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Optical proxies based on light scattering measurements have potential to improve the study and monitoring of 
aquatic environments. In this study, we evaluated several optical proxies for characterization of particle mass con-
centration, composition, and size distribution of suspended particulate matter from two contrasting coastal marine 
environments. We expanded upon our previous study of Southern California coastal waters, which generally con-
tained high proportions of organic particles, by conducting angle-resolved polarized light scattering measurements 
in predominantly turbid and inorganic-particle dominated Arctic coastal waters near Prudhoe Bay, Alaska. We 
observed that the particulate backscattering coefficient bbp was the most effective proxy for the mass concentration 
of suspended particulate matter (SPM) when compared with particulate scattering and attenuation coefficients 
bp and c p. Improvements were seen with bbp as a proxy for the concentration of particulate organic carbon (POC), 
although only if particulate assemblages were previously classified in terms of particle composition. We found that 
the ratio of polarized-light scattering measurements at 110o and 18o was superior in performance as a proxy for the 
composition parameter POC/SPM in comparison to the particulate backscattering ratio bbp/bp. The maximum 
value of the degree of linear polarization DoLP p,max observed within the range of scattering angles 89◦–106◦ was 
found to provide a reasonably good proxy for a particle size parameter (i.e., 90th percentile of particle volume 
distribution) which characterizes the proportions of small- and large-sized particles. These findings can inform the 
development of polarized light scattering sensors to enhance the capabilities of autonomous platforms. © 2021

Optical Society of America under the terms of the OSA Open Access Publishing Agreement

https://doi.org/10.1364/AO.441226

1. INTRODUCTION

In situ optical measurements, especially from autonomous
platforms, have generally transformed the study of aquatic
ecosystems by providing unique opportunities to monitor bio-
geochemical processes in fresh- and salt-water environments at
unsurpassed temporal and spatial scales of observation [1–5].
Coastal environments are of particular interest due to high levels
of interaction between humans and these environments, which
generally provide ecological services of significant importance
such as carbon sequestration, supporting fisheries, storm pro-
tection, and providing aesthetic services of most relevance to
tourism industries [6]. Accurate measurements of suspended
particulate material, living or nonliving, in these coastal waters
are therefore of great importance when considering the health
of such coastal ecosystems (e.g., [7,8]). Understanding more
about the nature of particulate material can also further improve

our assessments of these waters in a broader context. The
advancement of a broad range of scientific topics in coastal
environments, from biogeochemical models to satellite remote
sensing, requires more complete measurements of the inherent
optical properties (IOPs) of natural assemblages of aquatic parti-
cles. These IOPs describe the interactions of light with particles
suspended in aquatic medium, which are dependent solely on
the physical and chemical properties of the particles themselves
as well as the medium, especially its refractive index [9,10].
Coastal waters, however, present challenges for optically-based
assessments because of the optically complex nature of parti-
cle assemblages with various origins resulting from terrestrial
input and dynamic mixing conditions with offshore waters
[11–13]. Furthermore, rapidly changing coastal environments,
such as those found in remote northern polar latitudes, present
additional challenges because of limited availability of optical
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measurements and could benefit from routine monitoring to
help understand ecological impacts associated with climate
change [14,15].

Light scattering measurements provide a unique approach
for monitoring coastal environments because they can pro-
vide useful information about complex particle assemblages
through various signatures associated with scattering properties,
e.g., magnitude, spectral behavior, angular patterns, and polari-
zation properties [16]. Additionally, from a practical point of
view, scattering measurements can be implemented into routine
use through development of appropriate sensors. For example,
in situ scattering sensors providing a measurement at one or
a few scattering angles at a single or several light wavelengths
(e.g., YSI turbidity sensors, Sea-Bird Scientific’s Environmental
Characterization Optics sensors, or HOBI Labs’ HydroScat
sensors) have been used to estimate the mass concentrations of
suspended particulate matter (e.g., [17–20]) and particulate
organic carbon (e.g., [21–25]) as well as properties associated
with particle size distribution (e.g., [26–29]). More advanced
light scattering approaches based on angular distribution of light
scattering, including spectral and polarization properties, have
the potential to be used for differentiating characteristic features
of aquatic particulate assemblages associated with their organic
versus inorganic composition and size distribution [9,16].
Theoretically-based inversions of measured light scattering at
near-forward scattering angles can provide useful information
about particle size distribution [30], while including nearly
the full distribution of scattering angles in such inversions can
improve assessment in terms of particle size distribution and
composition [31]. The ratio of the magnitude of particulate
scattering integrated over backward angles to total particulate
scattering magnitude has also been theorized to be sensitive to
size distribution and composition of marine particles [32,33].
This particulate backscattering ratio has been observed to be
a potentially useful proxy for particulate compositional char-
acteristics of seawater [34–37], although more work is needed
to validate its use as a robust proxy for specific compositional
parameters [38]. It is also expected that spectral characteris-
tics of light scattering by natural assemblages of particles can
be useful for identifying particulate properties [29,38–42].
These previous studies are either based on the use of scattering
parameters inferred as a difference between the beam attenu-
ation and absorption measurements or are limited in terms of
measured scattering angles or in characterization of particulate
properties such as size distribution and composition. Finally,
measurements of the polarization properties of light scattered
by particles may aid in the identification and differentiation
between different types of particles, such as phytoplankton
species or minerals, which are present in complex natural assem-
blages [43–48]. However, relatively few measurements exist of a
wide angular distribution of polarized light scattered by natural
assemblages of aquatic particles with concurrent comprehen-
sive characterization of the particulate assemblage in terms of
particle composition and size distribution [35,49,50].

Whereas we recently demonstrated the potential usefulness
of light scattering proxies based on angle-resolved polarized
light scattering measurements for estimating characteristic
features associated with particle composition and size distribu-
tion, these proxies were analyzed with water samples from one

coastal region of San Diego, California [49]. It is of interest to
investigate if such proxies can have more general applicability
in a variety of aquatic environments. In the present study we
examine relationships between light scattering and particle
characteristics for coastal Arctic waters of the central Beaufort
Sea in the region of Prudhoe Bay, Alaska, where considerable
terrestrial input from various river systems generally results in
inorganic-dominated particulate assemblages. We combine
these observations from Prudhoe Bay with previously collected
data from San Diego coastal waters in which water samples
were typically dominated by organic particles. This enabled the
evaluation of relationships between light scattering and particle
characteristics over a wide range of particle compositions from
two different coastal marine environments.

The current study utilizes the LISST-VSF instrument to
measure angle-resolved polarized light scattering by particles
suspended in seawater at a single wavelength of 532 nm. This
commercially available instrument is increasingly being used
to study marine particles [51–56], including our recent studies
[35,49,57]. In situ light scattering measurements are prone to
undesired multiple scattering effects if turbidity of water exceeds
a certain level [16,54,58–60]. In this study, we first examine
a correction for multiple scattering based on laboratory mea-
surements with mineral particles of natural origin. Second, we
present measurement results related to field work in nearshore
waters around Prudhoe Bay, including the angular distributions
of linearly polarized light scattered by assemblages of aquatic
particles. Finally, we describe relationships between light scat-
tering parameters and particulate characteristics for contrasting
particle assemblages from two different coastal environments,
and we assess different optical proxies for predicting character-
istics associated with the concentration, composition, and size
distribution of suspended particulate material.

2. METHODS

In addition to previously reported results from San Diego coastal
waters, this study includes new in situ measurements obtained
from coastal Arctic waters of the Beaufort Sea near Prudhoe Bay,
Alaska. We describe methods relevant to the coastal Arctic field
work below, whereas all methodology associated with benchtop
measurements of San Diego coastal samples can be found in a
previous publication [49].

A. Field Sampling

The Arctic field data were collected early September 2018 and
August 2019 in the nearshore waters of the central Beaufort Sea
in the vicinity of Prudhoe Bay, Alaska, onboard R/V Ukpik.
Figure 1 shows a map of the general region. A total of 12 sta-
tion locations were surveyed, spanning near the Kuparuk and
Sagavanirktok River mouths (KO and SO, respectively) to
80 km offshore (UPE80), but most stations were within 10 km
of shoreline (Fig. 1). Some locations were visited on multiple
occasions, either a few days apart or one year apart, and are
denoted with an additional letter b or c to indicate repeated visits
to approximately the same location.

Depth profiles were performed at each station visit with
an optical package containing several instruments. Of most
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Fig. 1. Map of Prudhoe Bay, Alaska region with station locations
indicated with black circles. Station names are displayed, and station
locations in 2018 are denoted using regular font while stations in 2019
are denoted using boldface. Isobath interval is 10 m.

interest to the current study, the optical package contained a
LISST-VSF (Sequoia Scientific), SBE 49 FastCAT conductivity,
temperature, and depth (CTD) sensor (Sea-Bird Scientific),
and ac-s (Sea-Bird Scientific). During each cast the optical
package remained at a near-surface and near-bottom depth for
approximately 5–10 min to accommodate the various sample
rates of instruments and to acquire a statistically representative
set of measurements. Following in situ optical measurements,
5L Niskin bottles were deployed at surface and near-bottom
depths corresponding with extended acquisition of optical data.
A discrete water sample at a given depth was collected using
as many as three Niskin bottles, and the collected water was
combined in a larger carboy before subsampling for particulate
analysis. Surface sampling depths were typically 1 m below the
sea surface. Near-bottom sampling depths typically ranged from
5 to 15 m and were generally a few meters above the seafloor as
estimated from the vessel’s sonar system. Only surface water
was collected at KO and SO stations and near-bottom water at
UPE80 was collected 50 m below surface. Surface water from
S1 was not included in the current study due to poor quality
of the LISST-VSF measurements. In summary, 18 stations
were sampled, 15 of which included surface and near-bottom
measurements, for a total of 33 samples for particle and optical
characterization. For simplicity, we refer to near-bottom depth
as “bottom” and all Arctic field data as “Prudhoe Bay.”

B. Particle Characterization

Depending on particle concentration, approximately
100–1400 mL of seawater were filtered through 25 mm
diameter Whatman glass fiber filters (GF/F) at low vac-
uum (<120 mm Hg) using pre-combusted, pre-rinsed, and
pre-weighted filters for the determination of the dry mass
concentration of suspended particulate matter (SPM) and
pre-combusted filters for the determination of concentration
of particulate organic carbon (POC) following standard meth-
odology [61,62]. Filtrations were generally completed within a
few hours after sampling when the boat was either anchored or
docked, and water remained on deck at ambient air temperature
(0◦C–10◦C) protected from sunlight in the interim. Following
collection of particulate material, SPM and POC filters were
dried in a small oven at about 55◦C and stored for post-cruise
laboratory-based analysis. Blank filters for SPM were randomly
prepared by filtering 25–50 mL of 0.2 µm filtered deionized
water through pre-combusted, pre-rinsed, and pre-weighed
25 mm diameter GF/F filters to correct for potential error in
SPM associated with contamination during various stages of
sample collection and analysis. Additional blank filters for POC
were also prepared utilizing GF/F filtered seawater collected
from a few stations to enable adjustment of POC for adsorption
of dissolved organic carbon on filters [22,63]. These corrections
resulted in an average reduction of 5% for SPM and 11% for
POC. Duplicate filters were collected for both SPM and POC.
In most cases, replicates were averaged to determine a final
estimate of SPM and POC at each station’s surface and bottom
depths. Coefficients of variation between replicates of SPM and
POC were on average 3% and 7%, respectively.

Approximately 50–1000 mL of seawater were filtered
through 25 mm GF/F filters for measurements of spectral
absorption coefficient of particles a p(λ) [m−1]. After collec-
tion of particulate material, filters were immediately stored in
liquid nitrogen until further post-cruise processing in the lab.
Measurements were made in the spectral range 300–850 nm
with 1 nm interval using a Lambda 18 UV/VIS spectrophotom-
eter (Perkin Elmer) equipped with a 15 cm integrating sphere
(RSA-PE-18, Labsphere) and with the filter placed inside the
sphere (e.g., [64–66]). Following the measurement of a p(λ),
the sample filters were treated with methanol and remeasured to
determine the spectral absorption coefficient of non-algal (more
specifically, depigmented) particles [67], denoted as ad (λ). The
calculation of a p(λ) and ad (λ) involved use of the path length
amplification correction recommended in Stramski et al . [66]
for the inside-sphere configuration of the filter-pad method. A
final adjustment was made to ad (λ) to ensure that ad (λ) and
a p(λ) values matched in the near-infrared spectral region (775–
800 nm). The spectral absorption coefficient of phytoplankton
was then calculated as a ph(λ)= a p(λ)− ad (λ).

Measurements of forward scattering from the LISST-VSF
ring detectors were used to estimate the particle size distri-
bution (PSD). The approach utilized Fraunhofer diffraction
theory to invert forward scattering signal to produce a PSD in
terms of particle volume concentration for 32 logarithmically
spaced bins of equivalent spherical diameters D from 1–160µm
(processing code provided by Sequoia Scientific). This is a
similar approach often used with other LISST instruments
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and provides reasonable estimates of the PSD for natural par-
ticle assemblages of aquatic origin [30,68–70]. We provide
a graphical representation of the density function of particle
number distribution N(D) [cm−3 µm−1], which results from
the normalization of particle number concentration in each size
bin by the width of each bin. We also depict PSDs using cumu-
lative distribution functions for particle volume CDFV , which
are determined by dividing the cumulative particle volume
concentration by the total particle volume.

For the current study, we consider two parameters to quantify
composition of particulate matter; POC/SPM as an indicator
of the contributions of organic versus inorganic particles, and
the fraction a ph(λ)/a p(λ) at λ= 440 nm as an indicator of the
prevalence of phytoplankton in the sample. The high values
of POC/SPM indicate the prevalence of organic particles, and
the low values indicate the prevalence of inorganic particles.
Whereas high values of POC/SPM do not distinguish between
phytoplankton and detrital organic material, high values of
a ph(440)/a p(440) suggest the prevalence of phytoplank-
ton and low values suggest prevalence of non-phytoplankton
particles. These metrics have been used previously to assess
composition of natural assemblages of marine particles
(e.g., [20,36,38,42,49,57]). In terms of parameterizing the
particle size distribution, we choose the 90th percentile of the
volume distribution D90

V [µm] as an indicator of the relative
proportions of small- versus large-sized particles. We utilize
particle volume distributions because relatively rare large-sized
particles can be underrepresented in particle area or number size
distributions and because the particle volume is more directly
related to intraparticle concentration of biogeochemically
important constituents such as carbon or pigments. In particu-
lar, the size parameter D90

V has been shown to be potentially
useful in the analysis of relationships between optical and par-
ticle size properties in seawater [42,57]. In this study, D90

V was
calculated for each station depth from the CDFV for 20 size bins
with lower bin edge of 2.0 µm and upper bin edge of 54.4 µm
to be most compatible with the 2–60 µm size range used in our
previous study of San Diego coastal waters [49]. In determining
D90

V , the CDFV was linearly interpolated in log10-space because
of the coarsely spaced binning of the PSD provided from the
LISST-VSF measurements.

C. Light Scattering Measurements

In situ measurements of angle-resolved polarized light scattering
in Arctic waters were made with the LISST-VSF instrument.
The LISST-VSF model used in this study measures scattering
within the range of scattering angle ψ from 0.08◦ to 150◦ at
light wavelengthλ of 532 nm (in vacuum) with an incident laser
beam 3.2 mm in diameter. Each measurement takes approx-
imately 4 s and consists of two scans of a 15 cm path within
the sample, each with different linear polarization state of the
incident beam, i.e., perpendicular⊥ and parallel ‖ to a reference
plane. Forward scattering in the range 0.08◦–14◦ is measured
with 32 logarithmically spaced ring detectors with no polarizing
elements while the angular range 15◦–150◦ is measured at 1◦

resolution with a roving eyeball sensor that further partitions
scattered light into perpendicular and parallel polarized com-
ponents for detection by two photomultiplier tubes (PMTs).

Transmitted light is also detected using a forward detector
with 0.04◦ acceptance angle for the determination of the beam
attenuation coefficient c . The instrument configuration enables
estimates of the volume scattering function β and the degree
of linear polarization of scattered light DoLP in addition to
the directly measured four incident and detector polarization
combinations: β⊥‖, β⊥⊥, β‖⊥, and β‖‖. In the latter four sym-
bols, the first and second superscript characters denote incident
and detected polarization state, respectively. Note that all light
scattering measurements are functions of scattering angle ψ
defined with 0◦ as the initial direction of light propagation,
but it is not included in most representations for brevity. More
detailed description of the instrument can be found in previous
publications [35,49], and Table 1 includes descriptions of the
LISST-VSF measurements in terms of scattering, or Mueller,
matrix elements. We briefly mention here that the degree of lin-
ear polarization of light scattered by particles DoLPp describes
the proportion of linearly polarized light relative to total inten-
sity 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 scattering matrix elements p11 and p12 (Table 1), which
require measurements involving linear polarization [47,71].

To determine angle-resolved polarized light scattering asso-
ciated with only particles, and denoted with a subscript “p” we
used a combination of benchtop measurements and theoretical
estimates of molecular scattering by pure seawater. Benchtop
measurements of 0.2 µm filtered deionized and degassed water
were used as a baseline for only ring and transmission detectors,
and they were subtracted from in situ measured results. This
baseline is used to primarily remove scattering and attenuation
associated with receiver window optics under the assump-
tion that additional scattering and absorption associated with
temperature and salinity of pure seawater is negligible for near-
forward scattering and beam attenuation. An average of two
baselines measured before the 2018 deployments and after
the 2019 deployments was used. For roving eyeball sensor
angles, theoretical estimates of scattering by pure seawater were
subtracted from measurement results because contribution
of pure seawater to scattering can be significant for backwards
angles, especially in clear waters [52,72,73]. The theoretical
estimates of scattering were determined using salinity and
temperature measured by the CTD at corresponding station
depths and equations found in Zhang et al . [73]. Additional
salinity dependence of the depolarization ratio was included
when calculating theoretical light scattering properties of pure
seawater; ∂ = 0.039+ 0.0001S, where ∂ is depolarization ratio
and S is salinity in practical salinity units (PSU) [74].

Manufacturer updates in 2017 to LISST-VSF firmware,
processing code, and ring detector optics resulted in a few
changes relevant to current measurements as compared to our
earlier study of San Diego coastal waters. Ring angles have
been shifted slightly (to 0.08◦–14◦ from 0.09◦–15◦), and
a new autogain feature was introduced that automatically
cycles through 10 PMT gain settings to determine optimal
gain setting for current measurement series. Several studies
have identified necessary calibration corrections to manufac-
turer provided processing to improve the accuracy of results
[35,49,54,72]. Although the approaches vary somewhat, they
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Table 1. Relevant Symbols and their Descriptions

Symbol Description

Light scattering variables
ψ Scattering angle with 0 defined as direction of initial propagation [deg]
S f andα Instrument-specific calibration constants
p11, p12, and
p22

Elements of the 4× 4 scattering, or Mueller, matrix describing polarized light scattering by particles

β⊥||p LISST-VSF measurement with incident light polarized perpendicular and detected light polarized parallel [m−1 sr−1
];

S f [p11(ψ)− p12(ψ)+ cos 2ψ(p12(ψ)− p22(ψ))]

β⊥⊥p LISST-VSF measurement with incident light polarized perpendicular and detected light polarized perpendicular [m−1 sr−1
];

S f
α
[p11(ψ)− p12(ψ)− cos 2ψ(p12(ψ)− p22(ψ))]

β ||||p LISST-VSF measurement with incident light polarized parallel and detected light polarized parallel [m−1 sr−1
];

S f [p11(ψ)+p12(ψ)+ cos 2ψ(p12(ψ)+p22(ψ))]

β ||⊥p LISST-VSF measurement with incident light polarized parallel and detected light polarized perpendicular [m−1 sr−1
];

S f
α
[p11(ψ)+p12(ψ)− cos 2ψ(p12(ψ)+p22(ψ))]

βp Particulate volume scattering function [m−1 sr−1
];

b p × p11 =
1
4 [β
⊥‖

p (ψ)+β
‖‖

p (ψ)+β
⊥⊥

p (ψ)+β‖⊥p (ψ)]

DoLPp Degree of linear polarization of light scattered by particles;− p12
p11
=−

1
4

[
β
‖⊥
p (ψ)+β

‖‖
p (ψ)−

(
β
⊥‖
p (ψ)+β⊥⊥p (ψ)

)]
βp (ψ)

DoLPp,max Maximum value of DoLPp(ψ)

b p Particulate scattering coefficient [m−1
]; 2π

∫ 180◦

0◦ βp(ψ)sin(ψ)dψ

bbp Particulate backscattering coefficient [m−1
]; 2π

∫ 180◦

90◦ βp(ψ)sin(ψ)dψ

Model-assessment variables
N Number of samples
xi or y i Measured value for sample i of N
x̄ or ȳ Mean value; x̄ = 1

N

∑N
i=1 xi , and likewise for ȳ

Oi or Pi Observed or model-predicted value for sample i of N

R Pearson correlation coefficient;
∑N

i=1(xi−x̄ )(yi− ȳ )
√∑N

i=1 (xi−x̄ )2
√∑N

i=1 (yi− ȳ )2

Md Median operator

RMSD Root-mean-square deviation;

√
1
N

N∑
i=1
(Pi − Oi )

2

MdAPD Median absolute percent difference; Md | Pi−Oi
Oi
| × 100%

MdSA Median symmetric accuracy; (10Md |log10
Pi
Oi
|
− 1)× 100%

MdLQ Median log-accuracy ratio; Md |log10
Pi
Oi
|

all utilize empirical corrections based on Mie scattering simula-
tions and measurements with nearly monodisperse assemblages
of standard polystyrene bead suspensions. For the current study,
the calibration corrections were developed based on measure-
ments made with 200, 270, 400, and 700 nm polystyrene bead
suspensions, with the bulk of the corrections developed using
200 nm polystyrene beads given the advantages of the use of a
featureless angular scattering pattern of such beads. More details
regarding development of these corrections can be found in
our previous publications [35,49]. Although the Koestner et al .
[49] correction approach results in one set of corrections for all
βp , DoLPp , and four eyeball measurement combinations, we
chose the method for corrected βp and DoLPp from Koestner
et al . [35], which determines corrections for βp and DoLPp

after combining all eyeball measurements. The two approaches
for corrected βp and DoLPp agree well for polystyrene bead
suspensions but sometimes differ for natural seawater samples.
When comparing the two correction approaches for various
seawater samples, similarities in corrected βp were observed
(<5% difference between approaches); however, differences in

corrected DoLPp were often more substantial. The Koestner
et al . [49] approach increased maximum values of DoLPp

(i.e., DoLPp,max) by ∼0.05−0.15 when compared with results
obtained with Koestner et al . [35] corrections. In the current
study, it is assumed that the simpler approach for DoLPp correc-
tions is preferable, as DoLPp is already in good agreement with
theory for polystyrene beads without any correction to eyeball
measurements [35]. Owing to recent manufacturer updates,
the correction factors for βp were less significant than what was
found in Koestner et al . [35], ranging approximately from 0.85
to 1.12 depending on scattering angle. Additive corrections to
DoLPp were about the same as what was found in Koestner et al .
[35], e.g., about 0.05 increase in DoLPp near 90◦.

The polystyrene bead measurements used in developing
corrections were also used to identify relative PMT factor α and
PMT scaling factors S f for use with in situ acquired data. The
value of α was fixed at 0.97 for all field data processing. Scaling
factors for our field data were based on polystyrene bead mea-
surements at four PMT gain settings and linearly extrapolated
in log10-space to additional PMT gain settings as recommended
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by Hu et al . [72]. The in situ measurements in Arctic waters were
made in very low temperatures near 0◦C, so we include an addi-
tional adjustment of the benchtop-derived scale factors based
on the field measurements to account for changes in instrument
performance associated with temperature. This adjustment
factor was 0.85 and fixed for all PMT gain settings.

During extended sampling at surface and bottom depths of
each station location, 40–200 measurements were collected,
and about 10% were removed following quality control of
data. Median values were determined from remaining data at
each scattering angle, adjusted using the calibration correction
functions for βp , DoLPp , and four eyeball measurement com-
binations, and finally smoothed, first with a 3◦, then twice with
a 5◦ moving average. We note here that we observed reasonable
convergence to median values of βp and DoLPp after 30–60
measurements depending on scattering angle and station.

D. Development of Multiple Scattering Corrections

In this section, we describe the development of an important
methodological aspect of the current study associated with
multiple scattering and the LISST-VSF instrument. First, we
provide some useful background information about multiple
scattering, next we describe laboratory experiments used in
the development of empirically-based corrections for multiple
scattering, and then we describe the formulation of the final
operational multiple scattering corrections used in the current
study.

Undesired effects of multiple scattering can be problem-
atic for light scattering meters in turbid coastal environments
(e.g., [54,59]). In these cases, once scattered light can be addi-
tionally scattered and reenter the viewing detector to artificially
change the magnitude of scattering for any given scattering
angle. Multiple scattering effects for light scattering meters
are complex and depend on many factors including particle
concentration, particle scattering characteristics, and instru-
ment geometry. Given the relatively long path length of the
LISST-VSF instrument and its scanning detector system
(13–17.5 cm), these effects are likely to be encountered dur-
ing in situ measurements in coastal environments such as the
investigated Arctic waters. Furthermore, the LISST-VSF data
processing utilizes an attenuation correction to account for
losses along the path to and from the scattering volume where
the incident beam intersects the detector’s viewing angle. The
impact of multiple scattering on this correction for attenuation
losses is unclear.

A general rule for single scattering is τ(1−g )� 1, where τ
is the optical thickness determined as c × r , c is beam attenu-
ation coefficient in m−1, r is path length in m, and g is average
cosine of scattering phase function [16]. For the longest path of
the LISST-VSF (r = 17.5 cm), the single scattering regime is
expected for c � 57 m−1, assuming a strongly forward peaking
phase function representative of typical seawater (g = 0.9).
Recently, Sandven et al . [54] found that multiple scatter-
ing effects may become noticeable for scattering coefficient
b > 2 m−1 based on comparisons of measurements with a
LISST-VSF and a LISST-200X. We thus consider multiple scat-
tering effects for the LISST-VSF may become apparent around
c = 2−6 m−1 and acknowledge that there will not be a perfect

cutoff for all seawater samples given the complex and variable
nature of marine particle assemblages.

Benchtop experiments were performed to develop empirical
corrections for multiple scattering effects observed with the
LISST-VSF instrument so that field measurements could be
adjusted to appropriately remove effects of multiple scattering as
such:

B p =
β+p

E β
, (1)

DoLPp =DoLP+p+E DoLP, (2)

where E β and E DoLP are angle-dependent multiple scattering
correction functions and superscript “+” denotes original
results before multiple scattering adjustment. These experi-
ments involved measurements of marine particles of natural
origin that had been diluted to obtain various particle con-
centrations in LISST-VSF benchtop chamber with beam
attenuation coefficients ranging from 1.8 m−1 to 14 m−1.
Dilution-corrected results were compared to determine the
change in measured signal as a result of increasing sample tur-
bidity and multiple scattering. We evaluated βp , DoLPp , all
four polarization measurement combinations, and uncali-
brated ring counts used for the determination of PSD. Note
that we examined final processed data based on 100–200 mea-
surements, which have undergone the quality control and
smoothing outlined in previous section.

One series of dilutions utilized natural particles of glacial
origin, which had been collected from the meltwater of glacial
material originally retrieved from the shores along Maxwell Bay
near King George Island, Antarctica. An additional sample from
Los Peñasquitos Lagoon, San Diego County, California, was
also evaluated. Dilutions of the glacial meltwater sample were
made with 0.2 µm filtered deionized and degassed water, while
dilutions of the Los Peñasquitos Lagoon sample were made with
GF/F filtrate to minimize effects associated with relatively high
light absorption of dissolved material in the sample. In both
cases, baseline measurements of the dilution water were sub-
tracted from sample measurements to investigate only scattering
and attenuation by particles. An example of dilution-corrected
βp for natural particles of glacial origin is shown in Fig. 2(a).
The lowest particle concentration was assumed to produce
negligible multiple scattering, and the dilution-corrected values
from these measurements were treated as the expected values
(i.e., unaffected by multiple scattering) for comparison with
other dilution-corrected βp values determined from measure-
ments with higher particle concentrations. Multiple scattering
effects were within reasonable dilution error of about 5% and
considered negligible for the beam transmission detector, and
hence for the particulate beam attenuation coefficient. This
result is consistent with an earlier theoretical study [75].

For each measured c p value with the LISST-VSF, the angle-
dependent multiple scattering correction functions E were
computed as the ratio of Expected and Measured values for the
cases of βp , all four polarization measurement combinations,
and uncalibrated ring counts, or as the difference of Measured
and Expected values for the case of DoLPp . We assume the
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Fig. 2. Development of multiple scattering correction functions using a master particle suspension of mineral particles from glacial meltwater.
(a) Dilution-corrected particulate volume scattering functions βp and (b) E β (determined as Measured βp/Expected βp ) as a function of scattering
angleψ based on data in (a) where expected values are from measurements with c p = 2.2 m−1. In (b), small dots are from measurements, while solid
lines are third-order polynomial fits to data forψ = 15− 150◦ and dashed lines are cubic-spline fits to data forψ < 15◦. Data in (a) and (b) are gray-
scaled as indicated in legend in (a) according to c p of measured diluted master suspension. (c) E β as exponential functions of c p at two scattering
angles. Filled smaller symbols represent the measured E β data from (b), while larger empty symbols represent exponential fits of solid lines in (b) at
20◦ and 140◦ as indicated in legend.

Expected value, which is unaffected by multiple scattering, cor-
responds to particle concentration associated with c p of about
2 m−1. For example,

E β(c p = 5 m−1, ψ = 90◦)

=
Measured

Expected
=
βp(5 m−1, 90◦)×DF2

βp(2 m−1, 90◦)×DF1
, (3)

where superscript “β” indicates E is for βp , and DF1 and DF2

are the respective dilution factors based on the total volume
in the LISST-VSF chamber divided by the volume of original
sample suspension added. Note that ring and eyeball sensor data
were treated independently in the fitting routine. The measured
E for ψ = 15◦−150◦ were fit with third-order polynomial
functions to avoid propagation of uncertainty into the final
E from the measured data [e.g., Fig. 2(b)]. The ring E was
fit with a cubic spline function forced to 1 at ψ = 0.08◦, and
we excluded ψ < 1◦ in the fitting because of low signal in the
Expected measurement data. The forcing of E to a value of 1 at
ψ = 0.08◦ is reasonable given that negligible multiple scattering
effects were observed with the transmission detector. We con-
firmed that this fitting routine regarding E β for ψ < 1◦ only
minimally impacted results presented in subsequent sections.

For each angle, an exponential function was fit to the data of
the measured E versus measured c p to aid in the identification
of the E most relevant for the measured c p values from the field
[e.g., Fig. 2(c)]. This fit was done while including an anchor
value of E = 1 (i.e., no multiple scattering correction) at all
angles for c p = 2 m−1. Thus, the final E is of the form

E
(
c p , ψ

)
= B(ψ) eA(ψ)×c p , (4)

where A(ψ) and B(ψ) are the best-fit coefficients at each angle
determined with a total of seven data points.

In the development of the final operational E [Eq. (4)], c p

was used as an independent variable, and it was assumed that
c p was unaffected by multiple scattering and that particulate
assemblages had very small or negligible absorption. The lat-
ter assumption is reasonable given the origin of the particle

assemblages (i.e., glacial meltwater and lagoon water with
contributions of dissolved material removed). However,
we acknowledge that absorbing particles can impact c p

measurements in the field. Therefore, we adjusted in situ c p

measurements by subtracting the contribution of non-water
absorption at 532 nm measured by the ac-s spectral absorption
sensor attached to our instrument package. For a few cases where
ac-s measurements were not available, a non-water absorption
value was assumed based on the nearest station in distance and
time of c p measurement. There may be some error propagation
into multiple scattering corrections based on uncertainty in
non-water absorption derived from ac-s measurements; how-
ever, we believe this adjustment is important for coastal samples
which may contain strongly absorbing dissolved material. This
adjustment lowered c p by 5%–30% with average adjustment of
17%. The adjusted c ∗p (where ∗ denotes adjustment for absorp-
tion) was used to compute the E for application to the final
processed data from each station depth. For example,

βp(90◦)=
β+p (90◦)

E β(c ∗p , 90◦)
. (5)

Recall that a similar correction approach is applied to all four
polarization measurement combinations; however, for DoLPp

the corrections are additive, e.g.,

DoLPp(90◦)=DoLP+p (90◦)+ E DoLP(c∗p , 90◦). (6)

E. Particulate Scattering and Backscattering
Coefficients

To determine the particulate scattering and backscattering
coefficients (b p and bbp) from the multiple-scattering-corrected
βp , an extrapolation procedure was used to provide data within
the angular range 146◦–180◦. In brief, a factor κ was deter-
mined to estimate the contribution of scattering within the
range 146◦–180◦ to bb by finding the best fit function to our
measured total β within the angular range 90◦–145◦ and then
extrapolating the fit function to 180◦. Note that we have altered
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the procedure from our previous study [35] to find the best fit
function of measured β with pure water included between 90◦

and 145◦, rather than measured βp between 90◦ and 150◦,
because it often results in a more realistic fitting of the functions
describing scattering [76]. We then determined b p and bbp

by subtracting theoretical pure seawater values of bw and bbw

from total estimated b and bb . Note that subscript “w” is used
to indicate molecular scattering by pure water and dissolved
salts determined using appropriate measurements of salinity
and temperature described earlier. To avoid confusion in the
Results sections, only multiple-scattering-corrected results are
presented unless otherwise noted.

F. Statistical Analysis

Optical proxies for particulate characteristics were determined
from a Model-I ordinary least-squares (OLS) linear regression
analysis between optical (assumed here as the independent or
explanatory variable) and particle mass concentration, size, or
composition parameters (the dependent or response variables)
measured on seawater samples described earlier. This approach
is typically recommended for predictive relationships that seek
to minimize error in the predicted (i.e., dependent) variable
[77]. The determination of regression coefficients also utilized
robust fitting of the data with a bisquare weighting function to
limit the impact of outlier data [78]. Depending on the exam-
ined relationship, the linear, exponential, or power function
was fitted to the data. To fit the exponential or power function,
the data were subject to appropriate logarithmic transforma-
tion (using the logarithm to base e or 10) to linearize the fitted
regression function.

In addition, we tested curve fitting to the data using a Model-
II geometric mean (GM) regression analysis [79]. This approach
was used in our previous analysis of San Diego samples [49].
Although for these samples the aggregate statistics characteriz-
ing the goodness of fit based on OLS and GM regressions were
similar, GM provided generally somewhat better patterns of
residuals between the model-predicted and measured values
plotted as a function of measured values. In the current study, no
clear advantage of GM was observed for such plots of residuals
for combined dataset of San Diego and Prudhoe Bay samples,
and for most examined relationships OLS regression models
have improvements in nearly all aggregate statistical measures
when compared with GM regressions. The OLS regression
models for estimating the particulate characteristics from
optical proxies were evaluated using several statistical metrics
described in Table 1. These metrics were used to assess uncer-
tainty of model-predicted values through comparison with
observed values. Generally, we consider root-mean-square devi-
ation (RMSD), median absolute percent difference (MdAPD),
and median symmetric accuracy (MdSA) as measures of random
error and median log-accuracy ratio (MdLQ) as a measure of
bias. RMSD is a commonly used metric of random error based
on average residuals between model-predicted and observed
values. Whereas RMSD can be sensitive to outliers, MdAPD
and MdSA utilize median operators and are accordingly less
sensitive to extreme error. When computing MdAPD, under-
prediction is less heavily penalized than overprediction even if
magnitude of error is the same, and therefore we also include

MdSA [80,81]. In contrast to MdAPD, MdSA is not influenced
by under- or overprediction because it is based on ratio values
of predicted and observed values (Table 1). In terms of bias,
we include MdLQ. This metric is similar to median ratio to
describe under- and overprediction except that it is symmetric
about a value of 0 so that negative values indicate systematic
underprediction and positive values indicate systematic over-
prediction. Base-10 logarithms were used here so that a value of
MdLQ = 1 means values are systematically overpredicted by an
order of magnitude.

3. RESULTS AND DISCUSSION

The present study expands upon our recent work on light scat-
tering proxies for particulate characterization. Our previous
dataset consisted of data from primarily coastal waters of San
Diego with light scattering measurements made in the labora-
tory with the LISST-VSF in benchtop mode [49]. In the current
study, we include data from the turbid Arctic coastal waters near
Prudhoe Bay with light scattering measurements made in situ. In
these waters, the particulate beam attenuation coefficient c p was
in the range 0.4−22 m−1, with over half of the measurements
with c p > 5 m−1. These relatively high particle concentrations
may influence our light scattering measurements; therefore,
we begin by presenting results related to empirically devel-
oped corrections for the effects of multiple scattering and the
impact of such corrections on our dataset. Next, we summarize
particle characterization and light scattering measurements
from field sampling around Prudhoe Bay. Finally, we describe
results pertaining to optical proxies for predicting particulate
characteristics associated with concentration, composition, and
size distribution based on the combined Prudhoe Bay and San
Diego datasets.

A. Multiple Scattering Corrections

Figure 3 depicts the final multiple scattering correction func-
tions for βp and DoLPp , E β and E DoLP, respectively, as
determined from the analysis described in Section 2.D. At c ∗p =
20 m−1, βp is nearly 3.5 times larger than it would be for
the same particulate assemblage in a single scattering regime
[Fig. 3(a)]. Only five of thirty-three Prudhoe Bay data points
had measured c ∗p over 10 m−1, and therefore emphasis is placed
on results for c ∗p < 10 m−1. For c ∗p in the range 2−10 m−1, E β

values are 1–1.8 depending on scattering angle. The effects of
multiple scattering for a given c ∗p are not constant with angle
[Fig. 3(a)]. There are generally larger E β values with increasing
scattering angle as the path length of the LISST-VSF measure-
ment geometry increases. For example, E β(c ∗p = 10 m−1,

ψ = 15◦)= 1.58, whereas E β(10 m−1, 150◦)= 1.77. There
are also differences in the ring detector’s response to multiple
scattering as compared with the eyeball sensor. The last sev-
eral rings associated with ψ > 10◦ have noticeably larger E β

when compared with the eyeball sensor angles near ψ > 15◦

[Fig. 3(a)]. This is reasonable given that the acceptance angles
are larger than 1◦ for these rings. E β values decrease to a value of
1 for rings with smaller acceptance angles forψ < 1◦.

The E of the four polarized eyeball measurement combina-
tions have similar patterns as E β , except they are more impacted
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Fig. 3. Final multiple scattering correction functions E β and E DoLP

for (a) βp and (b) DoLPp as a function of scattering angle ψ and par-
ticulate beam attenuation coefficient with an adjustment for non-water
absorption c ∗p . Color indicates value of E .

by unique angular features associated with minima near 90◦,
which are observed with these measurement combinations for
natural assemblages of marine particles (not shown). The multi-
ple scattering corrections for DoLPp are shown in Fig. 3(b). In
contrast to E β , corrections to DoLPp are minor for most angles
except side-scattering angles with maximum values of E DoLP

found nearψ = 80◦. At these angles, the measured DoLPp is at
most 0.06 lower than expected because of multiple scattering
when c ∗p = 20 m−1. For c ∗p in the range 2−10 m−1, E DoLP at
90◦ ranges from 0 to 0.026.

The effects associated with multiple scattering are sensitive
to scattering phase function, as well as other inherent polari-
zation properties, in that subsequent scattering events will be
dictated by the scattering properties of the particles. Ideally,
multiple scattering corrections would be developed with particle
assemblages from the water body of interest. However, when
that is not feasible, the empirically-based multiple scattering
corrections can be developed to approximate realistic particulate
assemblages, which typically have strongly forward peaking
scattering phase functions and a backscattering ratio ranging
from about 0.005 to 0.025. We believe the particle assemblages
used in the development of our multiple scattering correction
functions are reasonable for approximating the multiple scatter-
ing effects of suspended particulate matter in the Arctic waters
near Prudhoe Bay.

Corrected versus uncorrected values of four example optical
parameters are presented in Fig. 4 to assess how the multiple
scattering corrections impacted our dataset. First, we note
that multiple scattering corrections were only applied to the
twenty-five of thirty-three samples that had c ∗p > 2 m−1, and, of
these samples, c ∗p was 5%–25% lower than c p . As expected, the
largest values of b p and bbp experienced the largest reduction as
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Fig. 4. Multiple-scattering-corrected versus uncorrected optical
parameters from the Prudhoe Bay dataset. Data points are color filled
by the non-water absorption-corrected value of particulate beam
attenuation coefficient c ∗p as indicated in the color bar legend in (a).
Unfilled data points have c ∗p < 2 m−1 and have no corrections applied.
A 1:1 dotted line is shown for reference.

a result of multiple scattering corrections, and we see divergence
from the 1:1 line around and above the values of b p = 2 m−1

and bbp = 0.3 m−1 [Figs. 4(a), and 4(b)]. The reductions in
b p spanned from <1% to 50% with an average of 17%, while
reductions in bbp spanned <1% to 66% with an average of
26%. When considering the ratio bbp/b p , there was a decrease
for nearly all samples with c ∗p > 2 m−1 because the multiple
scattering corrections tended to be more substantial for bbp

[Fig. 4(c)]. On average, there was a 12% reduction in bbp/b p as
a result of multiple scattering corrections. Unlike b p or bbp, the
ratio bbp/b p showed no clear trend with uncorrected value; both
low and high values of uncorrected bbp/b p experienced similar
reductions after the multiple scattering corrections [Fig. 4(c)].
As expected, multiple scattering corrections resulted in an
overall increase in the maximum value of DoLPp (DoLPp,max)
because light becomes more randomly polarized following
multiple scattering events [82,83]. On average, there was an
increase of 3.2% in DoLPp,max after multiple scattering cor-
rections, and thus in comparison with other optical parameters
shown in Fig. 4, multiple scattering corrections were relatively
minor for DoLPp,max.

The results obtained using our multiple scattering corrections
and shown in Fig. 4 are generally consistent with a recent study
utilizing Monte Carlo radiative transfer simulations for the
LISST-VSF instrument [60]. Ugulen et al . [60] found percent
error of 100% for the LISST-VSF measured scattering coeffi-
cient of Arizona test dust sample as a result of multiple scattering
when the sample optical thickness τ was 2. Using the multiple
scattering corrections developed in the current study, we found
percent error in b p of about 100% for an optical thickness of
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about 2.8. Thus, our corrections are reasonable and possibly
conservative when compared with expected multiple-scattering
error in LISST-VSF measurements based on the theoretical
study by Ugulen et al . [60]. We recognize that multiple scatter-
ing is a probabilistic phenomenon and that multiple scattering
effects may indeed be present for samples with c p values around
or below 2 m−1. In our experimental work, we have found
that dilution-corrected βp are generally within 10% for c p

ranging from about 0.8 to 3.5 m−1, with the higher values
(i.e., c p > 1.8 m−1) being included in the present development
of multiple scattering correction functions. In this development
we did not include measurements with c p below 1.8 m−1 pri-
marily because of increased uncertainty in ring data from these
samples.

B. Characterization of Prudhoe Bay Samples

Twelve locations were visited during two field campaigns near
Prudhoe Bay late summer 2018 and 2019 (Fig. 1). Several
locations were sampled multiple times, either days or a year
later, providing 18 stations, which typically included two
depths for optical and particulate characterization measure-
ments. Example vertical profile data from optical and CTD
instruments at three contrasting stations are shown in Fig. 5.
Generally, there was fresher and warmer surface water on top of
saltier and colder water [Figs. 5(a), 5(c), and 5(e)]. We expect
this surface layer to be strongly influenced by river water given
proximity to the Kuparuk, Sagavanirktok, Kadleroshilik, and
Shaviovik Rivers (Fig. 1). Stations closest to shore also tended
to have higher bbp at the surface [Fig. 5(b)]. In terms of phyto-
plankton presence, we generally observed the depth of the
maximum chlorophyll-a fluorescence deepening with distance
further offshore [Figs. 5(b), 5(d), and 5(f )]. Although there
were interesting features found at some stations in mid-depths
associated with strong phytoplankton presence [e.g., K1b in
Fig. 5(d)], we focused our efforts on the acquisition of prolonged
time-series data with in situ optical instruments at surface and
bottom depths because of a lack of real-time data. Nevertheless,
a range of conditions can be found within our dataset of surface
and bottom sampling, e.g., bbp spanning 3 orders of magnitude
and salinity ranging 10–30 PSU (Fig. 5).

Total mass concentration of suspended particulate matter
(SPM) ranged from 0.6 g m−3 for UPE80 surface water to
32.2 g m−3 for N1b near-bottom water, and average SPM for
the entire dataset was over 7 g m−3. The total mass concentra-
tion of particulate organic carbon (POC) ranged from 70 to
540 mg m−3. In terms of particulate composition, POC/SPM
was 0.016–0.3 (on a g g−1 basis) with the average value less
than 0.06, and only two samples contained particulate assem-
blages with POC/SPM> 0.12 (i.e., K1 and UPE80 surface).
We interpret these findings as confirming the highly turbid
and inorganic nature of particulate assemblages in this region.
Although the particulate assemblages were predominately
inorganic-dominated, the influence of phytoplankton in par-
ticulate assemblages was not negligible. For example, estimated
chlorophyll-a concentrations (Chla) from in situ fluorometric
measurements were 0.2−3.7 mg m−3 with the highest value
observed in surface waters at NEWP1. The ratio of phytoplank-
ton absorption to particulate absorption at 440 nm also ranged
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Fig. 5. Example vertical profile data at three stations (N1, K1b,
and UPE80). Data have been median-binned within 0.25 m depth
intervals. Depths corresponding to extended time-series acquisition
of surface and bottom data are displayed with circles, and error bars
represent the 25th and 75th percentile measurement data from the
time-series measurements. Measurements of particulate backscattering
coefficient are from a HydroScat-6 (HOBI Labs) instrument.

from 0.07 to 0.50 with nine samples containing values larger
than 0.30.

The estimated particle size distributions (PSDs) for the range
of particle diameters D of 1 to 160 µm are shown in Fig. 6(a).
The particle number concentrations spanned nearly 10 orders
of magnitude over the size range 1–160 µm with maximum
concentrations of 1 µm particles approaching 107 particles
cm−3 at several stations. Recall that PSDs were determined by a
method that inverts forward scattering measurements with 32
ring detectors based on Fraunhofer diffraction theory [30]. This
approach results in a relatively coarse PSD with 32 size bins.
Nonetheless, many of the PSDs did not appear to obey a Junge-
type size distribution with a single slope of the log–log plot of
PSD over the full size range. In particular, we see some notice-
able variability within the larger particle sizes with D> 20 µm
in Fig. 6.

We parameterized the PSDs in Fig. 6 using the 90th per-
centile particle diameter D90

V , derived from the particle volume
distribution [Fig. 6(b)]. Although PSD estimates are for the
size range of 1–160 µm, we only utilized particle sizes between
about 2 and 55 µm in the determination of D90

V so that direct
comparison with the San Diego dataset could be achieved. For
the entire Prudhoe Bay dataset, D90

V was 9–45 µm with only
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Fig. 6. Estimates of particle size distribution depicted as (a) number
concentration and (b) cumulative distribution function of particle
volume from LISST-VSF measurements of forward scattering by par-
ticles from Prudhoe Bay field sampling differentiated by depth of data
acquisition. Particle diameter D represents midpoint of each size-bin.
The dotted lines in (a) at particle diameters of 2µm and 54.4µm show
the lower and upper cutoffs of the size range used for calculating D90

V .
The intersection of the horizontal dotted line in (b) and each CDFV

corresponds to D90
V .

three samples exhibiting D90
V < 30 µm, suggesting that particle

assemblages generally contained significant proportions of
large-sized particles [Fig. 6(b)].

C. Light Scattering by Particles in Waters near
Prudhoe Bay

Results from measurements with the LISST-VSF at all stations
are presented in Fig. 7. There was a large dynamic range seen
within a single βp spanning nearly 6 orders of magnitude for
ψ in the range 0.08◦–150◦ and nearly 3 orders of magnitude
depending on scattering angle betweenβp measured at different
sampling locations [Fig. 7(a)]. There were no clear differences
between all surface and all bottom measurements of βp in terms
of magnitude and angular shape; however, when considering
most side and backwards scattering angles, the lowest βp was
measured in surface water at the offshore UPE80 station, and
the highest βp was measured in bottom water at the nearshore
S1c station.

Figure 7(b) illustrates DoLPp as a function of scattering
angle for all stations. The values of DoLPp,max were 0.52–0.77
and were observed in the range of ψ between 89◦ and 106◦.
The larger angles of ψ > 98◦ associated with DoLPp,max have
not been observed in our previous dataset from coastal San
Diego waters [49], but they may be related to angular shifts of
DoLPp,max associated with particle composition [47,84,85]. In
our previous study, we found the highest values of DoLPp,max for
particulate assemblages containing relatively higher proportions
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Fig. 7. LISST-VSF measurements of (a) βp and (b) DoLPp from
Prudhoe Bay field sampling differentiated by depth of data acquisition.

of small- versus large-sized particles, and we note that the three
Arctic samples with the highest DoLPp values near 90◦ were
from surface measurements [black lines in Fig. 7(b)]. We also
found that DoLPp was negative forψ < 20◦ for nearly all sam-
ples, but it is unclear if this relates to measurement uncertainty
or properties of the particulate assemblages given that at small
angles DoLPp is expected to be small, eventually approach-
ing zero at near-forward scattering angles (e.g., [86]). We
acknowledge that some of the DoLPp data in Fig. 7(b) appear
noisy, likely related to the low sampling rate of the LISST-VSF
instrument, which resulted in about 40 measurements at some
stations. Although we did find reasonable convergence to
median values of DoLPp (100◦) for 30 to 60 measurements at
many stations, we recommend closer to 100 measurements for
in situ sampling to produce smoother DoLPp results.

D. Optical Proxies for Particle Mass Concentrations

We determined b p and bbp from βp measurements presented
in Fig. 7(a). Figure 8 depicts relationships between SPM and
POC and the optical parameters c p , b p , and bbp. All three opti-
cal coefficients (i.e., c p , b p , and bbp) correlate strongly with
SPM [Figs. 8(a)–8(c)]. The regression line for SPM versus bbp

in Fig. 8(c) resembles those previously reported by Reynolds
et al . [20] in the Beaufort and Chukchi Seas. Similarity can
also be seen in our regression line and a previously reported
relationship between SPM and c p from intensive sampling in
coastal and offshore waters around Europe and French Guyana
[18], although we acknowledge that the LISST instrument in
the previous study utilized a laser with λ= 660 nm [Fig. 8(a)].
Generally, in the current study, the inorganic-dominated sam-
ples with the lowest POC/SPM have the highest c p , b p , and bbp

[Figs. 8(a)–8(c)].
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Fig. 8. (a)–(c) SPM and (d)–(f ) POC as functions of c p , b p , and bbp for San Diego (SD; squares) and Prudhoe Bay (PB; circles) samples. Data
points are color filled by POC/SPM value as indicated in the color bar legend in (a). Dash-dotted and dashed lines in (c) and (f ) are regression lines
from Reynolds et al . [20] for λ= 550 nm (the gray dashed line is for all data, while the red dash-dotted line is for mineral-dominated particulate class
only). The gray dashed line in (a) is from Neukermans et al . [18] (λ= 660 nm). Black lines represent linear regressions of log10-transformed data
using all data in (a)–(c) and only PB data with POC/SPM< 0.12 in (d)–(f ). Pearson correlation coefficient determined with log10-transformed data
is displayed in each panel.

Table 2. Table of Best-Fit Regression Coefficients and Statistical Variables for Model Evaluation
a

Regression Model Evaluation

Optical Parameter Particle Parameter Eq. m b R RMSD MdAPD MdSA MdLQ N

c p SPM Pow 1.039 0.853 0.93 7.9 g m−3 28.3 % 36.8 % –0.003 60
b p SPM Pow 0.935 1.123 0.94 8.5 g m−3 21.9 % 25.9 % 0.011 60
bbp SPM Pow 0.815 37.31 0.95 8.2 g m−3 18.7 % 20.3 % 0.016 60

c p POC Pow 0.464 0.094 0.79 0.08 g m−3 24.3 % 26.5 % –0.023 31
b

b p POC Pow 0.393 0.110 0.82 0.08 g m−3 26.2 % 29.9 % –0.010 31
b

bbp POC Pow 0.377 0.519 0.83 0.07 g m−3 21.8 % 24.3 % 0.004 31
b

bbp/b p POC/SPM Exp –217.52 3.092 –0.69 0.13 50.0 % 76.5 % –0.010 58
bbp/c p POC/SPM Exp –110.09 0.581 –0.76 0.14 50.3 % 94.0 % –0.049 58
bbp/b p a ph(440)/a p(440) Exp –92.26 1.027 –0.69 0.09 18.9 % 23.3 % –0.019 46
bbp/c p a ph(440)/a p(440) Exp –37.50 0.433 –0.54 0.11 30.5 % 42.5 % 0.010 46
β⊥‖p (110◦)/β⊥⊥p (18◦) POC/SPM Exp –305.44 2.932 −0.89 0.07 36.8 % 39.4 % −0.015 58
β⊥‖p (110◦)/β⊥⊥p (18◦) POC/SPM Pow −3.124 6.598× 10−8

−0.91 0.09 29.8 % 37.6 % −0.001 58
DoLPp,max POC/SPM Exp 9.784 1.172× 10−4 0.85 0.01 19.3 % 23.4 % 0.029 31

c

DoLPp,max D90
V Lin −91.14 87.86 −0.78 6.2µm 13.2 % 14.5 % −0.006 71

aModels are the optically-based relationships for estimating particle parameters that characterize particulate assemblages in terms of mass concentration, size, or com-
position. Optical parameters are independent variables (x ), and particle parameters are dependent variables (y ). Linear (Lin) equations are of the form y =mx + b,
exponential (Exp) equations are of the form y = be mx, and power (Pow) equations are of the form y = bx m . For the exponential relationships, the correlation coeffi-
cient R was determined using log-transformed values of particle parameter and untransformed values of optical parameter, while for power relationships R was deter-
mined using log10-transformed optical and particle parameters. Regressions were developed and model performances were evaluated using all San Diego and Prudhoe
Bay data, excluding outliers, unless otherwise noted. All regressions are significant (F -test, p < 10−5).

bRegression and model performance use only Prudhoe Bay data with POC/SPM< 0.12.
cRegression and model performance use all data with POC/SPM< 0.12.

Table 2 includes regression coefficients and statistical parame-
ters to evaluate models shown in Fig. 8. When compared with c p

and b p , bbp appears as the more effective optical proxy for SPM.
This can be seen in Figs. 8(a)–8(c) where data points have a

tighter spread around the regression line in Fig. 8(c). This is also
supported in Table 2 with statistical parameters representing
median error: MdAPD and MdSA. The predictive relationship
for SPM based on bbp has MdAPD and MdSA less than about
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20%. In terms of MdAPD and MdSA, the b p regression model
is less accurate and c p model is least accurate (Table 2). We
acknowledge here that the measure of bias (i.e., MdLQ) sug-
gests there is some systematic overprediction of SPM in the bbp

model, while the c p model has the least bias (Table 2). Similar
findings have been observed regarding improved relationships
between bbp and SPM compared with c p and SPM [18,87],
although to our knowledge no previous analyses relied on esti-
mates of b p and bbp from integration of measuredβp over a wide
angular range.

When it comes to proxies for POC based on c p , b p , and bbp

measurements, a single robust relationship breaks down, which
can be attributed primarily to variations in composition of par-
ticulate assemblages [Figs. 8(d)–8(f )]. Similar results were found
in Reynolds et al . [20], and there is good agreement between
most of the Prudhoe Bay data and the inorganic-dominated
trend line from their study [Fig. 8(f )]. A composition-specific
regression model for POC emerges with uncertainty of around
20%–30%, depending on the optical proxy, for inorganic-
dominated assemblages (POC/SPM< 0.12) of the Prudhoe
Bay data (Table 2). In this case, bbp appears as the most effective
proxy for POC with the lowest MdAPD and MdSA, followed
by c p and then b p (Table 2). It is important to recognize that the
results of this analysis naturally depend on the assumed value
of the POC/SPM cutoff for inorganic-dominated particulate
assemblages. While the assumption of POC/SPM< 0.12
seems reasonable, a more conservative (i.e., lower) cutoff value
could be used [42]. In general, however, the usefulness of
POC/SPM data to classify particulate matter into inorganic-
dominated, organic-dominated, and mixed assemblages for
subsequent formulation of regression models to estimate POC
from optical measurements was demonstrated before [20,42].

E. Optical Proxies for Advanced Particle
Characterization

In Figs. 9–11, we plot various measures describing particle
composition and size distribution as functions of several optical
proxies. When linear correlations are strong (which we assume
as having |R |> 0.60), regression lines are plotted; one using
only San Diego data (gray dash-dotted line) and the other using
our entire dataset of Prudhoe Bay and San Diego data (black
solid line). Note that log-transformed data are utilized in most
regression and correlation analyses as indicated in subsequent
figures and table. Consistency between the two regression lines
suggests a relationship that is relatively independent of location
of coastal environment. We evaluate the regression models
using the entire dataset of Prudhoe Bay and San Diego data.
Two or three data points from Prudhoe Bay are identified in the
figures that are not included in the regression and validation
analysis. These data are excluded from regression-model devel-
opment because they represent extremes in the data or have
higher uncertainties regarding measurement quality.

First, we evaluate a commonly cited proxy for particle com-
position: the ratio of bbp/b p , also referred to as the particulate
backscattering ratio, which does not include polarization infor-
mation. In modeling simulations of homogenous spherical
particles, this proxy is sensitive to refractive index of parti-
cles; however, it still includes some effects of particle size [29].

0.01

0.1

0.8

P
O

C
/S

PM

R = -0.69

(a)

0.006 0.012 0.018 0.024
b

bp
/ b

p

0.03

0.1

0.8

a
ph

(4
40

)
/

a
p(4

40
)

R = -0.69

(b)

Fig. 9. Particle composition parameters (a) POC/SPM and
(b) a ph(440)/a p(440) as a function of bbp/b p for San Diego (SD;
squares) and Prudhoe Bay (PB; circles) samples. Data points are
color filled by POC/SPM value as indicated in the color bar legend of
Fig. 8(a). Linear regressions using all data and only SD data are shown
with a black line and gray dash-dotted line, respectively. Linear regres-
sions were determined using loge -transformed particle composition
data, and Pearson correlation coefficient based on all data is displayed
in each panel. Data not included in regression analysis are marked with
a “X.”

Typically, in situ measurements of bbp/b p reported in the liter-
ature rely on indirect determinations of b p from instruments
measuring non-water absorption and beam attenuation, and
they are prone to scattering errors in some cases [88]. In situ
determinations of bbp have typically relied on scattering mea-
surements at a single or a few backward angles only (e.g., [89]).
Our measurements of both b p and bbp are more direct in the
sense that the volume scattering function βp was measured over
the angular range of 0.08◦–145◦ and extrapolated to 180◦ for
integration of βp over appropriate angular ranges to estimate b p

and bbp.
Figure 9 depicts the two parameters describing particle com-

position as a function of bbp/b p . The ratio a ph(440)/a p(440)
can be considered to be generally representative of the relative
proportions of phytoplankton versus non-phytoplankton par-
ticles, while the assessment of composition with POC/SPM
provides a proxy of the contribution of all organic material to
SPM, whether it be phytoplankton or non-phytoplankton
particles. Whereas a ph(440)/a p(440) can theoretically achieve
values of 1 for a sample that is entirely dominated by phyto-
plankton, values of POC/SPM tend to approach maximum
values between about 0.4 and 0.55 in the ocean [39,90–92], and
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Fig. 10. Particle composition parameters (a),(b) POC/SPM and (c),(d) a ph(440)/a p(440) as functions of (a),(c) β⊥‖p (110◦)/β⊥⊥p (18◦) and
(b),(d) DoLPp,max for San Diego (SD; squares) and Prudhoe Bay (PB; circles) samples. Data points are color filled by POC/SPM value as indicated in
the color bar legend of Fig. 8(a). Linear regressions using all data and only SD data are shown with a black line and gray dash-dotted line, respectively.
Linear regressions were determined using loge -transformed particle composition data and Pearson correlation coefficient based on all data is displayed
in each panel if value exceeds 0.60. An additional regression line in (a) is shown with a purple dashed line and was determined with log10-transformed
data. Outliers not included in regression analysis are displayed with a “X.” The regression line in (b) only utilizes data with POC/SPM< 0.12.

only two samples with values over 0.55 are observed in the cur-
rent study. The values of POC/SPM from the current study are
in the approximate range 0.02–0.64, while a ph(440)/a p(440)
ranges from less than 0.04 up to 0.60. With the combination
of the Prudhoe Bay and San Diego datasets, POC/SPM val-
ues range nearly three orders of magnitude, with the Prudhoe
Bay data complementing the San Diego dataset that included
mostly relatively high POC/SPM with only two measurements
of POC/SPM< 0.14 [Fig. 9(b)]. The values of bbp/b p are
in the approximate range 0.007–0.026, which is consistent
with data from other studies [32,34,37,93]. In general, lower
values of bbp/b p tend to be observed with increasing contribu-
tion of phytoplankton to particulate absorption or increasing
POC/SPM, and the highest values of bbp/b p are found for non-
phytoplankton-dominated assemblages regardless of whether
contributions of inorganic matter or contributions of non-algal
particles are significant (Fig. 9).

In Fig. 9, the two Prudhoe Bay data points which represent
the highest values of the particulate backscattering ratio
(i.e., bbp/b p > 0.024) are marked with an “X” and not included
in the analyses of optical proxies for particle composition.
There is a noticeable difference between the San Diego and
all data trend lines for POC/SPM versus bbp/b p [Fig. 9(a)].
This is mostly driven by the cluster of four data points with
POC/SPM= 0.014−0.24 and high particulate backscat-
tering ratio (bbp/b p > 0.02). These particulate assemblages
are all from the San Diego River Estuary, and three of the

four samples are 5 µm filtrates [49]. It is possible these sam-
ples contain appreciable scattering contributions from small
or submicrometer mineral particles, which could increase
bbp/b p . On the other hand, San Diego and all data trend lines
for a ph(440)/a p(440) versus bbp/b p are relatively similar
[Fig. 9(b)]. Therefore, the predictive capabilities of bbp/b p may
perhaps be limited to distinguishing phytoplankton dominated
from non-phytoplankton-dominated assemblages (see also
[31]). Table 2 includes the model evaluation of the regression
analysis based on all data points and validates the assessment that
bbp/b p is a more effective proxy for a ph(440)/a p(440) than for
POC/SPM. For example, MdAPD and MdSA are over twice
as low for estimations of a ph(440)/a p(440) compared with
estimations of POC/SPM based on bbp/b p . We briefly mention
here that within our data, no improvements were observed for
the optical proxy bbp/c p compared with bbp/b p as an estimator
of a ph(440)/a p(440) or POC/SPM (Table 2).

Figure 10 illustrates particle composition parameters as
functions of polarized light scattering metrics. In Koestner et al .
[49], an optical proxy for particle composition was suggested
after identifying the polarization measurement combination
at two scattering angles which best predicted POC/SPM and
also appeared to be weakly sensitive to a particle size parameter.
The measurement combination was β⊥‖p (110◦)/β⊥⊥p (18◦),
where the first and second superscript characters denote the
incident and detected polarization states of the LISST-VSF
instrument, respectively. Note that an inadvertent error was
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Fig. 11. Particle size parameter D90
V as a function of DoLPp,max for

San Diego (SD; squares) and Prudhoe Bay (PB; circles) samples. Data
points are color filled by POC/SPM value as indicated in the color bar
legend of Fig. 8(a). Unfilled SD data points have no POC/SPM data.
Linear regressions using all data and only SD data are shown with a
black line and gray dash-dotted line, respectively. Pearson correlation
coefficient for all data is displayed. Outliers not included in regression
analysis are displayed with a “+”.

made in the presentation of results in the previous publication
[49], which mistakenly referred to parallel as perpendicular
and vice versa. An erratum was published to address this issue
[94]. In the present analysis we include the mostly turbid and
inorganic-dominated Prudhoe Bay data to assess potentially
broader applicability of the polarization-based proxy that was
originally identified from only San Diego data.

The proxy β⊥‖p (110◦)/β⊥⊥p (18◦) has a strong linear cor-
relation with POC/SPM with most data points falling along
the trend lines in Fig. 10(a). Furthermore, the trend line based
on San Diego data appears very similar to trend lines using
all data [Fig. 10(a)]. This is in stark contrast to the regres-
sion model for POC/SPM based on bbp/b p , which had a
larger spread of data around the trend lines and differences
between trend lines [Fig. 9(a)]. Unlike the backscattering
ratio, β⊥‖p (110◦)/β⊥⊥p (18◦) does not have a strong linear
correlation with a ph(440)/a p(440) for the entire combined
dataset [Fig. 10(c)], so trend lines are not shown (R =−0.50).
Although the San Diego data show a strong trend of decreasing
value of β⊥‖p (110◦)/β⊥⊥p (18◦) with increasing contribution
of phytoplankton to particulate absorption (R =−0.89),
the Prudhoe Bay data alone have weak correlation because of
significant scatter [Fig. 10(c)].

The improvements of β
⊥‖

p (110◦)/β⊥⊥p (18◦) compared
with bbp/b p as a proxy for particle composition parameter
POC/SPM can also be seen in terms of statistical metrics
assessing the models (Table 2). For example, MdSA is lower
by nearly a factor of 2 for estimations of POC/SPM from
β
⊥‖

p (110◦)/β⊥⊥p (18◦) compared with estimations from bbp/b p

(Table 2). Some of the highest β⊥‖p (110◦)/β⊥⊥p (18◦) values
from Prudhoe Bay do tend to skew the best fit regression line
to a slight systematic underprediction of high POC/SPM
values [Fig. 10(a)]. An additional power model using log10-
transformed optical and particle parameters appears to

provide improvements in bias and random error with accu-
racy of about 30%–38% (assessed with MdAPD and MdSA),
although RMSD, which is more sensitive to large errors, is
marginally worse for this power model (Table 2). Although
β
⊥‖

p (110◦)/β⊥⊥p (18◦) as a proxy for POC/SPM was origi-
nally identified through empirical analysis of measurements,
physical interpretation is possible through algebraic manipu-
lation of equations in Table 1. The polarized light scattering
proxy β

⊥‖

p (110◦)/β⊥⊥p (18◦) is approximately proportional

to βp (110◦)
βp (18◦) ×

DoLPp (110◦)+P22(110◦)
P22(18◦) , where P22 is the matrix

element p22 normalized by p11. The polarized light scat-
tering proxy is therefore related to the unpolarized ratio
βp(110◦)/βp(18◦), which is expected to behave similarly
to the particulate backscattering ratio bbp/b p ; however, this
polarized light scattering proxy includes some weighting based
on polarization properties such as DoLPp near its maximum
value and P22 at 110◦ and 18◦. In our previous study, we found
that DoLPp,max and P22(100◦) were reasonably good prox-
ies for particle size parameters and had weak correlation with
particle composition parameters, while P22(20◦) was a rea-
sonably good proxy for particle composition parameters and
had weak correlation with particle size parameters [49]. Thus,
it is possible to interpret β⊥‖p (110◦)/β⊥⊥p (18◦) as potentially
accounting for additional effects of particle size distribution on
light scattering, which may not be explicitly accounted for in
βp(110◦)/βp(18◦) or bbp/b p . We briefly note here that, as also
seen in our previous study, βp(110◦)/βp(18◦) underperformed
β
⊥‖

p (110◦)/β⊥⊥p (18◦) as a proxy for composition parameters
POC/SPM and a ph(440)/a p(440) in terms of all statistical
metrics examined.

In Fig. 10 we also present particle compositional param-
eters as functions of DoLPp,max. Although a strong linear
correlation was not observed between particle composition
parameters and DoLPp,max with only San Diego data [49],
various studies suggest DoLPp,max can be sensitive to par-
ticle composition [47,84,85]. A strong linear correlation is
not observed between a ph(440)/a p(440) and DoLPp,max

for the entire dataset [R = 0.39; Fig. 10(d)]; however, a pat-
tern emerges for a relationship between POC/SPM and
DoLPp,max when POC/SPM is low [Fig. 10(b)]. When con-
sidering only the inorganic-dominated assemblages (i.e., data
points with POC/SPM< 0.12), there is a strong linear cor-
relation between POC/SPM and DoLPp,max (R = 0.85).
Model estimations seem quite good for DoLPp,max as a proxy for
POC/SPM (Table 2), but only when this inorganic-dominated
condition is met within our data. It is clear that DoLPp,max

varies significantly for similar POC/SPM values when par-
ticulate assemblages are not inorganic-dominated, i.e., with
POC/SPM> 0.12 [Fig. 10(b)]. For example, nearly the entire
range of DoLPp,max 0.59–0.87 is seen for POC/SPM of approx-
imately 0.40 [Fig. 10(b)]. For the cases of POC/SPM> 0.12,
which can be assumed as mixed or organic-dominated, other
properties of particles must be responsible for such variability.

In Koestner et al . [49], we found that DoLPp,max was strongly
correlated with particle size parameter D90

V for the San Diego
dataset. Figure 11 presents D90

V as a function of DoLPp,max

for all Prudhoe Bay and San Diego data. The inclusion of the
Prudhoe Bay data expands the San Diego dataset with larger
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D90
V values greater than 30 µm. Note that three data points in

Fig. 11 are marked with a “+” and excluded from regression
analysis because of increased uncertainty in measurements with
the LISST-VSF ring detectors for these samples. The trend line
developed with only San Diego data is similar to the trend line
developed with all data (Fig. 11). Thus, the relationship between
particle size parameter D90

V and DoLPp,max observed within the
entire dataset does not appear to be region specific. Remarkably,
aggregate statistical metrics suggest there is minimal bias and
accuracy of better than 15% for estimating D90

V from DoLPp,max

using the linear model shown in Fig. 11 (Table 2).
We provide some additional comments here regarding our

particle size distribution measurements. We acknowledge that
the particle sizing approach for the Prudhoe Bay samples was
different than the impedance-based particle counting technique
utilized with San Diego samples [35,49]. However, the two
approaches can provide good agreement over the particle size
range of about 1 to 50 µm for broad polydisperse assemblages
[69]. Additional comparison experiments using seawater sam-
ples from San Diego coastal waters were performed to assess
similarity of PSDs using the Multisizer 3 (Beckman Coulter)
and the LISST-VSF diffraction-based approach. Of most rel-
evance to the current study, D90

V values were less than 10%
higher based on LISST-VSF measurements as compared with
Multisizer 3 measurements.

Although DoLPp,max does trend with POC/SPM for low
POC/SPM values, it is unclear if particle size is driving this rela-
tionship, because as can be seen in Fig. 12, the majority of the
low POC/SPM data also have high D90

V values. We suspect this
may be related to aggregation facilitated by terrestrial material
deposited by various river systems in the Prudhoe Bay region
(Fig. 1). Quantitatively, there are improvements in MdAPD and
MdSA of DoLPp,max-based estimations of D90

V (about 14%)
compared with estimations of POC/SPM (about 21%), even
when only utilizing the low POC/SPM data in evaluating the
latter estimations (Table 2). Additionally, if only data points
which include both D90

V and POC/SPM measurements are
compared, there are improvements in the statistical significance
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Fig. 12. POC/SPM as a function of D90
V for San Diego (SD;

squares) and Prudhoe Bay (PB; circles) samples. Data points are
colored by POC/SPM value as indicated in the color bar legend of
Fig. 8(a). Linear regression using all data is shown with a black line.
Pearson correlation coefficient is displayed. Data not included in
regression analysis are marked with a “+”.

(i.e., null hypothesis p-value) by over 5 orders of magnitude
for D90

V versus DoLPp,max compared to POC/SPM versus
DoLPp,max (not shown). To more confidently conclude the
differing roles of particle size distribution and composition in
DoLPp,max for natural assemblages of aquatic particles, more
measurements in other regions are needed, especially with
samples containing predominantly small-sized particles that
are inorganic and predominantly large-sized particles that are
organic.

4. SUMMARY AND CONCLUDING REMARKS

The current study expands upon our previous work regarding
the development of optical proxies based on angle-resolved
light scattering measurements to estimate particle size and
compositional characteristics of natural assemblages of aquatic
particles. These optical proxies can be useful for potential appli-
cation of optical measurements from autonomous platforms,
moorings, and traditional ship-based operations. While the pre-
vious studies [35,49] involved evaluation of highly contrasting
natural assemblages of particles from San Diego coastal environ-
ments, the current study includes samples from Arctic coastal
waters that are representative of more turbid and inorganic-
particle dominated waters with influence of terrestrial material.
Comprehensive analysis of these new samples involved in situ
measurements of angle-resolved polarized light scattering and
characterization of particulate material with various parameters
derived from particle mass concentration, particulate organic
carbon concentration, particle size distribution, and particulate
light absorption measurements.

We first developed empirical corrections for undesired effects
of multiple scattering, which can impact light scattering mea-
surements in highly turbid environments. These corrections
enable effective in situ use of the LISST-VSF instrument in
various aquatic environments, including relatively turbid waters
when the particulate beam attenuation coefficient exceeds
2 m−1. Second, we presented measurement results of angular
distribution of polarized light scattered by particles in Arctic
coastal waters with concurrent measurements of particulate
properties associated with particulate composition and size
distribution. Finally, we evaluated various optical measurements
as proxies for SPM and POC, as well as particle composition and
size distribution parameters.

The current study demonstrates that the particulate backscat-
tering coefficient bbp is a more effective predictor of SPM as
compared with the particulate scattering coefficient b p and
particulate beam attenuation coefficient c p . All three optical
measurements are generally weak proxies for POC unless par-
ticulate assemblages are classified beforehand in terms of particle
composition based on proportions of organic and inorganic
matter in SPM as parameterized by the POC/SPM ratio. The
ratio of β⊥‖p (110◦)/β⊥⊥p (18◦) is an effective proxy for parti-
cle composition parameter POC/SPM over a wide range of
assemblages of aquatic particles from coastal waters in Southern
California and Northern Alaska, while the ratios bbp/b p or
bbp/c p are not nearly as effective. In terms of estimating a parti-
cle size parameter, DoLPp,max is a reasonably good proxy for D90

V
for our entire dataset, achieving less than 15% uncertainty. Note
that an additional proxy for D90

V , i.e., β⊥‖p (110◦)/β⊥⊥p (110◦),
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was also evaluated but did not perform satisfactorily when the
examined dataset included the data from Prudhoe Bay. The
optical proxies β⊥‖p (110◦)/β⊥⊥p (18◦) and DoLPp,max for par-
ticle composition and size parameters, respectively, showed no
appreciable differences in their predictive capabilities between
the examined datasets from the two contrasting coastal marine
environments in the Southern California and Northern Alaska
regions.

DoLPp,max values were found to be approximately 0.5–0.9
for a wide range of natural particle assemblages examined.
Although DoLPp,max was strongly correlated with particle
size, it is unclear from our dataset what role particle composi-
tion may play in driving changes of DoLPp,max. In our data,
when samples are organic-dominated (phytoplankton or non-
phytoplankton), particle size is clearly an important driver of
change in DoLPp,max, whereas particle composition does not
appear to have any clear influence on DoLPp,max. On the other
hand, when particle assemblages are inorganic-dominated,
composition appears to be relevant in that there is a trend of
decreasing values of DoLPp,max coinciding with decreasing
POC/SPM which is indicative of increasing contribution of
inorganic particles. The roles of size and composition cannot,
however, be separated because overall there is a trend of increas-
ing D90

V with decreasing POC/SPM within our dataset. Such
trends can be variable across diverse marine environments; for
example, in another study of near-shore waters at San Diego’s
Imperial Beach, opposite trends between D90

V and POC/SPM
were observed [42]. Further studies encompassing even more
diverse environments and particulate assemblages, specifically
assemblages containing a high abundance of small-sized inor-
ganic particles, are required to improve the assessment of the
relationships between DoLPp,max and particle properties that
have been observed in the current study.

The consequences of rapidly changing Arctic environments
are expected to be clearly manifested in coastal regions such as
the region near Prudhoe Bay [95,96]. To our knowledge, we
presented the first comprehensive characterization of angle-
resolved polarized light scattering properties of aquatic particle
assemblages in Arctic coastal waters while also explaining the
variability of measured optical properties in terms of measured
particle size and compositional parameters. Given the remote
nature of the Arctic region and anticipated future changes in the
Arctic marine environments including dynamics of suspended
biological and non-biological particulate matter, we expect
the results of the present study can be particularly useful for
advancing the potential applicability of optical measurements
from in situ platforms such as autonomous floats and moor-
ings as well as from above-water remote sensing radiometric
and polarimetric sensors. Furthermore, there is a need for the
advancement of optically-based approaches for deriving biogeo-
chemically relevant parameters linked to primary production
and the biological carbon pump (e.g., [97,98]), and we believe
findings from the current study can inform the development of
new polarized light scattering sensors for use on autonomous
platforms in the ocean such as biogeochemical Argo floats [2]
and gliders.
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42. S. B. Woźniak, D. Stramski, M. Stramska, R. A. Reynolds, V. M.
Wright, E. Y. Miksic, M. Cichocka, and A. M. Cieplak, “Optical vari-
ability of seawater in relation to particle concentration, composition,
and size distribution in the nearshore marine environment at Imperial
Beach, California,” J. Geophys. Res. Oceans 115, C08027 (2010).

43. E. S. Fry and K. J. Voss, “Measurement of the Mueller matrix for
phytoplankton,” Limnol. Oceanogr. 30, 1322–1326 (1985).

44. O. Muñoz, F. Moreno, D. Guirado, D. D. Dabrowska, H. Volten, and J.
W. Hovenier, “The Amsterdam–Granada light scattering database,”
J. Quant. Spectrosc. Radiat. Transfer 113, 565–574 (2012).

45. M. S. Quinby-Hunt, A. J. Hunt, K. Lofftus, and D. Shapiro, “Polarized-
light scattering studies of marine Chlorella,” Limnol. Oceanogr. 34,
1587–1600 (1989).

46. Ø. Svensen, J. J. Stamnes, M. Kildemo, L. M. S. Aas, S. R. Erga, and
Ø. Frette, “Mueller matrix measurements of algae with different shape
and size distributions,” Appl. Opt. 50, 5149–5157 (2011).

47. H. Volten, J. F. De Haan, J. W. Hovenier, R. Schreurs, W. Vassen,
A. G. Dekker, H. J. Hoogenboom, F. Charlton, and R. Wouts,
“Laboratory measurements of angular distributions of light scat-
tered by phytoplankton and silt,” Limnol. Oceanogr. 43, 1180–1197
(1998).

48. P. J. Wyatt and C. Jackson, “Discrimination of phytoplankton via
light-scattering properties,” Limnol. Oceanogr. 34, 96–112 (1989).

49. D. Koestner, D. Stramski, and R. A. Reynolds, “Polarized light scat-
tering measurements as a means to characterize particle size and
composition of natural assemblages of marine particles,” Appl. Opt.
59, 8314–8334 (2020).

50. D. Stramski, R. A. Reynolds, P. Gernez, R. Röttgers, and O. Wurl,
“Inherent optical properties and particle characteristics of the
sea-surfacemicrolayer,” Prog. Oceanography 176, 102117 (2019).

51. B. Cochenour, K. Dunn, A. Laux, and L. Mullen, “Experimental mea-
surements of the magnitude and phase response of high-frequency
modulated light underwater,” Appl. Opt. 56, 4019–4024 (2017).

52. L. Hu, X. Zhang, andM. J. Perry, “Light scattering by pure seawater at
subzero temperatures,” Deep–Sea Res. I 162, 103306 (2020).

53. R. Sahoo, S. K. Sahu, and P. Shanmugam, “Estimation of the channel
characteristics of a vertically downward optical wireless commu-
nication link in realistic oceanic waters,” Opt. Laser Technol. 116,
144–154 (2019).

54. H. Sandven, A. S. Kristoffersen, Y. Chen, and B. Hamre, “In situ
measurements of the volume scattering function with LISST-VSF

https://doi.org/10.1890/08-2025.1
https://doi.org/10.3354/meps10278
https://doi.org/10.1016/0025-3227(81)90156-0
https://doi.org/10.4319/lo.2012.57.1.0124
https://doi.org/10.1002/2017GL073949
https://doi.org/10.1002/lno.10341
https://doi.org/10.1002/lno.10341
https://doi.org/10.1029/2010GL044640
https://doi.org/10.1029/2011JC007771
https://doi.org/10.1002/2017JC012844
https://doi.org/10.1126/science.285.5425.239
https://doi.org/10.5194/bg-5-171-2008
https://doi.org/10.1364/AO.52.006710
https://doi.org/10.1126/science.aay1790
https://doi.org/10.1029/2009JC005303
https://doi.org/10.1029/2009JC005303
https://doi.org/10.1364/AO.54.007264
https://doi.org/10.1016/S0025-3227(00)00044-X
https://doi.org/10.1364/AO.50.001240
https://doi.org/10.1029/2000JC000404
https://doi.org/10.1364/AO.33.007070
https://doi.org/10.1029/2002JC001514
https://doi.org/10.1029/2002JC001514
https://doi.org/10.3390/app8122690
https://doi.org/10.1029/2019JC014998
https://doi.org/10.1029/2019JC014998
https://doi.org/10.1364/OE.15.007019
https://doi.org/10.1029/2005JC003008
https://doi.org/10.4319/lo.2003.48.2.0843
https://doi.org/10.4319/lo.2003.48.2.0843
https://doi.org/10.1364/AO.40.002929
https://doi.org/10.4319/lo.2007.52.6.2418
https://doi.org/10.1029/2009JC005554
https://doi.org/10.4319/lo.1985.30.6.1322
https://doi.org/10.1016/j.jqsrt.2012.01.014
https://doi.org/10.4319/lo.1989.34.8.1587
https://doi.org/10.1364/AO.50.005149
https://doi.org/10.4319/lo.1998.43.6.1180
https://doi.org/10.4319/lo.1989.34.1.0096
https://doi.org/10.1364/AO.396709
https://doi.org/10.1016/j.pocean.2019.05.009
https://doi.org/10.1364/AO.56.004019
https://doi.org/10.1016/j.dsr.2020.103306
https://doi.org/10.1016/j.optlastec.2019.03.023


Research Article Vol. 60, No. 36 / 20 December 2021 / Applied Optics 11179

and LISST-200X in extreme environments: evaluation of instrument
calibration and validity,” Opt. Express 28, 37373–37396 (2020).

55. X. Zhang, L. Hu, Y. Xiong, Y. Huot, and D. Gray, “Experimental esti-
mates of optical backscattering associated with submicron particles
in clear oceanic waters,” Geophys. Res. Lett. 47, e2020GL087100
(2020).

56. X. Zhang, L. Hu, D. Gray, and Y. Xiong, “Shape of particle backscat-
tering in the North Pacific Ocean: the χ factor,” Appl. Opt. 60, 1260–
1266 (2021).

57. D. Koestner, D. Stramski, and R. A. Reynolds, “Assessing the effects
of particle size and composition on light scattering through measure-
ments of size-fractionated seawater samples,” Limnol. Oceanogr. 65,
173–190 (2020).

58. C. F. Bohren, “Multiple scattering of light and some of its observable
consequences,” Am. J. Phys. 55, 524–533 (1987).

59. D. Doxaran, E. Leymarie, B. Nechad, A. Dogliotii, K. Kuddick, P.
Gernez, and E. Knaeps, “Improved correction methods for field mea-
surements of particulate light backscattering in turbid waters,” Opt.
Express 24, 3615–3637 (2016).

60. H. S. Ugulen, H. Sandven, B. Hamre, A. S. Kristoffersen, and C.
Saetre, “Analysis of multiple scattering errors in LISST-VSF volume
scattering function measurements using Monte Carlo simulations
and experimental data,” Opt. Express 29, 12413–12428 (2021).

61. T. R. Parsons, Y. Maita, and C. M. Lalli, A Manual of Chemical and
Biological Methods for Seawater Analysis (Pergamon, 1984).

62. D. W. van der Linde, “Protocol for the determination of total sus-
pendedmatter in oceans and coastal zones,” Technical note I.98.182
(Joint Research Centre, 1998).
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