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Abstract Optical properties are used to understand the spatial and temporal variability of particle
properties and distribution within the Columbia River Estuary, especially in the salinity transition zone and
in the estuarine turbidity maximum region. Observations of optical properties in the Columbia River Estuary
are consistent with the established model that the river water brings more organic, smaller particles into
the estuary, where they flocculate and settle into the salt wedge seaward of the density front. Large tidal
currents resuspend mineral-rich, larger aggregates from the seabed, which accumulate at the density
front. Optical proxies for particle size (beam attenuation exponent 𝛾 and backscattering exponent 𝛾bb) are
compared to conventional measurements. The 𝛾 and 𝛾bb are different to the expected trend with Sauter
mean diameter Ds of suspended particles from low- to medium-salinity waters (LMW). Ds increases in the
LMW as does the 𝛾 derived from a WET Labs ac-9, which indicates that the particle population dominating
the ac-9 is decreasing in size. The most likely explanation is that flocculation acting at LMW transfers mass
preferentially from medium-sized particles to large-sized particles that are out of the size range to which
the ac-9 is most sensitive; 𝛾bb shows no trend in the LMW. Since 𝛾bb is a proxy of proportion of fine particles
versus large flocs, the variation of 𝛾bb may be insensitive to changes in the medium-sized particles. The
overall results demonstrate that 𝛾bb is a reliable proxy for changes in particle size in a stratified environment.

Plain Language Summary Suspended particles delivered by rivers affect water quality in
estuaries, so effective and economical monitoring of the variability of particles is particularly important
in environmental management. Direct measurements of suspended particle size, concentration, and
composition from water samples require substantial time and labor, which has driven efforts to develop
indirect, yet accurate, alternative measurements of particle properties. In this study, we used optical
instruments to measure particle variability within the Columbia River Estuary. The observations demonstrate
that the river water delivered smaller, organic particles to the estuary, where they aggregated with one
another and deposited to the seafloor. Large tidal currents resuspended mineral-rich, larger aggregates
from the seafloor, and these aggregates accumulated in the region where river waters encountered coastal
ocean waters that flowed into the estuary. We observed that optical measurements related to particle
size were different from the expected trend in the transition zone between fresh, river water and salty,
coastal water. This unexpected trend requires more study, but we propose that it was caused by preferential
aggregation of medium-sized organic-rich particles into large particles. This process would affect the
processing of carbon, nutrients, and contaminants in estuaries.

1. Introduction

Estuaries are semienclosed coastal bodies of water in which sea water from the ocean mixes with fresh water
delivered by drainage of the land (Pritchard, 1967). Mixing causes extensive biogeochemical transformation
of the dissolved and particulate constituents delivered by fresh water discharge, so estuaries act as filters that
selectively remove some fresh water constituents while allowing others to flow into the coastal ocean (e.g.,
Crump et al., 2017). These transformations affect the cycling of carbon and nutrients in estuarine and coastal
waters, and they influence the distribution and fate of contaminants (McGuirk Flynn, 2008; Small & Prahl, 2004;
Wolanski, 2007).

Much of the organic carbon and nutrients are in particulate form, and many contaminants adsorb read-
ily to particle surfaces. The importance of particles in estuaries has motivated extensive research into their
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Figure 1. Schematic diagram of particle dynamics in an estuary. The wave line denotes the air-water interface. The
dashed curves S0 and S1 separate three zones: fresh water, low- to medium-salinity water (LMW) and high-salinity water.
Riverine organic and inorganic particles are delivered to an estuary as single particles. In the LMW, flocculation transfers
mass into larger flocs. Some of the newly formed larger flocs deposit in the vicinity of the salinity intrusion into the
estuary. Smaller flocs are transported seaward, grow larger by flocculating with locally produced and other riverine
particles, sink to the bottom layer, and are advected landward by the residual flow. Mineral particles and larger
aggregates are resuspended and trapped in an estuarine turbidity maximum (ETM). Modified from Wolanski (2007).

transport, trapping, and transformation and that research has produced a generalized model (Figure 1) for
estuarine particle dynamics (e.g., Wolanski, 2007). Riverine organic and inorganic particles are delivered to an
estuary as single particles. As mixing with sea water causes salinity to increase to a few parts per thousand,
particles that collide with one another stick, either because of electrochemical coagulation or because of floc-
culation caused by bonding of particles by organic molecules (Hill et al., 2007). The resulting large, loosely
bound, and fragile agglomerations of particles typically are called flocs. The formation of flocs is important
because they sink much faster than their constituent particles (Hill et al., 2000; Milligan et al., 2007). The larger
settling velocities cause larger, faster-sinking flocs to deposit, often temporarily, to the seabed in the vicin-
ity of head of the dense intrusion of saltier water into the estuary. Flocs form in low turbulence and break up
under high shear stress (Kranck & Milligan, 1992; Milligan et al., 2001), so they have a dynamic size distribution.
Smaller flocs are transported seaward in the fresher water that flows over the salinity intrusion. In the fresher
surface waters, small flocs interact with locally produced organic matter to form larger flocs that also sink to
the bottom. These flocs are transported back into the estuary by near-bed residual flow caused by entrain-
ment of seawater into the seaward flowing fresh water at the surface. The seaward transport of some sea water
at the surface is compensated by landward transport of sea water near the seabed. The combination of ini-
tial deposition of large flocs at the head of the salinity intrusion and the landward transport of flocs removed
from the surface layer further down estuary leads to accumulation of sediment in an estuarine turbidity max-
imum (ETM). Flocs that are retained and continually cycled between the bed and the suspension eventually
become compacted, and the bonds between component particles become stronger. These tougher agglom-
erations of particles are referred to as aggregates (Milligan et al., 2001). The settling velocity of aggregates is
higher than the flocs (Milligan et al., 2001).

This conceptual model of particle transport in estuaries was built in large part from in situ observations of
particle size gathered with underwater cameras (e.g., Eisma et al., 1983, 1991, 1996; Kranck & Milligan, 1992;
Wolanski & Gibbs, 1995) and instruments that measure the near-forward angular distribution of scattered light
(e.g., Sequoia Scientific LISST 100; Braithwaite et al., 2010; Gartner et al., 2001; Guo et al., 2017; Sahin et al.,
2017). These same instruments, however, have limited potential to develop more complete understanding of
the complexity of particle transport and transformation in estuaries. In particular, because the position of the
salinity intrusion varies widely in response to changes in tidal stage, tidal range, and river flow (MacCready,
1999), rapid changes in particle concentration, size, and composition occur in space and in time in estuaries.
Conventional particle sizing instruments are large and relatively expensive, so it is not practical to deploy
multiple instruments to resolve spatial and temporal variability. Furthermore, because light is scattered by
small-scale differences in fluid density, instruments that use the near-forward distribution of scattered light
to infer size are prone to error in stratified parts of estuaries (Mikkelsen et al., 2008; Tao et al., 2017).
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The goal of this research is to evaluate the utility of a set of optical proxies (OPs) for particle properties (PPs)
in resolving particle dynamics in stratified estuaries, especially for particle size variability. The exponents of
the particulate beam attenuation spectrum and of the particulate optical backscatter spectrum, which have
been linked to the particle size distribution (PSD; Boss, Pegau, et al., 2001; Boss, Twardowski, et al., 2001; Morel,
1973; Slade & Boss, 2015), were estimated with two sets of measurements in the Columbia River Estuary (CRE).
The first set was gathered on an along-river transect that spanned the critical transition from fresh to medium
salinity waters. The second set was gathered at an anchor station located in a part of the CRE through which
the ETM migrated on an ebb tide. The spatial and temporal variability in the exponents were compared to
conventional measurements of particle size. Optical proxies for particle concentration and composition also
were measured and used to assist in the interpretation of observed patterns of variability in the exponents.

1.1. Links Between Particle, Optical, and Microphysical Properties
Because substantial time and labor are required to measure PPs directly, in situ optical instruments have been
developed to provide simple, automated, and nearly continuous measurements of PPs over a range of forc-
ing conditions. These in situ optical measurements also avoid issues of handing of water samples, which can
alter the particulate size distribution (Reynolds et al., 2010). The PPs have been retrieved from the inherent
optical properties of particles, such as particulate attenuation coefficient (cp(𝜆), m−1), absorption coefficient
(ap(𝜆), m−1), scattering coefficient (bp(𝜆), m−1), backscattering coefficient (bbp(𝜆), m−1), and near-forward scat-
tering (Boss, Taylor, et al., 2009; Effler et al., 2013; Neukermans et al., 2012). Those inherent optical properties
have been used to study PSD (Agrawal & Traykovski, 2001; Bale & Morris, 1987; Boss, Pegau, et al., 2001, Boss,
Twardowski et al., 2001; Ellis et al., 2004; Hill et al., 2011), suspended particle concentration (Boss, Slade, & Hill,
2009; Jones & Wills, 1956; Neukermans et al., 2012; Spinrad et al., 1983) and particle composition (Babin et al.,
2003; Peng & Effler, 2007; Twardowski et al., 2001; Woźniak et al., 2010).

PSD in marine waters is a fundamental property of particle assemblages that is influenced by biologi-
cal growth, flocculation, deflocculation, resuspension, and deposition (Xi et al., 2014). The PSD also affects
particulate light scattering and vertical sediment flux. PSDs are sometimes approximated by a power law
(Junge-like) distribution.

N(D) = N(D0)(D∕D0)
−𝜉
, (1)

where N(D) is the number of particles per unit volume per unit bin width (in L−1 ⋅μm−1 or m−4). D0 is a reference
diameter (in μm). The exponent of the PSD, 𝜉, is the PSD power law exponent with typical values between
2.5 and 5, and 4 being a common oceanic value (Boss, Pegau, et al., 2001; Boss et al., 2013; Stramski & Kiefer,
1991; Slade & Boss, 2015). Assuming that the PSD is described well by the power law distribution, the PSD
exponent is theoretically related to the spectral exponent of particulate beam attenuation and particulate
backscattering (Boss, Pegau, et al., 2001; Boss, Twardowski et al., 2001; Hulst & van de Hulst, 1957; Morel, 1973;
Stramska et al., 2003; Volz, 1954). The beam attenuation exponent, 𝛾 , is computed from cp(𝜆) spectra by fitting
it with the following power law relationship with wavelength

cp(𝜆) = cp(𝜆0)(𝜆∕𝜆0)
−𝛾
, (2)

where 𝜆0 is a reference wavelength (in nm). In highly energetic coastal environments, the power law formu-
lation with a single exponent provides a poor description of the PSD (Reynolds et al., 2010). The exponent of
the number PSD is insensitive to the changes in larger particles, so it is better to quantify the PSD changes
by other parameters such as average particle size and Satuer mean diameter. Slade and Boss (2015) showed
that the spectral exponent of cp is a proxy for average suspended particle size (Davg), with 𝛾 inversely and
linearly related to Davg derived from LISST-100X (Laser In-Situ Scattering and Transmissometry) PSD data for
measurements performed in a bottom boundary layer.

The backscattering exponent 𝛾bb, which is computed from bbp(𝜆) spectra using an equation equivalent to
equation (2), was also found to be an indicator of particle size in a similar manner to 𝛾 . Based on Slade
and Boss (2015) observations, 𝛾 and 𝛾bb can be used to infer changes in particle size, at least for nonalgal
particle-dominated waters such as river plumes and bottom boundary layers. The spectral exponent of cp and
bbp have been estimated in the various waters, and the range of reported values of 𝛾 is from 0.016 to 1.5 (D’Sa
et al., 2007; Huang et al., 2016; Reynolds et al., 2016).

Numerous studies have used optical backscattering sensors to assess suspended particulate matter (SPM)
concentration (e.g., Creed et al., 2001; Downing, 2006; Jouon et al., 2008; McKee & Cunningham, 2006; Snyder
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et al., 2008). The particulate backscattering coefficient bbp is linearly proportional to the SPM concentration in
open ocean and coastal waters, allowing it to be used as a proxy for particulate mass (Boss, Taylor, et al., 2009;
Neukermans et al., 2012; Tao et al., 2017).

Particulate matter contains both organic and inorganic particles, whose relative concentrations vary in coastal
waters. The bulk index of refraction is a useful parameter describing the composition of particles. Organic par-
ticles consist of soft watery protoplasm that results in low refractive indices relative to water (1.02–1.08; Aas,
1996; Babin et al., 2003). Inorganic particles include various minerals or shell material produced by organisms,
so they have higher refractive indices (1.15–1.20; Stramski et al., 2004; Zaneveld et al., 1974). The particulate
backscattering ratio (bbr, the ratio of backscattering to total scattering by particles, bbp/bp) provides a proxy
of bulk index of refraction of the assemblages and hence of composition; however, bbr also is affected by
the PSD because small-sized particles have high backscattering efficiency (Boss et al., 2004; Twardowski et al.,
2001). The bbr value indicates the dominance of organic (bbr ∼ 0.005) versus inorganic (bbr ∼ 0.02) compo-
sition of the suspended particles when the PSD is not very steep (Twardowski et al., 2001). When it is steep
(𝜉 > 4.4), bbr is sensitive to size (e.g., Boss et al., 2007).

1.2. CRE Background
The CRE, at the border between Oregon and Washington in the USA, is affected by large tidal currents, strong
winds, and seasonally varying river discharges, all of which influence plume dynamics and associated sedi-
ment transport (Elias et al., 2012). The mean tidal range in the CRE is 2.4 m with a neap to spring range from
2 to 4 m. Peak tidal velocities in the narrow entrance channel can reach up to 3 m/s at the mouth during
ebbs. Monthly average flow varies from 9,000 m3/s in May to 3,500 m3/s in September, and annual mean flow
is 7,300 m3/s at Dalles (Bottom et al., 2005; MacCready et al., 2009). The largest monthly average flows are
observed during May-June freshets, due to snowmelt in the eastern subbasin (Fain et al., 2001). Weaker win-
ter freshets are fed primarily by coastal tributaries, while the smallest flows occur during late summer when
precipitation and snowmelt runoff are minimal (Hudson et al., 2017). Suspended sediment in the CRE is pri-
marily of fluvial origin, composed mostly of fine particles (silt and clay) and aggregates (Jay & Smith, 1990).
SPM concentration is typically less than 100 g/m3 throughout the CRE (Fain et al., 2001). The present sediment
discharge is ∼8 million tons per year (Spahn et al., 2009), and about 70% of the fine particles move through
the estuary and into the ocean (Nowacki et al., 2012).

The CRE has a pronounced ETM due to particle trapping caused by convergent tidal shear fluxes, strong cur-
rents that resuspend material from the bed, and a robust internal circulation (Fain et al., 2001; Jay & Musiak,
1994). The strength and positioning of the ETM largely controls the distribution of the SPM. Because ETMs are
typically found near or seaward of the upstream limits of salinity intrusions (Fain et al., 2001; Jay & Musiak,
1994), the magnitude and location of the ETM depends on the strength of the tides, river flow, and stratifica-
tion (Geyer, 1993; Hudson et al., 2017; Jay & Smith, 1990). The CRE changes from a weakly to strongly stratified
estuary within a spring-neap cycle (Jay & Smith, 1990). During neap tides, reduced vertical mixing and higher
stratification result in increased salinity intrusion and upstream movement of the ETM. By contrast, high flow
conditions during spring tides exhibit increased vertical mixing and lower stratification, with downstream
movement of the ETM (Hudson et al., 2017; Jay & Smith, 1990).

2. Materials and Methods

A profiling instrument package was deployed from the R/V Point Sur to measure water temperature and
salinity, OPs (𝛾 , 𝛾bb, bbp, and bbr), PSD, SPM, and Chl along transects inside the CRE. The instrument pack-
age carried a Sequoia Scientific LISST-100X Type B, a Machine Vision Floc Camera (MVFC), a WET Labs
ac-9 absorbance and attenuation sensor with a 10-cm pathlength and a WET Labs ECO BB2FL, a WET
Labs WETStar CDOM (Colored Dissolved Organic Matter) Fluorometer, an RBR CTD (conductivity, tem-
perature, and depth sensors), a SeaBird-37 CTD, and two pressure-actuated Niskin bottles. Data were
collected on 44 descending profiles at a number of stations along the estuary (Figure 2). Particle and optical
properties were measured in vertical profiles with profiling speed of 0.5 m/s. Measurements were made
during 1–5 June 2013, a period corresponding to relatively high discharge conditions. Daily averaged
flow was 8,930 m3/s at Beaver Army Terminal during the measuring period. The predicted tidal current
data were downloaded from National Oceanic and Atmospheric Administration Tides and Currents web-
site (https://tidesandcurrents.noaa.gov/currents13) at Sand Island Tower midchannel station (Figure 2).
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Figure 2. Map of the CRE with sampling stations (labeled by red dots and
white dot). The anchor station is labeled by the white dot near the estuary
entrance. Location of predicted tidal current is at Sand Island Tower (white
triangle). Positions of sampling stations are plotted over a digital elevation
model with 40-m horizontal resolution (Stevens et al., 2017), which was
provided by U.S. Geological Survey. CRE = Columbia River Estuary.

2.1. PSD Measurements
The LISST-100X in situ particle sizing instrument operates on the princi-
ple of laser diffraction, and it has been used widely to estimate PSD and
volume concentration VC(D) (μL/L) in coastal waters (Agrawal & Pottsmith,
2000; Fugate & Friedrichs, 2002; Hill et al., 2011; Mikkelsen et al., 2005; Slade
& Boss, 2015; Traykovski et al., 2004). The LISST uses near-forward laser
light scattering to retrieve the in situ volume distribution of suspended
particles. The LISST sampled continuously while in the water and was set
to average 50 scans within 2 s, which were inverted to PSD using the
manufacturer-provided software. LISST data were processed in MATLAB
(The MathWorks, Inc., Natick, MA, http://www.mathworks.com) yielding
an estimate of VC(D). The spherical scattering property kernel matrix pro-
vided by Sequoia Scientific was used to convert the angular distribution
of scattered light into a PSD. The size distributions were binned into 32
size bins ranging from 1.25 to 250 μm. Assuming all particles are spherical,
VC(Di) in size bin i was converted to area size distribution AC(Di) (m2/m3;
total cross-sectional area for a given size bin per volume; Neukermans et al.,
2012).

The MVFC was programmed to take images continuously with an image interval of 5 s. The MVFC took
gray-scale silhouette images of the suspended particles in the water column (Hill et al., 2011). Size analysis was
performed with ImageJ (Image Processing and Analysis in Java, http://imagej.nih.gov/ij/). Images first were
converted to binary images, using Triangle thresholding to determine the gray-scale value used to distinguish
particles from the background (Zack et al., 1977). The Triangle threshold value is determined by normalizing
the height and dynamic range of the pixel intensity histogram in an image (Tajima & Kato, 2011). In image
analysis, an assumption of spherical particles was made to be consistent with LISST spherical shape particle
model. The outputs were analyzed in MATLAB to detect particles with circularity values larger than 0.3 (a value
1.0 means a perfect circle). Elongated particles generally were diatom chains that were difficult to quantify
precisely with the image analysis algorithms. Overall, approximately 16% of the particles in the images had cir-
cularities lower than 0.3, so area and volume concentrations were underestimated. This underestimation was
deemed acceptable because the error associated with the assumption of sphericity during conversion of vol-
ume to area increases rapidly for circularities below 0.3. Nine pixels were chosen as the minimum number of
pixels (3×3 pixels) to define a particle in an image, so the smallest particle resolved was approximately 36 μm
in diameter (Mikkelsen et al., 2006). The largest particle observed in the images was approximately 540 μm in
diameter in this study, but measurement range extended up to ∼4 cm. Particle areas and equivalent spheri-
cal diameters were subsequently computed and binned into 37 logarithmically increasing bin sizes using the
same class size widths as the LISST.

Because of MVFC and LISST have different data collection frequencies, each MVFC area distribution was
merged with its corresponding LISST particle area distribution that was closest in time. The LISST and MVFC
PSD overlapped across 12 bins (21–32) with median diameters from 34 to 212μm. The overlap size bins 21–23
were selected as the merge bins. The proportion of area concentration from the LISST and from the MVFC in bin
21 was 75% and 25%, respectively. In size bins 22 and 23, the weight of LISST area concentration reduced to
50% and 25%, and the weight of MVFC area concentration raised to 50% and 75%, respectively. This weighted
method produced smooth interpolation from LISST area concentration to MVFC area concentration. The size
bins 1–5 were omitted to mitigate the influence of rising tail in the LISST size spectrum (Mikkelsen et al., 2005).
The full merged particle area concentration distribution was formed with data from the LISST (bins 6–20),
weighted data from the LISST and MVFC (bins 21–23), and data from the MVFC (bins 24–37). The merged area
PSD extends from 2.85 to 540 μm. The AC(Di) was converted to VC(Di) based on the assumption of spherical
geometry. Sauter mean diameter (Ds, in μm) was calculated using the merged PSD data, based on the total
cross-sectional area and volumetric PSD,

Ds =
1.5 ×

37∑
i=6

VC(Di)

37∑
i=6

AC(Di)
. (3)
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Sauter mean diameter is a descriptor of the size distribution that responds to the entire size distribution,
including large particles. It is used here because of the focus on flocculation processes.

The LISST-100X instruments are challenged in stratified environments. In pycnoclines, the density differences
can cause light scattering, called schlieren, that give rise to erroneous LISST PSDs. The buoyancy frequency
(N, in s−1) was used to define the likelihood of schlieren (Tao et al., 2017). The N was computed from RBR CTD
data as (Thomson & Emery, 2014):

N =
(
−

g
𝜌0

𝜕𝜌

𝜕z

)0.5

, (4)

where g (in m/s2) is the gravitational acceleration, 𝜌0 (in kg/m3) is the average density during the downward
profiling for each station, and 𝜕𝜌

𝜕z
is the vertical density gradient. An N larger than 0.05 s−1 was the threshold

for schlieren effects in this study (Tao et al., 2017), which has been used to eliminate the inaccurate merged
PSDs and values of Ds. In order to analyze Ds changes in the stratified layer, Ds was also obtained only from
the MVFC. The Ds derived from MVFC were calculated using PSDs from 36 to 540 μm (size bins 21 to 37). To
compare different properties, Ds and N were bin-averaged into 1-m depth bins from the surface to 10-m depth.

The exponent 𝛾 was estimated from each measured particulate attenuation spectrum cp(𝜆) (equation (2)).
The attenuation coefficient and absorption coefficient were measured using a 10-cm pathlength WET Labs
ac-9 (acceptance angle is 0.93∘ ) spectral absorption and attenuation meter at nine wavelengths (𝜆= 412, 440,
488, 510, 532, 555, 650, 676, and 715 nm), at 6-Hz sampling rate (Twardowski et al., 1999). An ac-9 requires
a pump to pull the water into the sensing zone of the instrument. A flow control switch (Sequoia Scientific
FlowControl-Sub) allowed the ac-9 to collect either 0.2-μm-filtered or raw water samples. For each profile,
the instrument package was lowered into the water, and the ac-9 collected filtered water samples. When the
instrument reached 1.5 m below the surface, the flow control switch directed raw water into the intake of the
ac-9. When the instrument reached a depth of 8 m, the switch was activated to direct the flow through the
filter. The package continued to collect filtered water during the descent to the maximum depth of the profile
and during the return to the surface. Upon reaching 1.5 m on the second downcast in each profile, the flow
control switch changed to direct raw water into the instrument again. Another profile was collected in the
same way, and after the second upcast the instrument package was recovered. Attenuation coefficients were
corrected for temperature effect and the contribution by pure water (Pegau et al., 1997; Twardowski et al.,
1999). The calibration-independent cp(𝜆) (in m−1) was computed as follows (Boss et al., 2007):

cp(𝜆) = cpg(𝜆) − cg(𝜆), (5)

where cpg(𝜆) represents the total raw-water beam attenuation, which included water and dissolved plus par-
ticulate matter, and cg(𝜆) is the beam attenuation of water and the dissolved fraction smaller than 0.2 μm.
Even though the cpg(𝜆) and cg(𝜆)were collected from downcast and upcast profiles, respectively, it is assumed
that the optical properties of dissolved substances did not change between the downcasts and upcasts taken
within less than 5 min of each other.

In this study, 40% of the cg(715) exhibited values of 0.05 m−1 or higher, significantly larger than expected (near
0), which were attributed to bubbles (these spectra were also variable within each depth bin). Those spectra
were replaced with spectra reconstructed by regressing uncontaminated cg(𝜆) data with a CDOM fluores-
cence measured from WET Labs WETStar CDOM Fluorometer and with salinity measured from a SeaBird-37
CTD. The CDOM and salinity are linearly correlated with cg(𝜆) in estuarine systems (e.g., Wang & Xu, 2012), so
the derived linear regressions were averaged to provide an estimated cg(𝜆).

The cp(𝜆) spectra from an ac-9 typically follow a power law function of wavelength. To eliminate attenuation
coefficients affected by spikes associated with bubbles and rare larger particles, each spectrum was fitted to
a power law, and the coefficients of determination (R2) were calculated. In this study, 13% of the spectra had
power law fits with values of R2 less than 0.95, so they were excluded. This method was effective in removing
anomalous values of 𝛾 .

The 𝛾bb estimated from bbp(𝜆) spectra is another indicator of particle size changes (Slade & Boss, 2015). The
WET Labs ECO BB2FL sensor measures the volume-scattering function at a fixed angle in backward direc-
tion (124∘ ), at two wavelengths of 532 and 650 nm (𝛽124(𝜆), in sr−1⋅m−1). The volume scattering function of
particles (𝛽p124(𝜆)) was calculated from the difference between 𝛽124(𝜆) and 𝛽w124(𝜆). The scattering by water
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Figure 3. (a) Scatter plot of 𝛾 and Ds calculated from the merged data from a LISST-100X and a Machine Vision Floc
Camera. (b) Scatter plot of 𝛾bb and Ds calculated from the merged data. The mark × indicates the data collected in low-
to medium-salinity waters (LMW: 0.1 ≤ S ≤ 7 PSU), and dot indicates the data collected out of low- to medium-salinity
waters (out-LMW: S < 0.1 or S> 7 PSU). Black dotted line, red solid line, and green dash-dot line represent the least
squares linear regression fits performed on all data, data collected in the LMW, and data collected out-LMW,
respectively. The goodness of fit and statistical significance are expressed as coefficient of determination (R2) and p
value, respectively. LISST = Laser In-Situ Scattering and Transmissometry.

(𝛽w124(𝜆) ∼ 10−5 sr−1⋅m−1) is negligible compared to scattering by particles (𝛽p124(𝜆) ∼ 10−2 sr−1⋅m−1) in tur-
bid waters. The 𝛽p124(𝜆) was used to compute the particulate backscattering coefficient bbp with units of m−1

through the formula bbp(𝜆) = 2π × 1.14 × 𝛽p124(𝜆) (Boss & Pegau, 2001). Having obtained the two spectral
values of bbp(𝜆) at 532 and 650 nm, 𝛾bb was calculated as

𝛾bb = −
log

[
bbp(𝜆1)∕bbp(𝜆2)

]
log[𝜆1∕𝜆2]

, (6)

where 𝜆1 = 532 nm and 𝜆2 = 650 nm. The 𝛾bb was calculated using only two wavelengths, and 𝛾bb is sensitive
to the computed wavelength range (McKee et al., 2009). Therefore, 𝛾bb only indicates the qualitative changes
of PSD (Antoine et al., 2011). It is should be noted that 𝛾bb was previously found to be an adequate proxy of
the proportion of fine particles versus large flocs (Many et al., 2016). Both 𝛾 and 𝛾bb are limited by the upper
size limit of particles observed, each with their own size cutoff (Slade & Boss, 2015).

2.2. Particle Concentration Measurements
SPM (in g/m3) was measured from water samples collected with the pressure-actuated Niskin bottles at 5-
and 10-m depth and from water samples collected at the surface with a weighted, open-mouthed 1-L sample
bottle deployed by hand from the deck of the ship. Water samples were filtered through preweighted 8-μm
Millipore SCWP(cellulose acetate) filters on board the ship. These filters have effective pore sizes much smaller
than 8 μm, and they are less prone to clogging than filters with smaller nominal pore sizes (Hill et al., 2013;
Sheldon, 1972). The filters were rinsed with distilled water to remove accumulated salts and then dried and
weighed in the lab. Tao et al. (2017) regressed these SPM measured from water samples against bbp(650) from
ECO BB2FL, with correlation coefficient (R) of 0.76 and p value < 0.001 based on 92 samples, and their results
indicate that the estimated bbp(650) is a robust proxy of the SPM concentration at the CRE.

Chlorophyll concentration was estimated using particulate absorption ap(𝜆), measured by the WET Labs ac-9.
The calibration-independent ap(𝜆) (m−1) was computed as

ap(𝜆) = apg(𝜆) − ag(𝜆), (7)
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Figure 4. The variation of optical proxies along an estuarine salinity gradient with salinity ranging from 0.1 to 30 PSU.
Measurements above 4-m depth only are included. Scatter plot of salinity versus (a) 𝛾 , (b) 𝛾bb , (c) Ds calculated only from
a Machine Vision Floc Camera, (d) bbp , (e) Chl, and (f ) bbr. The black dashed line separates two zones (LMW and MHW)
with salinities greater or less than 7 PSU. The red solid line and green dash-dot line represent the least squares
regression line in each zone; the goodness of fit and statistical significance are expressed as R2 and p value, respectively.

where apg(𝜆) is total raw water absorption and ag(𝜆) is absorption of dissolved fraction smaller than 0.2 μm.
The Chl (in mg/m3) measurements were made using three red wavelengths following Boss et al. (2007) as

Chl =
ap(676) −

(
39
65

× ap(650) + 26
65

× ap(715)
)

0.014
, (8)

where the value of the chlorophyll-specific absorption a∗(676) is equal to 0.014 m2/(mg Chl). This absorption
line height-based method is relatively accurate for determination of Chl concentration. The uncertainty is
greatly reduced by subtracting the absorption measured on filtered samples from those measured on the raw
water samples (Roesler & Barnard, 2013).

2.3. Optical Proxy for Particle Composition
The particulate backscattering ratio (bbr, bbp/bp) was calculated at a wavelength of 650 nm, using the
bbp derived from ECO BB2FL and particulate scattering (bp) obtained from ac-9. The bp was calculated as
particulate attenuation minus absorption

(
bp(650) = cp(650) − ap(650)

)
.

The median values of 𝛾 , 𝛾bb, bbp(650), Chl, and bbr were computed in every 1-m vertical bin from the surface
to 10-m depth. As with optical data, a median-binning procedure minimized the contribution of spikes in the
data associated with bubbles or rare large particles (Boss, Slade, Behrenfeld, et al., 2009; Whitmire et al., 2007).

3. Results
3.1. OPs for Particle Size
The 𝛾 derived from particulate attenuation spectrum with WET Labs ac-9 was inversely related to Ds calcu-
lated from the combined data of a LISST-100X and a MVFC (dotted line in Figure 3a), which is consistent with
previous studies (Slade & Boss, 2015). A Model I linear regression fit between Ds and 𝛾 was significant at the
95% confidence level (p < 0.01); however, the R2 was only equal to 0.21. This overall relationship between 𝛾

and Ds broke down at low- to medium-salinity waters (LMW: 0.1 < S < 7 PSU, solid line in Figure 3a). The 𝛾bb,
derived from particulate backscatter spectrum, was inversely and more strongly correlated with Ds (R2 = 0.66,
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Figure 5. (a) Time series of predicted tidal current velocity at Sand Island
Tower near the anchor station (labeled by white triangle in Figure 2, Cast
09-17) from flood to ebb tides. (b) Time series of vertical salinity profiles (S,
in PSU) at the anchor station (labeled by white dot in Figure 2) shows the
distribution of fresh river water and saline ocean water creating a
pycnocline, which is the layer between two isohalines (black dash-dot lines:
S = 2 PSU and S = 20 PSU).

p < 0.01; dotted line in Figure 3b). The correlation between 𝛾bb and Ds was
weaker (R2 = 0.17, p < 0.01) in the LMW (solid line in Figure 3b). Note
that outliers, defined as 𝛾bb values that fell outside of the 95% prediction
interval, were removed in the Model I linear regression analysis. Overall,
the two OPs for particle size were correlated with Ds, but the correlation
weakened or disappeared in the LMW.

3.2. OPs Along Salinity Gradient
In order to investigate the variation of particle and optical properties in the
salinity transition region that was not affected by resuspension, the prox-
ies collected from the top 4 m of the water column were used (Figure 4).
The LMW and medium- to high-salinity waters (MHW) were separated by
salinities of 7 PSU. Because LISST was affected by schlieren and fewer data
were available in the stratified layer, Ds here were calculated only from the
MVFC. The exponent 𝛾 increased as Ds increased from the LMW (Figures 4a
and 4c). In contrast, 𝛾bb did not decrease with increasing salinity in the LMW
(Figure 4b). In the MHW, Ds increased as 𝛾 and 𝛾bb decreased; bbp and Chl
values declined with increasing salinity in the LMW (Figures 4d and 4e).
The increased bbr values likely indicated an increase in mineral content in
the LMW, consistent with decreased Chl concentration (Figures 4e and 4f).
The scattered bbr with relatively lower Chl concentration likely indicated
the high variability in composition and PSD in the MHW.

3.3. Temporal Variability of OPs at Anchor Station
Time-series of measurements at the anchor station were made from flood
to ebb tides (Figure 5a). Time series of vertical salinity profiles at the anchor
station (Cast 09-17) showed the fresh water and saline ocean water con-
verged at a density front (Figure 5b). A stratified water column with a

pycnocline at ∼5-m depth (labeled by the layer between two black dash-dot lines, S = 2 PSU and S = 20 PSU)
existed seaward of the surface density front at the CRE mouth.

Time series of vertical profiles of PPs and OPs at the anchor station varied during the 4.5 hr of sampling
(Figure 6). Higher Ds values (exceeding 95 μm) were observed in the saline water and lower Ds values
(50–80 μm) were observed in the river water (Figure 6c). The Ds values declined upward away from the seabed
in the bottom saline water. The exponent 𝛾 was larger in the river water than in the saline water, and the largest
𝛾 values were found in the pycnocline (Figure 6a). In the saline waters, larger Ds were found with smaller 𝛾 ,
suggesting that resuspension from the seabed and sinking from above brought larger particles near the bot-
tom. The exponent of backscattering 𝛾bb and exponent of attenuation 𝛾 showed similar variation except in
the pycnocline (Figures 6a and 6b). The 𝛾bb gradually decreased in the upper layer as the plume moved out.

The surface bbp declined as the fresh plume moved out over the saline ocean water, and estimated Chl also
decreased in the surface layer (Figures 6d and 6e). Also, the bbp was larger near the density front. At the
anchor station, the suspended particles were dominated by inorganic material as indicated by bbr values that
exceeded 0.02. Lower bbr values indicated a more-organic particle population in the river water; bbr values
were higher near the bottom (Figure 6f ). The bbr values increased in the transition zone from the LMW. Parti-
cles with relatively higher bbr, consistent with a mineral-rich composition, were found in larger concentration
in the vicinity of the density front.

4. Discussion
4.1. Spatial Patterns of Estuarine Particle Dynamics
Optical measurements provided a qualitative representation of spatial and temporal variations in particle
size, concentration, and composition in the CRE that were broadly consistent with the established model
(Figure 1). The optical measurements demonstrated that the river introduced a mixture of suspended par-
ticles to the CRE, including inorganic particles, medium-sized organic-rich particles, and large organic-rich
particles. The density difference between riverine water and saline water produced a buoyant plume and a
salinity intrusion near the river mouth. The surface bbp measurements along the CRE indicated that the SPM
concentration decreased as the river plume flowed out. The surface Chl concentration decreased as well. In
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Figure 6. The temporal variability of optical proxies at the anchor station from flood to ebb tides. Time series of vertical
profiles of (a) 𝛾 values estimated from particulate beam attenuation spectra that indicate particle size variation; (b) 𝛾bb
values estimated from particulate backscattering that indicate particle size variation; (c) Sauter mean diameter Ds (in
μm) as calculated from the combined data from a LISST-100X and a Machine Vision Floc Camera; (d) bbp (in m−1) values
that indicate sediment concentration; (e) Chl (in mg/m3) values estimated from particulate absorption; (f ) bbr values
that indicate particle composition variation. The layer between black dash-dot lines denote the pycnocline. In the Ds
panel, the blank area in the pycnocline indicates the elimination of schlieren effects on LISST. LISST = Laser In-Situ
Scattering and Transmissometry

general, the decreasing of SPM concentration in estuaries results from numerous physical and biological pro-
cesses, such as gravitational sinking, physical mixing with water containing less particles and consumption
of particulate organic matter (Burd & Jackson, 2009). Particle gravitational sinking is a primary mechanism
behind removal of suspended particles from the water column in estuaries; bbp and Chl declined significantly
in the LMW, reflecting SPM concentration decrease most likely by particle sinking. The 𝛾bb declined in the
upper layer as the plume moved out, suggesting that suspended particles were forming larger-sized particles
along the flow (Figure 6). Observations demonstrated that particle concentration in the upper layer decreased
because of formation and sinking of flocs. Ds was smaller in the upper river water (Figure 6b), and it increased
with increasing salinity in the transition zone as flocculation continued (Figure 4c). In the LMW, some of newly
formed large flocs sank to the seabed. The large flocs formed mostly by combining more organic-rich material
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Figure 7. Schematic diagram illustrates proposed variation of merged
volumetric PSDs in the LMW. The dashed curve and solid curve represent
the PSD in the fresh water and LMW, respectively. The dashed curve moves
down as particle concentration decreases from fresh water to LMW.
Comparing PSDs in the fresh water (lower dashed curve) and LMW,
flocculation transfers mass preferentially from medium-sized particles (M) to
large-sized particles (L) that are out of the range of ac-9 (shaded area). The 𝛾

is a proxy of the proportion of small particles (S) versus M, and 𝛾bb is a proxy
of the proportion of S versus M plus L. According to this conceptual model,
flocculation transferring mass from M to L would increase 𝛾 , but the effect
on 𝛾bb would be weaker. LMW = low- to medium-salinity waters;
PSD = particle size distribution.

as bbr increased. In the MHW, the particle size Ds also increased in the
plume as 𝛾 and 𝛾bb decreased, which was consistent with the conceptual
model that particles grow continuously larger in the surface layer due to
flocculation of river sediment with locally produced particles, and small
flocs were transported seaward over the salinity intrusion (Figures 1 and 4).

The patterns of OPs reported here also indicated that larger tidal currents
resuspended mineral-rich and larger particles from the seabed, which
accumulated in the vicinity of the density front (Figure 1). Note that those
trapped particles may have been aggregates that were compacted and
toughened by multiple rounds of resuspension and deposition. The peak
bbp with higher bbr were observed near the bottom in the vicinity of the
density front, and Ds was larger and decreased upward in the bottom layer
(Figure 6). These observations may indicate sinking particles were resus-
pended by larger tidal currents and transported landward, resulting in the
estuarine convergence of sediment flux and sediment trapping in the ETM
(Geyer et al., 1997; Postma, 1967; Traykovski et al., 2004).

4.2. OPs for Particle Size in Salinity Transition
In the salinity transition region, the measurements only from the top 4 m
of the water column were investigated because the particle and optical
properties in the surface layer were less affected by resuspension. There-
fore, the patterns of changes could be related more clearly to flocculation
and deposition. Patterns of variation in OPs for particle size emerged in the

transition zone from LMW that indicated complicated particle dynamics. Outside of the LMW, the exponent
of the attenuation spectrum 𝛾 was inversely correlated with merged Ds (dash-dot line in Figure 3a), which
is consistent with previous studies. However, the exponent 𝛾 increased in the LMW (Figure 4a), and 𝛾 was
not correlated with merged Ds in the LMW (solid line in Figure 3a). The exponent 𝛾 derived from the ac-9
increased in the LMW, indicating the particle population dominating the ac-9 decreased in size. The measured
Ds increased with increasing salinity in the LMW, suggesting that suspended particles were forming larger
flocs (Figure 4c). The increase in the size was associated with particle sinking. The measured bbp decreased with
increasing salinity in the low-to-medium-salinity region, which indicated that particles deposited and SPM
concentration decreased. The bbr increased from 0.02 to 0.025 in the transition zone, which indicates variabil-
ity in particle composition, size distribution, or both. The bbr changes may have been caused by an increasing
fraction of inorganic matter or by a steep particle size slope (Boss et al., 2004; Twardowski et al., 2001). The
decreased Chl concentration in the surface water suggests that bbr increased due to loss of organic matter by
sinking and deposition (Figures 4e and 4f). Previous studies have proposed an empirical power law relation-
ship between bbr and Chl concentration for coastal waters (Huot et al., 2007; Sullivan et al., 2005). In general,
previous studies observed increasing bbr with decreasing Chl concentration in coastal waters and indicated
a lower percentage of organic particles (e.g., phytoplankton) with higher bbr suspended in the water column
(Boss et al., 2004; Sullivan et al., 2005). As Chl concentration significantly decreased in the LMW, our obser-
vations were consistent with previously described behavior that bbr increased with an decrease in organic
content, so the bbr changes in the LMW most likely was associated with composition changes. In the MHW,
the scattered bbr with relatively lower Chl concentration indicated the high variability in composition and
PSD, which was consistent with the conceptual model of mixing of riverine and estuarine particles.

One possible explanation for the unexpected increase in 𝛾 when particle size was increasing is the loss of
medium-sized, inorganic silt and sand particles, which sink faster than large particles because they are denser,
as seabed stress decreased. This simple explanation allows Ds to go up and 𝛾 to increase as well. Sauter diam-
eter increases by removal of particles that are smaller than flocs, and 𝛾 increases because of loss of particles
in the upper part of the size distribution that affects attenuation measured by the ac-9. The size range of par-
ticles that influence the spectral exponent 𝛾 has a limit (appropriate particle size range of 0.5 to 30 μm, Boss,
Slade, Behrenfeld, et al., 2009) because the ac-9 has a relatively large acceptance angle, so large particles that
scatter in the very near-forward direction are less efficiently detected. As denser, inorganic silt and sand par-
ticles are deposited, material remaining in suspension would have become more organic. This explanation is
not supported by the observed increase in bbr from LMW, which indicates that the suspension likely became
richer in mineral particles (Figure 4f ).
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Table 1
Summary of Particle Size Range and Key Limitations for Each Technology

Technology Size range Key limitations

𝛾 (ac-9) 0.1–30 μm Not sensitive to large particles;

floc breakup in intake of instrument

𝛾bb unknown Uncertainty in the LMW; sensitive to shape of

absorption spectra

LISST-B 1.25–250 μm Size distributions degraded by schlieren; particles

larger than the upper size limit of the instrument

LISST-C 2.5–500 μm Same as LISST-B

MVFC 36–540 μm (<4 cm) Low sampling rate; does not resolve small particles

Note. LISST = Laser In-Situ Scattering and Transmissometry; LMW = low- to medium-salinity waters;
MVFC = Machine Vision Floc Camera.

The trends in OPs are consistent with flocculation and deposition of organic particles in the river.
At low-to-medium salinities, flocculation transferred mass preferentially from medium-sized particles to
large-sized particles that were out of the range of the ac-9 (Figure 7). As flocs continued to form, some of the
newly flocculated mass was deposited at the same time, resulting in decreases in bbp and Chl. This process
allowed both 𝛾 and Ds to increase due to flocculation. The bbr values rose because the large flocs preferentially
incorporated more organic-rich material and then deposited to the seabed (Figures 4e and 4f). The particles
remaining in suspension were more mineral-rich material with relatively higher bbr.

Although previous work suggested that 𝛾bb varied in a similar manner to 𝛾 , it did not increase and was weakly
correlated with Ds in the LMW (Figures 3b, 4b, and 4c). Our results confirmed that 𝛾bb was negatively correlated
with merged Ds (R2 = 0.66, p < 0.01; dotted line in Figure 3b), but the relationship between 𝛾bb and Ds was
weaker (R2 = 0.17, p < 0.01) in the LMW (solid line in Figure 3b). Many et al. (2016) indicated that the 𝛾bb

is an adequate proxy of the proportion of fine particles versus large flocs, so the variation of 𝛾bb may not be
sensitive to changes in the relative concentration of medium-sized particles. We propose that 𝛾 reflects the
changes of the proportion of small-sized particles versus medium-sized particles (Figure 7). Thus, transferring
mass from medium-sized particles to large-sized particles affected 𝛾 and Ds, but the effect on 𝛾bb was weaker.

Changing absorption of red light by particles in the transition from fresh to saline water also may have affected
the correlation between particle size and 𝛾bb. Estapa et al. (2012) observed that particles from coastal waters
on the Louisiana continental shelf absorbed more red light per unit of mass than particles from the Atchafalaya
River. If in the CRE there was stronger absorption of red light by particles in waters with higher salinities in
the LMW, then the attenuation spectrum would have flattened and the backscatter spectrum would have
steepened. The steeper backscatter spectrum would have weakened the dependence of 𝛾bb on particle size.
Estapa et al. (2012) proposed that changes in dissolved and particulate iron were responsible for changes
in particle absorption of red light. Dissolved iron concentration within the CRE decreases rapidly between
salinities of 0 and 10 (Buck et al., 2007), likely because of dissolved organic matter flocculation and deposition
(e.g., Boyle et al., 1977; Sholkovitz, 1976, 1978). It is possible, therefore, that particulate and dissolved iron
dynamics affect the relationship between 𝛾bb and size, but this hypothesis requires more research.

Multiple optical measurements were used here to resolve variation of particle size, and each technology has
limitations (Table 1). The parameters 𝛾 and 𝛾bb are potentially useful proxies for particle size in stratified estuar-
ine environments where it is difficult to get accurate PSDs with conventional particle size analysis techniques.
It is instructive to consider what interpretation of particle dynamics in the CRE would emerge by relying on a
reduced set of OPs. If only OPs bbp, bbr, and 𝛾 were used, the observations would indicate that the proportion
of medium-sized particles dominating the ac-9 decreased by sinking and flocs combining more organic-rich
material deposited in the LMW. In contrast, if only bbp, bbr, and 𝛾bb were used, the observations would indi-
cate that there was no significant change in the ratio between fine particles and larger flocs in the LMW, and
particles combining more organic-rich material were removed from suspension by deposition. Both interpre-
tations miss the formation of large flocs observed by the camera in the LMW and thus underrepresent the role
of flocculation in estuarine particle dynamics.
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Our results demonstrated that measurements of optical backscatter in stratified waters are useful for infer-
ring changes in particle size and concentration. Overall, 𝛾bb gradually declined along salinity gradient and Ds

increased, except Ds jumped at S = 7 PSU (Figures 4b and 4c). In addition, the exponent 𝛾bb is a better proxy
than 𝛾 for particle size (Figure 3), which agreed with Slade and Boss (2015). The most likely reason is that Ds is
more sensitive to changes in large-sized particles. The ac-9 detects particle less than 30 um and the effect of
larger particles on the attenuation spectrum is masked, so 𝛾 may not be correlated as well with Ds as 𝛾bb. bbp

also was recommended as a proxy for SPM in stratified waters (Tao et al., 2017).

4.3. Future Work
Estuaries are dynamic and complex environments where flocculation and deflocculation processes and
changes in particulate composition are active in the transition from LMW. In general, OPs are useful for
inferring particle distribution and dynamics in estuaries. However, the relationship between 𝛾 and Ds in
the transition zone did not match with previous studies. Future work should examine whether flocculation
removes sediment from the upper end of ac-9 size range. Also, more research is required to investigate
whether changes in mass-specific absorption of red light by particles in the LMW changes the sensitivity of
𝛾bb to particle size.

5. Summary and Conclusions

This study explored the spatial and temporal variability of suspended particles and their properties using
OPs within the CRE. Results demonstrated a classical estuarine sediment pattern in the CRE, suggesting that
OPs are useful for studying estuarine sediment dynamics. Flocculation and sinking of suspended matter were
inferred in the CRE at the density interface, while sediment resuspension and accumulation were found in the
ETM zone. In addition, the variation of OPs in the transition from LMW suggested that particle flocculation
transferred mass preferentially from medium-sized particles to large-sized particles. Large flocs preferentially
incorporated more organic-rich material and some of the newly formed flocs deposited to the seabed. Likely
due to the complex variation of particle size and composition, the 𝛾 and 𝛾bb were not correlated well with Ds in
the LMW. Overall, the exponent 𝛾bb is a better proxy for particle size in stratified estuarine environments. Fur-
ther research is needed to test our hypothetical model of the evolution of the size distribution and influence
of absorption on OPs of particle size in the transition from fresh to saline water.
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