 3. Mass concentrations of SPM (g m~3), POC (mg m~3), and Chl a (mg m~3) 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
D?°, are the diameters in um associated with the 50" and 90" percentile, respectively, of the particle volume distribution.

Concentration Composition Size
ID SPM POC Chla POC/SPM Chl a/SPM apn(440)/a,(440) D3° D3°
Unfiltered seawater
PN 1.13 532 2.49 0.47 0.0022 0.88 5.10 14.0
Pm 1.19 259 1.76 0.22 0.0015 0.77 7.41 28.6
Po 0.75 453 2.26 0.60 0.0030 0.65 24.9 35.8
Pr 1.13 153 0.76 0.14 0.0007 0.50 8.78 30.2
E. 9.90 873 3.00 0.09 0.0003 0.23 6.39 20.1
Ey 3.18 436 1.21 0.14 0.0004 0.25 13.5 34.6
Os 0.54 192 0.53 0.35 0.0010 0.36 7.08 19.9
Oc¢ 0.36 153 0.75 0.43 0.0021 0.71 9.84 25.8
Small particle fraction
PN — — — — — — 4.55 8.11
Pm 0.62 181 — 0.29 — — 6.11 11.5
Po 0.32 157 — 0.49 — — 7.49 18.1
Pr 0.26 63 — 0.24 — — 4.76 16.9
= 1.25 296 — 0.24 — — 4.93 9.95
Ey 0.96 165 — 0.17 — — 6.54 24.9
Os 0.36 151 — 0.41 — — 5.77 13.5
Oc 0.24 124 — 0.53 — — 6.77 16.2

contributions of organic vs. inorganic particles to total mass of
particulate matter. Both Chl a/SPM and a,,(440)/a,(440) pro-
vide proxies for contributions of phytoplankton vs. nonalgal
particles although the former in the context of particulate mass
concentration and the latter in the context of particulate
absorption. In Table 3, all these concentration and composition
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Fig. 3. The proportion of spectral particulate absorption coefficient asso-
ciated with phytoplankton for the eight seawater samples as indicated.
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parameters are listed for unfiltered samples and some parame-
ters are also provided for the small particle-size fraction. The
spectral information on the ratio apn(1)/ap(2) for unfiltered sam-
ples is also depicted in Fig. 3.

Among the eight original (unfiltered) samples examined, the
offshore samples (Og and O¢) have the lowest SPM (~ 0.5 g m3
or less) and the samples collected in the San Diego River Estuary
(Er, 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 Chl a. The offshore values of Chl a ranged from about 0.5
to 0.75 g m~3, which is significantly higher than the average
near-surface Chl a of about 0.2 mg m~3 within the global ocean
(Gregg and Conkright 2002). Only one SIO Pier sample (Pr) has
POC and Chl a that are comparable to the offshore values; the
remaining samples are characterized by significantly higher
values, including Chl a > 2 mg m~2 for Py, Pp, and E;. These
data indicate that in terms of particle concentration, our sam-
ples are not representative of vast areas of oligotrophic open
ocean where Chl a is < 0.5 mg m~3.

The composition of particulate assemblages also varies sig-
nificantly among the unfiltered samples as characterized by the
large range of POC/SPM from 0.09 to 0.6, i.e., from inorganic-
dominated (E;) to highly organic-dominated (Pp). The samples
from San Diego River Estuary are inorganic-dominated with the
lowest POC/SPM. Despite the relatively high Chl a, we presume
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phytoplankton to have minimal relative contribution to E; and
Ey as indicted by the lowest Chl a/SPM and apy,(440)/a,(440)
values (see also the spectra a,n(4)/ap(4) in Fig. 3). Only one SIO
Pier sample (Py) 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 0.47-0.6. These sam-
ples also have relatively high values of Chl a/SPM and ap,(4)/ag(1)
indicating a dominant role of phytoplankton. We use some ancil-
lary information (not shown) to help further characterize these
samples. The Py sample is most likely nanophytoplankton-
dominated or perhaps even picophytoplankton-dominated. We
note that the highest concentration of picoeukaryotes observed
with flow cytometry measurements during summer 2016
(B. Palenik pers. comm.) corresponded to the period of collecting
the Py sample. Despite a conspicuous particle (most likely phyto-
plankton) population near 25 pm in the PSD of Py (Fig. 2), half of
the measured particle volume is associated with particles smaller
than about 5 pm (Table 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 observa-
tions 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 col-
lecting our Pp sample. This is also consistent with the PSD of Pp,
which shows a large particle population centered around
30 pm. These diatom chains consist of individual cells of about
15 pm in base diameter by 100 pm in length, which produces a
volume-equivalent spherical diameter of about 32 pm.

The offshore samples Og and O¢ are also highly organic-
dominated with POC/SPM ranging from 0.35 to 0.43. How-
ever, as indicated by Chl a/SPM and apn(4)/ap(4), the role of
phytoplankton in the particulate assemblage of surface sample
Og is significantly reduced compared to sample O that was
collected within the subsurface Chl a maximum. We therefore
presume Os to be mostly organic and nonalgal 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 indi-
cates a major role of organic particles with a non-negligible
effect of inorganic particles. This particulate assemblage also
has the second highest ratio of ap,(440)/a,(440) of 0.77 (see
also Fig. 3) suggesting a very important role of phytoplankton.

Table 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 34-81%. For samples Py, Os, and Oc, over half of
the total SPM and POC is associated with small particle frac-
tion. With the exception of one sample (Pp), the ratio
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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 E; increased almost threefold 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 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.

Particulate scattering properties

Figure 4 shows the particulate volume scattering functions,
pp(w), and scattering phase functions, Bp(y/), measured on the
eight unfiltered seawater samples. The San Diego River Estuary
samples have the largest magnitude of f,() for nearly all scat-
tering angles while offshore samples have the lowest values
(Fig. 4a,b). Although the angular scattering patterns share the
common features of a strong peak at forward angles and flat-
tening in the backscattering region > 100°, which are charac-
teristic for natural assemblages of aquatic particles (Morel
1973; Jonasz and Fournier 2007; Sullivan and Twardowski
2009), there are significant differences among our samples in
the angular shape of scattering as shown by the scattering
phase functions (Fig. 4c,d). In particular, the ﬁp(w) functions
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Fig. 4. (a, b) Measurements of the particulate volume scattering func-
tion, Bo(y), and (¢, d) the particulate scattering phase function, [fp(y/), at
light wavelength of 532nm for the unfiltered seawater samples as indi-
cated. The left panels (a, ¢) depict fp(w) and ﬁp(y/) with linear scaling of
scattering angles between 0° and 150° while the right panels (b, d)
depict S(y) and /;'p(l//) with logarithmic scaling of angles between 0.1°
and 150°. Data points represent median values.
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Table 4. Particulate scattering, by, and backscattering, by, coefficients at 2 = 532 nm determined from measurements of g,(y) for
unfiltered seawater samples from the eight experiments. Information is also displayed for the small particle-size fraction in the 5 pm fil-

trates. The values of the backscattering ratio, Bbp = bpp /by, are also shown.

Unfiltered seawater

Small particle fraction

ID b, (m™") byp (M~ by, b, (m™") byp (M™") by,

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
Po 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
E. 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
Og 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

of the estuary samples exhibit enhancements within the range
encompassing intermediate and backscattering angles, y>45°.
The SIO Pier samples generally have the lowest values of ﬁp(y/)
in this range of scattering angles while the offshore samples
have the intermediate values. Within the near-forward scatter-
ing region where y is less than about 10°, the angular shapes
of ,Bp(y/) are generally similar between the samples, although
the SIO Pier sample Py stands out in this region with enhance-
ment between about 2° and 8° and a flattening for w<1°,
while data for all other samples continue to rise more substan-
tially with further decrease in scattering angle (Fig. 4d).

Table 4 shows b, and by, computed from the measured

Pp(w) as well as the backscattering ratio, Bbp, for the unfiltered

samples and 5 pm filtrates (i.e., small particle fraction). The by,
and by, coefficients generally follow the trends observed in
the magnitude of () as displayed in Fig. 4a,b, while Bbp gen-
erally reflects the variations in ﬁp(y/) shown in Fig. 4c,d. The
estuary samples (E; and Ep) have the highest values for both
b, and by, which is consistent with the highest particle mass
concentration of these samples (SPM in Table 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 interme-
diate values between the estuary and offshore samples. There
are, however, notable differences between the pier samples.
For example, whereas by, for Py and Py 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 by,

The backscattering ratio, l5bp, varies over a 2.75-fold range
between 0.008 for Py and 0.022 for Ey. This range is consis-
tent with earlier observations of 15bp in different marine envi-
ronments (Boss et al. 2004; Antoine et al. 2011). The most
inorganic-dominated samples with the lowest POC/SPM ratio

(Pg, Er, and Eyy) have the highest Ebp values, which suggest that
these assemblages are dominated by particles having a relatively
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high refractive index (Twardowski et al. 2001). The sample Py
with the lowest Bbp is highly organic and phytoplankton-
dominated (Table 3). Interestingly, although Py also has the
lowest values of particle size metrics as shown in Table 3, this
relative importance of small particles does not seem to have a
clear enhancement effect on f)bp. We also recall that, in con-
trast to other samples, Py exhibits enhancement in the phase
function ﬁp(w) between about 2° and 8° (Fig. 4d), which may

contribute to lower by, by means of increased by,

Data in Table 4 also show that the Bbp values of the small
particle-size fraction are generally very similar (to within
+0.001) to the values of unfiltered samples. The only excep-

tion is the sample P for which Bbp of the small particle-size frac-
tion 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 3). Nevertheless, the interpretation of the potential
effect of changes in particle composition on Bbp 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 3). In addition, Bbp is dependent on

particle size which, on average, is smaller in the small particle-
size fraction than the unfiltered sample (Table 3) and, hence,

expected to enhance Ebp (Morel and Bricaud 1986).

With regard to data for the small particle-size fraction,
Table 4 also shows an expected decrease in the magnitudes of
b, and by, compared with the unfiltered samples. This reduc-
tion is a component of the particle size-based scattering bud-
get which is discussed in greater detail in the next section. In
brief, the data for the eight examined samples displayed in
Table 4 indicate a significant range in the extent to which b,
and by, are reduced in the small particle-size fraction com-
pared to the unfiltered samples. For example, this reduction
for backscattering is only about 20-30% for Py, Os, and O¢
and as much as 65-70% for E; and Eg. This result indicates
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Fig. 5. Particulate scattering budget in terms of contributions of particle-
size fractions to the total particulate volume scattering function, fy(y), 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 fp(y).

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 5 shows the relative contributions of small [fs)],
medium [fpm(w)], and large [fi(w)] particle-size fractions to the
total particulate volume scattering function, (), for each exper-
iment using the notation described in Eq. 2. Generally, the small
particles dominate () at nearly all scattering angles for all sam-
ples except E; and Ey. Samples Py and O¢ exhibit the highest con-
tributions of f,(y) to fp(w), 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 Py, the contributions
vary between about 40% and 55%. For sample E;, the scattering
by medium-sized particles, fm(y), is the most important contrib-
utor to () while Ey exhibits a pattern with most similar contri-
butions of all three particle-size fractions. We also note that, with
the exception of E;, the contributions of fym(y) and fui(y) to
pp(y) are quite comparable to one another. Another interesting
feature is a significant decrease in the contribution of gps(w) to
Pp(y) at small scattering angles less than about 10°, which is con-
sistent with the notion of general dominance of near-forward
scattering by larger particles (Morel and Bricaud 1986; Jonasz and
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Fournier 2007). Otherwise, the scattering-budget curves in Fig. 5
are mostly flat as a function of y.

Discussion

This study is based on a suite of simultaneous measure-
ments of light scattering and several metrics of particulate
concentration, composition, and size distribution of contra-
sting 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 scatter-
ing produced by highly variable natural assemblages of
aquatic particles. We examined eight contrasting samples
from nearshore and coastal oceanic environments including
river estuary and offshore samples. Samples Py, Pp (from SIO
Pier), and O¢ (from subsurface Chl a maximum at offshore
location) are all highly dominated by organic particulate mat-
ter, which includes strong contribution of phytoplankton as
indicated by the highest values of POC/SPM accompanied
by high values of Chla/SPM and apn/a, (Table 3). Despite
sharing these common features, these three samples are highly
contrasting because Py exhibits the greatest relative role of
small-sized particles (mainly nanophytoplankton and pic-
ophytoplankton cells) and Pp the greatest role of large-sized
particles (mainly chain-forming diatoms) among all examined
samples (Table 3). Samples E; 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 3). Again, despite sharing com-
mon features, E; and Ey differ significantly from one another
in terms of particle size characteristics with E; having a higher
proportion of small- vs. large-sized particles (Table 3). Samples
Py, Pr (SIO Pier), and Os (surface water at offshore location)
provide additional contrasting features (Table 3). Specifically,
Og is dominated by organic particles but it is the nonalgal
component, rather than phytoplankton, which is most impor-
tant. 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 repre-
sent 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 phyto-
plankton or particulate concentration metrics, such as Chla
(Huot et al. 2008; Antoine et al. 2011; Barbieux et al. 2018), POC
(Stramski et al. 2008; WozZniak et al. 2010), and SPM (Babin et al.
2003; Neukermans et al. 2016). For example, samples Py and Py
are characterized by nearly identical b,, and SPM but differ
greatly from one another in terms of by, POC and Chl g, as well
as all particulate composition and size metrics determined in our
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experiments (Tables 3-4). Another example is provided by a
comparison of samples Pr and O¢, which are characterized by
nearly identical Chl a and POC but very different by, byp,, SPM,
and particulate composition metrics.

In view of such complexities, our data obtained for the origi-
nal (unfiltered) and size-fractionated samples provide particularly
useful insights on the intricate effects of particle size and compo-
sition 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, f,(y), at different scattering angles y for
each examined sample (Fig. 5). These measurements also allow
the determination of similar particle size-based budgets for the
particulate scattering, b, and 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
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Fig. 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 percent-
age 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 values
(in percentage) for the size fractions are displayed within the bar when
possible.
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and Morel 1983) as well as increasing potential for applications
associated with extensive use of backscattering sensors on auton-
omous 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. 6a) and
after adjustment for imperfect size-fractionation (Fig. 6b), as
described in “Methods” section.

Figure 6a suggests that the samples can be grouped into
three categories based on the contribution of the small particle-
size fraction to by,p. The first group includes the four samples
(Pn, Py, Os, and Ocg) with the highest contribution of small
particles as indicated by byps/by,p > 60%. The samples with by,
most dominated by small particles are Py and O¢ with by,p/by,,
around 80%. These samples are highly organic in nature with
high values of POC/SPM, and are dominated by phytoplankton
(Table 3). Interestingly, while Py distinguishes itself in terms of
the smallest values for particle size metrics, D3° and D?°, and
hence the largest relative role of small-sized particles in the
PSD, this feature is not observed in O¢ (Table 3). We note that
although the metrics of particulate composition, especially
Chla/SPM and a,y/ap, suggest a dominant role of phytoplank-
ton, this result does not automatically imply that phytoplank-
ton cells are the dominant direct source of backscattering in
these samples. An important relevant point is that the abun-
dance of nonalgal particles in seawater can often be higher
compared with phytoplankton cells across the optically signif-
icant 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 proper-
ties, including the concentration and size distribution, of sepa-
rate phytoplankton and nonalgal 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 byps/byp above 70% but in this case, organic nonalgal parti-
cles are considerably more important than phytoplankton
(Table 3). Finally, the fourth sample in the first group, Py,
with byps/bpp 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 apy/a, (Table 3). It is also
remarkable that the values for particle size metrics, D’ and
DI, vary significantly among the four samples from this first
group (Table 3). In summary, the results for this first group of
samples indicate that particulate backscattering can be domi-
nated by the small size fraction in samples that are character-
ized 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
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collected in the San Diego River Estuary, E; and Ey, which also
exhibit the weakest role of phytoplankton among the exam-
ined samples. Because the particle size metrics for these two
samples are quite different (Table 3), our results suggest that
the scenario of relatively weak contribution of small particles
to backscattering can occur in samples with significant differ-
ences 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 3).

The third group includes the samples with intermediate, but
still considerable contribution of small particles, 40% < by,ps/
byp < 50%, and accordingly, similar or somewhat larger com-
bined contribution of medium and large particles. This group
includes two samples from the SIO Pier with very different
compositional characteristics, Pp and Pg. Pp was collected dur-
ing enhanced presence of diatom H. hauckii and is apparently
dominated by these large-sized microphytoplankton as corrobo-

rated by the highest values of particle size metrics, D3° and D)°,
among all examined samples (Table 3). In contrast, Py was col-
lected after a rain event and is dominated by inorganic parti-
cles although phytoplankton appear to have a considerable
presence in this sample. Pr has a value of D‘S,0 that is nearly
threefold lower compared with Pp; however, the difference for

DY is not as substantial between the two samples (Table 3).

Figure 6b shows that the particle size-based budget for
backscattering coefficient after adjustment for imperfect size-
fractionation is qualitatively similar to that based on measure-
ments 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 pm in size. For these samples,
b;ps /bvp ranges from about 50% to 75%. These percent contri-
butions 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
among the lowest (33-36%) in Fig. 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
reduction of percent contribution of small particle-size frac-
tion from about 49% (Fig. 6a) to 32% (Fig. 6b). Thus, in the
adjusted budget, this sample along with E; and Ey represents
the weakest role of small particles in backscattering. For sam-
ple Pg, the adjustment for imperfect fractionation made no
significant effect on the contribution of small-particle fraction
to bpp, 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, how-
ever, the adjustment resulted in an increase of the contribution
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of medium-sized particles to by, for all samples except for Ey.
With regard to the role of large particles > 20 ym 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 7 shows the particle size-based budgets in the same
fashion as Fig. 6, except that it is for the particulate scattering
coefficient, b,. In agreement with data for f,(y) in Fig. 5, the
results based on size-fractionated measurements in Fig. 7a
show that small particle-size fraction is the most important
contributor to b, for all samples, except for E; and Ey. The
percent contributions of small particles to b, in Fig. 7a are
generally higher than or about the same as the corresponding
contributions for by, in Fig. 6a. However, the adjustment for
imperfect fractionation resulted in a significant decrease in the
contribution of small-sized particles (<5 ym) to b, (Fig. 7b).
For example, the contribution of small-sized particles to by,
decreased from 84% to 26% for sample O¢ and from 71% to
40% for sample Os. Similar decreases were observed for the
other two samples that belong to the first group of samples
(Pn and Py, as described above in relation to the
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backscattering budget. As a result of adjustment for imperfect
fractionation, the contribution of medium-sized particles to by,
increased for most samples, in some cases to values over 50%
(Pn, Py, and Oc). For a few samples (P, Pp, and Os), this
adjustment also resulted in considerable increase in the contri-
bution of large-sized particles (> 20 pm) to by, In particular, for
diatom-dominated sample Pp, the percent contribution
increased more than twofold from about 35% (Fig. 7a) to 75%
(Fig. 7b). The contribution of large-sized particles to b, did
not, however, increase for all samples and, in some cases,
decreased slightly (Pr).

The patterns in Fig. 7 indicate that the particle size-based
budget for b, is considerably more sensitive to imperfect frac-
tionation than the budget for by, (Fig. 6). This result is consis-
tent with earlier modeling studies of light scattering by
polydisperse particle assemblages, which indicated that the par-
ticle size-based contributions to by, are more heavily weighted
toward larger particles compared with contributions to by,
(Stramski and Kiefer 1991). Accordingly, our data show that the
adjustment for the presence of particles larger than 5 pm in the
5 um filtrate has a greater effect on the b, budget than the by,
budget. As a result, while four out of eight samples exhibit the
small-particle (< 5 pm) contributions to by,, greater than 50% in
the adjusted budget (Fig. 6b), all samples have contributions
less than 45% to by, (Fig. 7b). Along the same lines, while in the
adjusted budgets, the highest large-particle (> 20 pm) contribu-
tion is about 40% for by, it is 75% for by,.

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 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 particu-
late scattering, by, 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 simi-
lar scenarios for particle size-based by, and by, budgets.

Our results quantitatively demonstrate several highly differ-
ent scenarios of particle size-based scattering budgets on the
basis of analysis of eight contrasting samples from coastal envi-
ronments, including nearshore 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 Chla maximum and
near-surface water dominated by organic nonalgal particles.
Despite intricate interplay between the effects of particle size
and composition on light scattering, we observed that small par-
ticles (<5 pm in size) consistently produced a major or domi-
nant contribution to by, (close to or more than 50%) in organic,
either phytoplankton or nonalgal, dominated samples in spite
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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 pm) can
play a considerable role in backscattering (about 40%). In addi-
tion, 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 par-
ticles 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 predictions based on light scat-
tering 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
> 0.5 mg m~3, so these samples are not representative of vast
open-ocean areas where Chl a is typically < 0.5 mg m~3. Our
two offshore samples (Os and O¢) and the nearshore sample
with the highest proportion of small particles (Pn) most
closely resemble the characteristics of samples from open-
ocean oligotrophic waters. For these three samples, the contri-
bution 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 contri-
bution 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 con-
tributions for the size fraction <5 pm, it is conceivable that
very small particles from picoplankton and colloidal size range
(<2 pm) can play a major or dominant role in backscattering
under nonbloom 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 vs. the role of coexisting nonalgal particles that
are typically more abundant than phytoplankton, except per-
haps 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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