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Introduction

The application of optical sensors to the characterization of marine particle suspensions was
advanced fundamentally in the late 1960s when it was demonstrated that scattering and attenuation
of light are linearly correlated to the total suspended particle projected area (Beardsley et al., 1970).
As a result, to a first approximation, scattering and attenuation of light in particle suspensions can
be converted into particle volume or mass concentration, because volume and mass concentrations
are linearly related to area concentration (Pak and Zaneveld, 1977). On the basis of this argument,
optical instruments were used in the 1970s and 1980s to investigate particle processes in diverse
environments, including, among others, shelf benthic nepheloid layers (Pak and Zaneveld, 1977),
open-ocean basins (Plank et al., 1973), various ocean fronts (Zaneveld and Pak, 1979), shelf and slope
internal nepheloid layers (Pak et al., 1980), coastal bays (Kitchen et al., 1982), nepheloid layers on the
continental rise (Spinrad et al., 1983), and in river plumes (Pak et al., 1984).

Estimates of particle concentration from these various pioneering studies were attended by the
caveat that the conversion from optical to particle properties depended on size, shape, structure and
refractive index of particles,whichwere known to vary (e.g., Kitchen et al., 1982). Despite this concern,
reasonable relationships between suspended particle volume and optical attenuation continued
to emerge (Spinrad et al., 1983), a result that captured the attention of sedimentologists seeking
automated, in situ methods for estimating suspended sediment mass concentration (e.g., Baker and
Lavelle, 1984). The problem posed by variable conversion coefficients from optical properties to
sediment mass, however, remained. The search for sources of variability in conversion coefficients
is the topic of this manuscript.

The coefficients required to convert scattering or attenuation coefficients into mass concentration
vary over an order of magnitude (Baker and Lavelle, 1984; Bowers et al., 2009; Hill et al., 2011),
compromising the accuracy of optical scattering and attenuation sensors for estimating sediment
mass concentration. The conversion coefficients vary because the projected-area-to-mass ratios of
suspended particles vary. Baker and Lavelle (1984) showed quantitatively that the projected-area-
to-mass ratio for solid spheres varies as the inverse of the product of particle density and diameter.
Because particle size is variable inmarinewaters, size has long been suspected of causing themajority
of variability in the area-to-mass ratio of particles (Baker and Lavelle, 1984;Wiberg et al., 1994; Fugate
and Friedrichs, 2002; Downing, 2006). Recent work has shown, however, that size only accounts for
a small fraction of the observed variability in the conversion from optical attenuation or scattering
to suspended mass (Bowers et al., 2009; Hill et al., 2011; Neukermans et al., 2012). The explanation
is that suspended solids are in aggregates for which particle mass varies approximately with particle
area, which is linearly correlated with optical attenuation and scattering cross sections for particles
that are large relative to the wavelength of light (Bowers et al., 2009; Hill et al., 2011; Neukermans
et al., 2012; Boss et al., 2009; Slade et al., 2011).

Increasingly, attention is being focused on the effect of particle density on the projected-area-
to-mass ratio of suspended particles (Bowers et al., 2009; Neukermans et al., 2012; Babin et al.,
2003; Braithwaite et al., 2010). Aggregate density depends primarily on three parameters: component
particle density, component particle size and aggregate packing geometry (Khelifa and Hill, 2006;
Maggi, 2007, 2013). Component particle density depends on the composition of component particles,
with mineral particles having densities that are generally twice as large as organic particle densities
(cf. Babin et al., 2003). Presently, the extent to which component particle composition is correlated
with component particle size and aggregate packing geometry is not known. Aggregate packing
geometry is estimated from observations of particle size and settling velocity (Khelifa and Hill, 2006;
Maggi, 2007, 2013), but because of the difficulty in collecting individual aggregates, most studies
of this sort do not measure either component particle size or composition. The lack of direct data
necessitates the use of indirect methods for exploring the extent of correlation between component
particle composition, component particle size, and aggregate geometry.

Maggi (2013) explored possible correlations in the three particle parameters by dividing published
size-settling velocity data into different compositional groups and then fitting the data to amodel that
estimated aggregate packing geometry, component particle size and component particle density. His
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analysis indicated that mineral-rich aggregates have larger component particles and are less densely
packed than organic-rich aggregates.

The goal of this paper is to use an alternative indirect method for exploring possible correlations
between component-particle composition and component-particle size or aggregate packing
geometry.Multiple linear regression of projectedparticle area onorganic andmineral suspendedmass
concentration is used to estimate and compare particle projected-area-to-mass ratios for organic and
inorganic matter in suspension. The comparison of the relative magnitudes of the area-to-mass ratios
is used to examine whether there is evidence for systematic correlation between component particle
composition and component particle size and/or aggregate packing geometry.

Theory

Particles are aggregated in the ocean, and optical properties in a wide range of environments
are determined by particle aggregates more so than by single grains (see Burd and Jackson, 2009;
Stemmann and Boss, 2012, for reviews). Because aggregates incorporate progressively more void
spaces into their internal structure as they grow, the density of aggregates decreases with increasing
size (Khelifa and Hill, 2006; Maggi, 2007, 2013), which also means that the area-to-mass ratios for
aggregates are different from those of solid spheres.

Aggregates have been characterized as fractal objects, for which mass goes as diameter raised to a
power less than 3 (Orbach, 1986; Logan and Wilkinson, 1990), according to an expression like

M = Mc


D
Dc

D3

. (1)

In Eq. (1), M (kg) is the mass of an aggregate of diameter, D (m), and Mc (kg) is the mass of the
component particles of diameter, Dc (m), that constitute the aggregate (see Table 1 for all notation).
The exponent D3 (dimensionless) is the 3-D fractal dimension. The strict notion that a single fractal
dimension characterizes the entire particle size distribution has been relaxed recently in favor of
models in which the fractal dimension is replaced by an exponent that increases with decreasing
size (Khelifa and Hill, 2006; Maggi, 2007, 2013). These more accurate descriptions of aggregates are
necessarily more complex, so it is convenient to use the simpler expression (Eq. (1)) to explore the
effects of aggregate composition and geometry on aggregate area-to-mass ratios. Similarly, particle
size distributions in the ocean often are described with an overly simplified power law of the form
(e.g., Stemmann and Boss, 2012):

n(D) = nc


D
Dc

−b

, (2)

where n(D)(m−4) is the number concentration of particles of diameter,D, over the intervalD toD+dD,
and nc(m−4) is the number concentration of particles between diameters Dc and Dc + dD. The use of
Eq. (2) to describe the size distribution also helps to illustrate the parameters that affect area-to-mass
ratios.

Under the assumption that particles are spheres, the total projected surface area concentration in
a suspension is

AT =

 Dmax

Dmin

n(D)
πD2

4
dD. (3)

In Eq. (3), AT (m2 m−3, i.e., m−1) is the total projected area concentration, and Dmax and Dmin (m) are
the upper and lower diameters of the particle size range as determined by the instrument used to
measure area. Insertion of Eq. (2) into Eq. (3) yields

AT =
ncπD2

c

4

 Dmax

Dmin


D
Dc

2−b

dD. (4)
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Table 1
Notation.

Symbol Definition, units

A LISST total area concentration, m−1

Ai LISST area concentration in size class i, m−1

AT Total projected area concentration, m−1

b Exponent in power-law size distribution, dimensionless
D Particle diameter, m
Dc Diameter of component particles in aggregates, m
Dcm Diameter of component mineral particles in aggregates, m
Dco Diameter of component organic particles in aggregates, m
Di LISST diameter of size class i, µm
Dmax Maximum particle diameter in suspension, m
Dmin Minimum particle diameter in suspension
D3 3-D fractal dimension
D3m 3-D fractal dimension of mineral particles
D3o 3-D fractal dimension of organic particles
F F statistic, dimensionless
LISST Laser In Situ Size and Scattering Transmissometer
M Particle mass, kg
Mc Mass of component particles in aggregates, kg
MSM Mineral suspended mass concentration, g m−3

n(D) Particle number concentration, m−4

nc Number concentration of component particles, m−4

OSM Organic suspended mass concentration, g m−3

p Number of predictor variables in the full model (= 2), dimensionless
q Number of predictor variables in the reduced model (= 1), dimensionless
Rf Multiple correlation coefficient from the full model, dimensionless
Rr Correlation coefficient from the reduced model, dimensionless
TSM Total suspended mass concentration, kg m−3

Vi LISST volume concentration in size class i, ppm
βc Constant regression coefficient, m−1

βcL Large particle area uncorrelated with LISST area, m−1

βL Coefficient of proportionality between LISST area and total area, dimensionless
βm Mineral area-to-mass ratio estimated by regression, m2 g−1

βo Organic area-to-mass ratio estimated by regression, m2 g−1

βrc Constant regression coefficient in the reduced model, m−1

βrm Area-to-mass ratio in the reduced model, m2 g−1

ε Random error term in regression, m−1

εL Random error term in relationship between LISST and total area, m−1

εr Random error term in the reduced model, m−1

ρ(D) Particle density, kg m−3

ρc Component particle density, kg m−3

ρcm Component mineral particle density, kg m−3

ρom Component organic particle density, kg m−3

Upon integration and under the assumption that Dmin = Dc , Eq. (4) becomes

AT =
ncπD3

c

4 (b − 3)


1 −


Dmax

Dc

3−b


. (5)

Observed values of b typically fall between 3.5 and 5 (e.g., Stemmann and Boss, 2012), and for the
purposes of illustration, a constant value of 4 is used here. With b = 4, Eq. (5) becomes

AT =
ncπD3

c

4


1 −


Dmax

Dc

−1


. (6)

Because Dmax is typically much greater than Dc , Eq. (6) essentially states that the projected area
concentration depends on the concentration and size of the smallest particles in suspension.
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The total suspended mass is derived similarly to the projected area concentration:

TSM =

 Dmax

Dmin

ρ(D)n(D)
πD3

6
dD. (7)

In Eq. (7), TSM (kg m−3) is total suspended mass concentration, and ρ(D) (kg m−3) is the apparent
density of particles of diameter D. Apparent density equals the solid-mass-to-wet-volume ratio of a
particle, and with the fractal model it is defined by the equation (cf. Maggi, 2013):

ρ(D) = ρc


D
Dc

D3−3

. (8)

In Eq. (8) ρc (kg m−3) is the apparent density of the component grains. Insertion of Eqs. (2) and (8)
into Eq. (7) yields

TSM =
ncρcπD3

c

6

 Dmax

Dmin


D
Dc

D3−b

dD. (9)

Proceeding under the assumption that Dmin = Dc , the integral becomes

TSM =
ncρcπD4

c

6(b − D3 − 1)


1 −


Dmax

Dc

D3+1−b


. (10)

If b = 4, then

TSM =
ncρcπD4

c

6(3 − D3)


1 −


Dmax

Dc

D3−3


. (11)

By applying the reasonable assumption that Dmax ≫ Dc , Eqs. (6) and (11) can be combined to form an
illustrative, albeit simplified, expression for the area-to-mass ratio in a suspension:

AT : TSM =
3(3 − D3)
2ρcDc

. (12)

Eq. (12) suggests that AT : TSM responds most strongly to three particle parameters, which are the
component particle density, the component particle diameter, and the fractal dimension, or packing
geometry, of aggregates. Smaller values of component particle density or diameter produce larger
projected-area-to-mass ratios. Smaller values of the fractal dimension, which are associated with
more loosely packed aggregates, also produce larger projected-area-to-mass ratios.

The simplified expression for the projected-area-to-mass ratio (Eq. (12)) can be used to
characterize sources of difference in the ratios for organic matter versus inorganic (mineral) matter.
Using the subscripts o andm for organic and inorganicmineralmatter, respectively, the ratio of organic
projected-area-to-mass ratio to mineral projected-area-to-mass ratio is

(AT : TSM)o

(AT : TSM)m
=

(3 − D3o) ρcmDcm

(3 − D3m) ρcoDco
. (13)

Eq. (13) shows that the projected-area-to-mass ratios of organic andmineral matter will differ simply
because the density of mineral matter is roughly 2 times larger than that of organic matter (cf., Babin
et al., 2003). As a result, if one assumes that the component diameters or fractal dimensions of
organic and inorganic matter are the same, the projected-area-to-mass ratio for organic matter will
be approximately twice as large as that for mineral matter. Babin et al. (2003) used this argument
implicitly to explain the factor-of-two difference between mass-specific scattering coefficients in
oceanicwaters,where particles are predominantly organic, versus in coastalwaters,where suspended
particles are more inorganic.
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Differences in the component particle diameters of organic and mineral matter can cause the
projected-area-to-mass ratios to differ. If organic component particles are smaller than mineral com-
ponent particles, then the projected-area-to-mass ratio of organic matter can be more than twice as
large as the projected-area-to-mass ratio of mineral matter. Similarly, if organic component particles
are larger than mineral component particles, then the projected-area-to-mass ratio of organic matter
can be less than twice as large as the projected-area-to-mass ratio of mineral matter. Differences in
fractal dimension between organic and inorganic particles also can affect area-to-mass ratios. Stickier
particles clump to produce aggregateswith lower fractal dimensions than less sticky particles (e.g., Lin
et al., 1989). Therefore, organic-rich particles, if they are stickier than mineral particles, may produce
aggregateswith lower fractal dimensions thanmineral-rich aggregates, potentially giving them larger
area-to-mass ratios (Braithwaite et al., 2010; Logan andWilkinson, 1990). The reverse would result if
organic-rich aggregates were packed more tightly than mineral aggregates.

The preceding analysis produces some useful, testable predictions. If there are no systematic
correlations between component particle composition and component particle diameter or fractal
dimension, then the projected-area-to-mass ratio for organic matter is approximately twice that
of inorganic matter. If correlations exist, then the area-to-mass ratio for organic matter will be
statistically different from twice the value of the area-to-mass ratio for inorganicmatter. Alternatively,
violation of the simplifying assumptions on which Eq. (12) is based could cause the area-to-mass
ratio for organic matter to be statistically different from twice the value of the area-to-mass ratio
for inorganic matter. In this study, observations of suspended particle mass and area concentrations
are combined with observations of organic and inorganic content to test the null hypothesis that the
area-to-mass ratio of organic matter is twice as large as the area-to-mass ratio of inorganic matter.

Methods

The data comprise optical measurements of particle area paired with gravimetric measurements
of particlemass. Two different Sequoia Scientific LISST100X sensorswere used tomeasure the particle
area. A LISST100X Type C was used for all measurements except those in the Menai Strait, for which a
Type B sensorwas used. Bucket samples of water were collected and subsequently filtered to estimate
the mass in suspension. The data were collected in moderately turbid waters at sites along the west
and south coasts of Great Britain during 2008 and 2009.

The majority of the data derive from three sites: the Menai Strait, which separates the island of
Anglesey from the mainland in northwest Wales, the Tamar estuary and adjacent Plymouth Sound in
southwest England, and the Irish Sea north of Anglesey. Other sites include Conwy Bay on the north
coast ofWales, and Solway Firth, Burrows Head, and InchmarnockWater, all located on the southwest
coast of Scotland (Fig. 1).

The Menai Strait is a narrow, rocky channel with rectilinear tidal flow and strong temporal
gradients of turbulence associated with tidal and spring-neap cycles (Bowers et al., 2009). The water
column is well mixed. Measurements were conducted during a spring tide and during a neap tide. The
neap tide samples were gathered after a large rainfall event that resulted in significant discharge of
sediment into coastal waters. Because of the different tidal stages and the runoff event, the two sets
of samples from the Menai Strait were treated as different ‘‘sites’’ in the statistical analysis.

The Tamar Estuary is situated on the southwest coast of England forming a boundary between the
counties of Devon and Cornwall. It discharges into Plymouth Sound. Measurements were collected on
a longitudinal transect of the lower estuary, extending from 9 km up-estuary to the bar in Plymouth
Sound. The estuary ismesotidal, with amean tidal range of 3.5m. Annualmean discharge is 2.7m3 s−1

(Braithwaite et al., 2010). Given the relatively large tidal range and small discharge,waterswere either
vertically well mixed orweakly stratified during sampling.Water depths varied from 10 to 20m along
the transect.

The Irish Sea north of Anglesey is characterized by strong tidal streams, with currents reaching
2 m s−1. Observations were made at a site with a water depth of 30 m, and the water was well mixed.
The Irish Sea in this area is productive, and some of the measurements were characterized by high
chlorophyll concentrations associated with a bloom of diatoms. As with the Menai Strait data, the
high-chlorophyll data were treated as a different site in the statistical analysis.
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Fig. 1. Locations of sample sites.

The LISSTmeasured scattering intensity on a set of ring detectors. The intensity and distribution of
scattered light were converted to volume concentration in 32 size classes with an instrument-specific
calibration coefficient and with the manufacturer’s spherical matrix. The volume concentrations
are given in parts per million. The resolvable size range for the Type C is 2.50–500 µm, and it is
1.25–250 µm for the Type B.

The LISST was lowered through the water column to a depth of ten meters for the Irish Sea coastal
stations, and it was lowered to the bottom in the Tamar Estuary and in the Menai Strait. Depth-
averaged volume concentrations for each cast were generated by summing the volume in each size
class and dividing by the number of size distributions measured during the cast. Assuming spherical
geometry, depth-averaged volume concentration in size class i (Vi, ppm) was converted to depth-
averaged area concentration in size class i (Ai,m−1) according to the equation

Ai =
3Vi

2Di
, (14)

where Di is the diameter of size class i (µm). Depth-averaged total suspended area concentration (A)
was calculated by summing areas in the 32 size classes.

Surface water was collected in a bucket at each station to estimate total suspended mass (TSM).
Because the water column at the various sites was well-mixed to the depths of the profiles, these
surface samples were assumed to be representative of the entire profile. Gravimetric determinations
of TSM concentration were made following standard protocols (Kratzer et al., 2000). Known volumes
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of water were vacuum-pumped through pre-weighed Whatman GF/F filters (0.7 µm pore size). The
filterswere prepared bywashing in distilledwater and drying in amuffle furnace for 3 h at 500 °Cprior
to weighing. After the suspensate was drawn through the filters, the filters, including the filter rims,
were rinsed with 250 ml of distilled water. TSM was determined by drying and weighing the filters.
Then the filters were baked for 3 h at 500 °C to remove organic material and re-weighed to give the
concentration of Mineral Suspended Mass (MSM). Organic Suspended Mass (OSM) was calculated by
subtractingMSM from TSM .

It is important to note that the lower and upper bounds of the size distribution of area asmeasured
by the LISST differ from the lower and upper bounds of the size distribution of mass measured
gravimetrically. The LISST lower limit of resolution is 1.25 µm for the Type B and 2.50 µm for the
Type C, but filtration nominally traps particles as small as 0.7 µm and in practice traps even smaller
particles once filters are loaded with sediment (Sheldon, 1972). The upper limits of resolution of the
LISST instruments are 250 and 500 µm respectively for the Types B and C, but filtration can capture
larger particles. The different limits of resolution mean that if there are particles smaller or larger
than the LISST can detect, then underestimation of the absolute values of area-to-mass ratios will
result. If, however, the particle area concentrations measured by the LISST are proportional to the
area concentrations of particles smaller or larger than the LISST limits of resolution, then the relative
magnitudes of the area-to-mass ratios of organic and inorganicmatter should be accurate. The analysis
proceeds under this assumption, which is evaluated further in the discussion.

To investigate the effect of composition on the particle area-to-mass ratio, multiple linear
regression was used to quantify the dependence of total suspended area on organic suspended mass
and mineral suspended mass, according to the equation

A = βc + βoOSM + βmMSM + ε. (15)

In Eq. (15) the β terms are regression coefficients, where the subscripts c, o, and m refer to the
coefficients for the constant term, the organicmass term, and themineralmass term, respectively. The
coefficient βc gives the value of area concentration when OSM and MSM are zero. It has units of m−1

(i.e., m2 m−3), and ideally it is not statistically different from zero. The units of βo and βm are m2 g−1

because they quantify the change in area that arises from unit changes in OSM andMSM, respectively,
when the other mass variable is held constant (Chatterjee and Hadi, 2012). The magnitude of the
change in area from a unit change in OSM does not depend on the value at which MSM is fixed, and
vice versa. Therefore it is valid to interpret the coefficients as estimates of the area-to-mass ratios of
OSM and MSM. The error term ε represents random variations in A.

Babin et al.’s (2003) hypothesis that βo = 2βm was employed as a null hypothesis and used to
construct a reduced model with which to evaluate that null hypothesis statistically. The reduced
model takes the form

A = βrc + βrm (2OSM + MSM) + εr , or
A = βrc + βrmX + εr ,

(16)

where the subscript r refers to coefficients associated with the reduced model. The null hypothesis
was evaluated via the F statistic, defined as (Chatterjee and Hadi, 2012)

F =


R2
f − R2

r


/ (p − q)

1 − R2
f


/ (n − p − 1)

. (17)

In Eq. (17) Rf is the multiple correlation coefficient from the full model, and Rr is the correlation
coefficient from the reduced model. The variable p (= 2) is the number of predictor variables in the
full model, and q (= 1) is the number of predictor variables in the reduced model. The variable n is
the number of observations. The value of F was compared to the tabulated value of F(p−1,n−p−1,0.05).
If the computed F was larger than the tabulated value, then the null hypothesis that βo = 2βm was
rejected.

The robustness of the results of the regression analysiswas evaluated in threeways. First, the effect
of influential points was assessed by identifying and removing these points from the analysis. These
points were identified with a potential-residual plot (Hadi, 1992). Second, the influence of individual
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Table 2
Regression coefficientswith 95% confidence intervals and associatedR2 values for full and reducedmodels. Results report values
with all data and with identified influence points omitted.

Model n βc (m2 m−3) βo (m2 g−1) βm (m2 g−1) R2

Full model 92 −0.145 ± 0.137 0.160 ± 0.097 0.119 ± 0.025 0.685
Reduced model 92 −0.106 ± 0.133 0.135 ± 0.020 0.672
Full model without influence points 88 −0.167 ± 0.107 0.191 ± 0.096 0.117 ± 0.022 0.791
Reduced model without influence points 88 −0.175 ± 111 0.111 ± 0.012 0.790

Table 3
Sample size, R2 values for the full and reduced models, ratio of organic to mineral area-to-mass ratios, associated F statistics,
and critical F values for regression models with a site deleted. Because F stat < F crit for each model, the hypotheses that
βo = 2βm cannot be rejected with the full data set or when any individual site is omitted from the analysis.

Omitted site n R2
f R2

r βo/βm F stat F crit

None 92 0.685 0.672 1.34 3.61 3.94
Menai Strait, neap 79 0.630 0.629 2.34 0.19 3.96
Menai Strait, spring 85 0.596 0.585 1.20 2.20 3.95
Tamar 62 0.793 0.791 1.35 0.73 4.00
Conwy bay 90 0.688 0.683 1.32 1.48 3.95
Solway firth 80 0.729 0.724 1.35 1.32 3.96
Burrow head 84 0.663 0.654 1.14 2.15 3.95
Inchmarnock water 91 0.686 0.682 1.34 1.38 3.94
Anglesey, bloom 87 0.685 0.680 1.28 1.49 3.95
Anglesey, time series 78 0.667 0.658 1.16 1.88 3.96

sites on the results was assessed by systematically removing a site from the data and then conducting
the statistical analysis on the pruned data set. Finally, due to concern with the accuracy of LISST
estimates of small particle concentration (e.g., Neukermans et al., 2012), the smallest 5 size classes
of the LISST Type B data were eliminated from the analysis.

Results and discussion

The full model (Eq. (15)) provided a statistically significant fit to the data (p = 0, Fig. 2). The values
of βo and βm were 0.160±0.097 and 0.119±0.025m2 g−1 respectively (Table 2). The 95% confidence
intervals on the slopes are included. The model explained more than two thirds of the observed
variability in the total suspended area (R2

f = 0.685, Table 2). The fit of the reduced model was not
statistically worse than the full model (Tables 2 and 3), and the value of βrm was 0.135±0.020m2 g−1

(Table 2). The null hypothesis that βo = 2βm was not rejected. A reasonable inference from this result
is that particle composition was not correlated with component particle size or aggregate packing
geometry (Eq. (13)).

The potential-residual plot revealed 4 points of influence (Fig. 3). Point 48 had high leverage, and
points 15, 21, and 59were outliers (Hadi, 1992). Points 21 and 48were located at the landward end of
the Tamar Estuary transect. Point 15was collected in theMenai Strait during the spring-tide sampling
effort, and point 59 was from Solway Firth. Omission of these points did not alter the fundamental
result that the null hypothesis could not be rejected. The values of βo and βm were 0.191± 0.096 and
0.117 ± 0.022 m2 g−1 respectively (Table 2). The removal of the outliers naturally produced a better
fit of the model to the data (R2

f = 0.791, Table 2). The value of βrm was 0.111 ± 0.012 m2 g−1, and
R2
r = 0.790 (Table 2). Omission of individual sites from the analysis did not change the fundamental

result that the null hypothesis could not be rejected (Table 3). Finally, omission of the first 5 size bins
from the Type B data also did not allow rejection of the null hypothesis (not shown).

The area-to-mass ratios for organic and mineral suspended mass estimated from this study were
0.16 and 0.12 m2 g−1. Under the assumption that the scattering and attenuation efficiencies equal
2, a doubling of the area-to-mass ratios for organic and mineral suspended solids should give the
mass-specific attenuation and scattering coefficients for organic and mineral matter. The resulting
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Fig. 2. Data and best-fit multiple linear regression of total suspended area on organic suspendedmass andmineral suspended
mass. Numbered points are influential, either because they have high leverage (48) or because they are outliers (15, 21, 59).

Fig. 3. Potential-residual plot. Points with large potentials have large leverage, and points with large residuals are potential
outliers. Numbered points indicate the points omitted in the analysis of the influence of individual points on the overall results
of the regression analysis. Point 15 is one of the Menai Strait, spring-tide observations, Point 21 and 48 are from the landward
end of the Tamar estuary transect, and point 59 is one of the Solway Firth observations.

values of 0.32 and 0.24 are at the lower range of mass-specific scattering and attenuation coefficients
measured in organic-rich oceanic waters and mineral-rich coastal waters (e.g., Hill et al., 2011; Babin
et al., 2003; Wozniak et al., 2010). These relatively low area-to-mass ratios suggest that measured
areas were underestimates and/or that measured masses were overestimates.

LISST instruments have been shown to provide reasonably accurate size distributions for an array
of different particle types (e.g., Karp-Boss et al., 2007; Reynolds et al., 2010). LISST instruments also
possess known sources of error, which are summarized by Andrews et al. (2010). First, the inversion
matrices required to convert the intensity of scattered light on the instrument ring detectors into
particle concentrations make assumptions about particle properties, most importantly particle shape
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Fig. 4. Representative averaged LISST area concentrations versus diameter from 4 sites: solid line, Menai Strait, neap
observations; dashed line, Tamar estuary; dashed–dotted line, Burrow Head; dotted line, Anglesey bloom observations. The
size distributions differ but have no apparent correlation with the composition of the suspension. The Menai Strait and Burrow
Head had the largest mineral fractions in the study, with median TSM/MSM approximately equal to 0.85. The Anglesey bloom
observations had the smallest mineral fractions, with a median value around 0.65. The Tamar median mineral fraction was
intermediate to these values.

and composition (Karp-Boss et al., 2007; Andrews et al., 2010; Agrawal et al., 2008; Davies et al., 2012;
Graham et al., 2012). Second, stray light can affect estimates of particle size distribution (Reynolds
et al., 2010; Andrews et al., 2011). Finally, LISST instruments have finite size ranges that do not
necessarily cover the full in situ size distribution (Andrews et al., 2010; Davies et al., 2012).

Small, non-spherical particles scatter light at wider angles than spherical particles, making it
appear as if more small particles exist (Agrawal et al., 2008). In acute cases, this effect can cause
marked, rising tails in particle size distributions. An empirical random-shape inversion matrix was
developed to deal with suspensions in which there are abundant, platy, small particles (Agrawal et al.,
2008). The general lack of large-magnitude, rising fine tails in this study (Fig. 4) indicated that irregular
shape of small particles was not a significant problem, justifying the application of the spherical
inversion matrix. As well, the elimination of the smallest 5 size classes from the LISST Type B data
from the Menai Strait, which would have been affected most by random-shape effects, did not result
in rejection of the null hypothesis. Natural large aggregates with complex shapes likely produce
complex scattering patterns that LISST interprets asmultiple particle size classes (Grahamet al., 2012).
Complex scattering patternsmay cause LISST to overestimate particle concentrations, especially at the
fine end of the size distribution (Graham et al., 2012). Large, orders-of-magnitude overestimation of
volume by the LISST described by Graham et al. (2012), however, were unlikely in this study because
area-to-mass ratios were of the appropriate order of magnitude.

Particle composition determines the refractive index, and the refractive index affects the
magnitude of scattering, particularly for particles < 20 µm (Andrews et al., 2010). As a result,
mismatch between actual and assumed refractive indices causes inaccurate estimates of small particle
concentrations. Applying refractive indexes typical of mineral matter produces the most accurate
estimates of particle concentration, even in suspensions of phytoplankton (Andrews et al., 2010).
Andrews et al. (2010) argue that particles with low bulk indexes of refraction may scatter more
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intensely than assumed because of internal structure, and this effect may explain why LISSTs, which
assume a relatively large refractive index, provide generally accurate results in a wide range of
suspension compositions.

Ambient light can reduce the accuracy of LISST concentrations. Ambient light impinges primarily
on the outer ring detectors, so it can cause a rising fine tail in particle size distributions (Reynolds
et al., 2010; Andrews et al., 2011). The problem is most acute for the outer 5 rings of the LISST Type
B (Andrews et al., 2011). This problem has led some investigators to remove the smallest size classes
from LISST particle size distributions (Neukermans et al., 2012; Reynolds et al., 2010). Again, the
elimination of the smallest 5 size classes from the LISST TypeBdata from theMenai Strait did not result
in rejection of the null hypothesis, suggesting that ambient light contamination was not a problem.
This result may have been due to the relatively large turbidity of water in the Menai Strait.

The limited range of resolution of the LISST can cause estimates of area to be in error. The LISST
B does not detect particles smaller than 1.25 µm or larger than 250 µm, and the LISST C does not
detect particles smaller than 2.5 µm or larger than 500 µm. Particles smaller than the lower limit of
resolution of LISST exist, but concentrations are not well known. Recent work suggests that particles
below the resolution limits of LISST sensors are not abundant (Andrews et al., 2010; Graham et al.,
2012; Peng and Effler, 2007). Scavenging of small particles by aggregates may explain low small
particle abundances (Graham et al., 2012; Eisma et al., 1990; Flory et al., 2004). Aggregates larger than
250 or 500µmare common in suspension and can contribute significantly to the total area (Mikkelsen
et al., 2006; Hatcher et al., 2001).

The presence of small, out-of-range particles can affect the entire size distribution (Andrews et al.,
2010). Their presence increases the estimated abundance of particles in LISST’s smallest size classes,
and the increase in volume can be of the same magnitude as the volume of the out-of-range particles
(Reynolds et al., 2010; Andrews et al., 2010). Small, out-of-range particles can also create area in the
largest LISST size classes and decrease area in mid-range size classes (Andrews et al., 2010). These
effects are not large if the concentrations of natural, out-of-range particles are small (Andrews et al.,
2010; Graham et al., 2012; Peng and Effler, 2007).

The presence of large, out-of-range particles primarily affects the largest size classes (Andrews
et al., 2010; Davies et al., 2012). Secondary and tertiary scattering peaks of large, out-of-range particles
are intense enough to affect volume estimates (Davies et al., 2012). Large, out-of-range particles also
cause scattering at large angles, an effect that generates spurious small particles (Davies et al., 2012).
For typical size distributions, however, these effects should not be large (Andrews et al., 2010; Davies
et al., 2012).

In summary, there is no strong evidence that the areas measured by LISST were in error because
of irregular shape, variable composition, ambient light contamination or out-of-range particles.
Although the LISST area concentrations over the measured size range likely were accurate, the total
areas measured by LISST likely were underestimates of total area because of the presence of out-of-
range particles.

The consequences of the inability of the LISST to resolve the entire particle size range can be
explored by considering a linear relationship between the suspended area concentration measured
by the LISST (A, m2 m−3) and the total suspended area concentration, termed AT (m2 m−3). Suppose
some portion of the total area was linearly related to the LISST area, and another portion of the total
area was uncorrelated. Under these assumptions

A = βLAT − βcL + εL (18)

where βL (m2 m−2) denotes the change in the LISST area caused by a unit change in total area, and
βcL (m−1) is the portion of the total area that is not correlated with the area measured by LISST. The
term εL is the random error. The substitution of Eq. (18) into Eq. (15) yields

βLAT − βcL + εL = βc + βoOSM + βmMSM + ε, (19)

which can be rearranged to provide an expression for the total area:

AT =


βc + βcL

βL


+


βo

βL


OSM +


βm

βL


MSM +


ε + εL

βL


. (20)
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The first term on the right hand side of Eq. (20) expresses the total suspended particle area in the
absence of suspended organic and mineral mass. Clearly, this term should equal zero, so

βcL = −βc . (21)

The value of βc from the regression of A on OSM and MSM (Eq. (15)) was −0.145 ± 0.137 m2 m−3

(Table 2), which was significantly different from zero (p = 0.0382). This result suggests that, on
average, a fraction of the total suspended area was uncorrelated with the area resolved by the LISST.
The median value of (βc/A), which is an estimate of this fraction, equals 0.26. Under the assumption
that this fraction is not correlated differently with organic and mineral mass, Eq. (20) demonstrates
that the magnitudes of the regression coefficients would differ from those obtained with Eq. (15), but
the ratio of the magnitudes would not. As a result, the comparison of area-to-mass ratios in this study
should be valid despite the inability of the LISST to measure the entire size spectrum. Eq. (20) also
demonstrates that if half of the total area was in the LISST size range, then total area-to-mass ratios
would be twice as large as the coefficients estimated with the LISST. This magnitude of change would
produce mass-specific attenuation coefficients typically observed in coastal waters (e.g., Babin et al.,
2003; Wozniak et al., 2010).

Error in the estimation of suspended mass concentration can also explain the relatively low area-
to-mass ratios. Salt retention is the most likely source of over-estimation of suspended mass via
filtration (Stavn et al., 2009). The filters in this study were all rinsed with 250 ml of distilled water
(Wozniak et al., 2010), which is close to the value of 300ml documented by Stavn et al. (2009) to leave
0.5 to 1 mg of salt on filters depending on salinity of the original sample. Given the total suspended
masses in this study, which are similar to the values considered by Stavn et al. (2009), salt retention
would have produced absolute errors in masses of 20% or less. This error helps to explain why area-
to-mass ratios are lower than expected. More importantly, Stavn et al. (2009) also showed that a unit
change in suspended particulate mass uncorrected for the retention of salt produces a unit change
in corrected suspended particulate mass. This finding indicates that salt retention would not have
changed the slopes of the relationships between area and suspendedmass, so the comparison of area-
to-mass ratios in this study remains valid despite salt retention.

The foregoing analysis provides no clear indication of error in the failure to reject the null
hypothesis. This result can be used to infer that particle composition is not correlated with particle
size or packing geometry. Other studies, however, suggest that such correlations do exist. By fitting a
model of particle settling velocity to data sets divided broadly into biological, bio-mineral andmineral
aggregates, Maggi (2013) found differences in estimated component-particle density, component-
particle size, and aggregate packing geometry among the three groups. Mineral aggregates had larger
component particles with larger densities than biological aggregates. Interestingly, estimated fractal
dimensions for mineral aggregates across the size spectrum were relatively constant at a value 2.3,
whereas estimated fractal dimensions for biological aggregates were 2.9 for component particles, but
decreased to values similar tomineral aggregates for diameters of several hundredmicrometers. These
results reveal potentially offsetting effects of component particle size and aggregate packing geometry
(Eq. (13)). Larger component particles in mineral aggregates would push the ratio of organic and
mineral area-to-mass ratios higher than 2. Larger fractal dimensions of organic aggregates, in contrast,
would reduce the area-to-mass ratios. These results offer an alternative explanation for the failure to
reject the null hypothesis. Aggregate packing geometry and component particle sizemay be correlated
with particle composition, but the correlations produce effects of opposite sign. The result is that the
ratio of organic area-to-mass ratio to mineral area-to-mass ratio is not significantly different from 2.

Wozniak et al. (2010) used an extensive time series of optical andparticle properties at a coastal site
in California to assess the effect of particle composition on mass-specific scattering coefficients. They
observed that mineral-rich and organic-rich suspensions both had variable mass-specific scattering
coefficients but also that the magnitudes were not dramatically different. They argued that the
finer particle size distributions typical of mineral-rich waters offset the effect of larger particle
density. The effect of different organic and mineral size distributions was neglected in the simplified
theory presented here, partly due to apparent lack of correlation between composition and the size
distributions measured in this study (Fig. 4). Again, observed correlations between composition and
size may be too weak to produce organic area-to-mass ratios that are statistically different from
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two times larger than mineral area-to-mass ratios. Clearly, measurements of the full particle size
distribution, paired with explicit investigations of correlation among particle packing and component
particle composition and size are required to quantify and constrain the sources of variability inmass-
specific optical coefficients more fully.

Conclusion

Data from the south and west coasts of Great Britain did not allow the rejection of the null
hypothesis that organic matter possesses projected-area-to-mass ratios that are two times larger
than the projected-area-to-mass ratios of mineral matter (Babin et al., 2003). The order-of-magnitude
variability in published mass-specific attenuation coefficients cannot be attributed to composition
alone, and the previous work indicates that it also cannot be attributed to variable particle size
in suspension (Hill et al., 2011; Neukermans et al., 2012; Boss et al., 2009). A large fraction of
observed variability must be due, therefore, either to variations in the diameter of component
particles that make up aggregates or the packing geometry of aggregates. The failure to reject the null
hypothesis may indicate that variations in component particle size and aggregate packing geometry
are uncorrelated with particle composition. Alternatively, it may indicate that correlations between
component particle composition, component particle size, and aggregate packing geometry produce
unresolved, offsetting effects that leave organic area-to-mass ratios near to values that are twice the
magnitude of mineral area-to-mass ratios.
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