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Optical variability of seawater in relation to particle concentration,
composition, and size distribution in the nearshore marine
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[11 We examined optical variability of seawater in relation to particle concentration,
composition, and size distribution in the nearshore marine environment at Imperial
Beach, California, over a period of 1.5 years. Measurements included the hyperspectral
inherent optical properties (IOPs) of seawater (particulate beam attenuation, particulate
and CDOM absorption coefficients within the spectral range 300—-850 nm), particle

size distribution (PSD) within the diameter range 2—60 pm, and the mass concentrations
of suspended particulate matter (SPM), particulate organic carbon (POC), and chlorophyll
a (Chl). The particulate assemblage spanned a wide range of concentrations and
composition, from the dominance of mineral particles (POC/SPM < 0.06) with relatively
steep PSDs to the high significance or dominance of organic particles (POC/SPM > 0.25)
with considerably greater contribution of larger-sized particles. Large variability in the
particulate characteristics produced correspondingly large variability in the IOPs; up to
100-fold variation in particulate absorption and scattering coefficients and several-fold
variation in the SPM-specific and POC-specific coefficients. Analysis of these data
demonstrates that knowledge of general characteristics about the particulate composition
and size distribution leads to improved interpretations of the observed optical variability.
We illustrate a multistep empirical approach for estimating proxies of particle
concentration (SPM and POC), composition (POC/SPM), and size distribution (median
diameter) from the measured IOPs in a complex coastal environment. The initial

step provides information about a proxy for particle composition; other particulate
characteristics are subsequently derived from relationships specific to different
categories of particulate composition.
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water typically undergo large variations, which are accom-
panied by correspondingly large variations in the optical
properties. In recent years, the development of new sensors
and diverse in situ, airborne, and spaceborne platforms has
enabled observations over a wide range of temporal and
spatial scales. A number of special research programs have
been devoted to the study of coastal ocean with a major sup-
port provided by optical measurements, including relatively
high resolution time series measurements [e.g., Dickey and
Chang, 2001; Dickey, 2004]. In these programs, the optical
signatures and measurements have been shown to provide

1. Introduction

[2] Knowledge and understanding of optical variability in
seawater is important for many scientific and practical pro-
blems in ocean sciences, and is particularly relevant in opti-
cally complex coastal and nearshore environments. Because
of highly dynamic oceanographic processes as well as ter-
restrial and anthropogenic effects in these environments, the
optically significant particulate and dissolved constituents of
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highly complementary and powerful means for studying vari-
ous physical and biogeochemical processes as well as for
bottom characterization in sufficiently shallow environments
[e.g., Chang et al., 2002; Coble et al., 2004; Philpot et al.,
2004; Weisberg et al., 2004; Schofield et al., 2006].

[3] While instrumentation and platforms to measure
optical properties have undergone rapid advancement, there
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remains a need for better interpretations of present optical
measurements in terms of water constituents because they
are directly responsible for the observed optical variability.
In addition to variations in particle concentration, the major
sources of variability in particulate optical properties include
the particle size distribution and composition, the latter
being a determinant of the particle refractive index [Bohren
and Huffiman, 1983; Jonasz and Fournier, 2007]. The opti-
cally significant particle sizes in aquatic environments cover
a wide range from submicrometer sizes to tens or hundreds
of micrometers, and the particle size distribution can exhibit
significant variations in time and space [e.g., Jonasz and
Fournier, 2007]. Similarly, the refractive index of aquatic
particles can vary considerably. Mineral particles generally
have much higher values compared with organic particles,
which often contain a significant amount of intracellular
water and thus exhibit fairly low values for the refractive
index relative to surrounding water [e.g., Aas, 1996; Kerr,
1977]. Historically, however, these key characteristics of
particulate assemblages have been greatly undersampled
in field optical experiments, largely because the measure-
ments of these particle characteristics are often not fully ame-
nable to in situ methods. Analytical techniques as applied
to discrete water samples are required, but unfortunately
have been often too limited or beyond the design capacity of
field programs involving in situ optical measurements.
Further advances in our understanding of optical observa-
tions require a concerted effort of simultaneous measure-
ment of a comprehensive set of optical properties and the
characterization of optically significant constituents in terms
of both their concentrations and composition, including the
particle size distribution.

[4] In line with these needs, there has been a recent consid-
erable increase in research efforts focused on relations between
the water inherent optical properties (IOPs) and water con-
stituents in coastal regions. For example, Babin et al. [2003b]
reported on variations in light absorption coefficients of phy-
toplankton, nonalgal particles, and color dissolved organic
matter (CDOM) in relation to mass concentration of sus-
pended particulate matter (SPM) and concentration of phyto-
plankton pigments in different coastal waters around Europe.
Another work based on the same experiments addressed the
relationships between the scattering coefficient of marine par-
ticles and SPM concentration [Babin et al., 2003a]. Other
examples of coastal and nearshore environments that were
investigated in terms of linkages between the variability of
IOPs and water constituent concentrations and/or composi-
tion include the New England shelf [Green et al., 2003], a
shallow embayment within the Chesapeake Bay [Gallegos
et al., 2005], shelf waters in the Irish Sea [McKee and
Cunningham, 2006], tropical coastal waters of eastern Aus-
tralia [Oubelkheir et al, 2006], eastern English Channel
[Vantrepotte et al., 2007], and coastal waters off New Jersey,
the Northern Gulf of Mexico, and Monterey Bay [Snyder
et al., 2008; Stavn and Richter, 2008]. Not surprisingly, as
the key particle characteristics affecting optics can vary sig-
nificantly in aquatic environments, previous studies show a
wide range of particulate IOPs, even upon the normalization
to measurable proxies of bulk concentration of the entire (or
nearly entire) particulate assemblage such as SPM, or bulk
concentrations representing certain components of particulate
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assemblage, such as chlorophyll a, POC (particulate organic
carbon), POM (particulate organic matter), or PIM (particulate
inorganic matter).

[s] This variability poses challenges for both in-depth inter-
pretation of optical data and the development of robust inverse
algorithms for estimating biogeochemically important water
constituents with consistently good accuracy. Ideally, these
challenges would be best addressed if measurements could
provide a complete characterization of both the high spec-
tral resolution IOPs from the ultraviolet (UV) to near infra-
red (NIR) and all optically significant characteristics of
water constituents, including the concentrations of various
particle types which have different sizes, refractive indices,
and morphologies [Stramski et al., 2001]. Practically, such
an idealized experimental design is not achievable, espe-
cially in field studies. However, further incremental prog-
ress to improve understanding of IOPs in relation to water
constituents is certainly possible through enhancements of
measurement capabilities and experimental designs. To our
knowledge, for example, none of the previous field studies
includes the simultaneous measurements of hyperspectral
absorption and scattering coefficients from the UV to NIR,
particle size distribution (PSD), and particulate composition.
Because both the size and composition are the key deter-
minants of particle optical properties, a need for routine
determinations of these particle characteristics as part of
optical experiments is particularly important.

[6] In this study we report on experimental data collected
in nearshore waters at Imperial Beach located within San
Diego County in Southern California. A key feature of this
study was collection of a comprehensive set of optical data
that include hyperspectral absorption and scattering coeffi-
cients from the UV to NIR in conjunction with character-
ization of particulate concentration, size distribution, and a
proxy of composition expressed as the contribution of par-
ticulate organic carbon (POC) to the particulate mass con-
centration (SPM). Measurements and analysis of discrete
water samples were conducted using laboratory techniques
and instrumentation. To cover a wide range of environmental
situations, water sampling and subsequent measurements
were made systematically every 2 weeks, or occasionally
more often, for a period of about 1.5 years.

[7] The primary objective of this study is to examine
optical variability in the complex nearshore environment in
terms of key characteristics of suspended particulate matter.
Using observations derived from this data set, we illustrate
an approach for building empirical algorithms with poten-
tial for improved estimation of particle characteristics from
measured IOPs in optically complex aquatic environments.
This approach is based on a suite of empirical relationships
that utilize collective information characterizing the IOPs
and the particle assemblage, i.e., metrics describing particle
concentration, composition, and size distribution. The con-
ceptual basis of the approach is that the relationships between
the IOPs and the metrics of particle concentration and size
are established separately for distinct subsets of data which
represent different particulate composition. This feature of
the approach is expected to reduce the large natural vari-
ability normally seen in common empirical algorithms which
parameterize optical properties in terms of a single measure
of particle concentration and are applied to data sets that
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may encompass a wide range of particulate composition. We
use the ratio of POC/SPM (i.e., the ratio of the concentration
of particulate organic carbon, POC, to the mass concentra-
tion of suspended particulate matter, SPM) as an indicator
for particulate composition and partitioning of our data into
the composition-related particle groups. Alternative metrics
for particulate composition could be used as well, and the
choice of POC/SPM in this study has no particular signifi-
cance to the general concept of our approach. We also note
that although our approach is demonstrated with data from
one region, the conceptual basis is applicable to any envi-
ronment, and could prove to be particularly fruitful in opti-
cally complex waters such as those found in marine coastal
environments.

2. Methods

2.1.

[8] The nearshore location for collecting seawater samples
was at a pier in the City of Imperial Beach, San Diego County,
California (latitude of 32°35'N and longitude 117°8'W).
Imperial Beach is located within the Tijuana River water-
shed and the Imperial Beach Pier (IBP) is ~2.8 km north of
the Tijuana River mouth and approximately 5 km north of
the US-Mexican border. We made experiments on 44 days
between December 2004 and July 2006 at the IBP. The
experiments consisted of laboratory measurements and anal-
ysis of the collected water samples. Samples of the surface
water were collected with a bucket from the end of the pier
about 400 m from the shoreline, where the average bottom
depth is about 10 m. Collected samples were stored in clean
containers (Nalgene), and immediately transported to our
laboratory at the Scripps Institution of Oceanography for
further analysis.

[o] Sampling was made about every 2 weeks and occa-
sionally more often during a period of rainstorm events in
winter 2005. The overall length of the study spanning about
1.5 years enabled us to sample under different environmental
situations throughout different seasons. As a result, we cov-
ered a wide range of optical variability caused by various
phenomena, including the most prominent effects associ-
ated with episodic rainstorm events (Tijuana River discharge,
stormwater runoff, and bottom resuspension) and massive
phytoplankton blooms (red tides).

Water Sampling

2.2. Concentrations of Seawater Constituents

[10] The concentration of suspended particulate matter,
SPM [units are g m °], defined as the dry mass of particles
per unit volume of water, was determined using a standard
gravimetric technique. We used preweighed glass-fiber GF/F
filters (25 mm in diameter) for filtration of measured vol-
umes of seawater samples (between 50 and 500 mL). At the
end of filtration, sample filters were rinsed with deionized
water to remove sea salt. The dry mass of particles col-
lected on the filters was measured with a Mettler-Toledo
MTS5 microbalance (resolution 0.001 mg). The particle mass
retained on the filter was, on average, 1.86 mg (standard devi-
ation SD = 0.66 mg). Three replicate filters were measured
in each experiment, with the reproducibility generally within
+17%.

[11] We estimated that our SPM determinations are poten-
tially subject to a mean error of +10% (SD = 3%). The mini-
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mum and maximum estimated errors based on consideration
of the individual samples are 4% and 22%, respectively.
These values were calculated from estimates concerning two
types of error, which act in opposite direction and therefore
reduce the final bias. The first type of error is related to the
loss of filter mass during the filtration process, and leads to
an underestimation of SPM. This error could, in principle,
be avoided by making the analysis on filters prewashed with
an appropriate quantity of pure deionized water. The second
type of error, leading to an overestimation of SPM, is associ-
ated with incomplete removal of sea salt during rinsing with
deionized water after sample filtration [Trees, 1978; Stavn
et al., 2009].

[12] On the basis of special experiments in which the filter
mass loss was determined as a function of volume fil-
tered, we estimated that the first error was on average —6%
(SD = 2%). The water salinity at the location of our study
site varies within a very restricted range throughout the
year, being on average 33.48 psu and dropping sporadically
only slightly to about 33 psu after heavy rainstorm events
(E. Terrill, personal communication, 2009). Using the
results of the study by Stavn et al. [2009] for water salinity
of 33 psu and after appropriate conversion to represent the
use of 25 mm filters, we estimated that the salt retention
error could be, on average, +18% (SD = 7%). That study
suggests that the maximum mass of salt retained on the
25 mm filter for salinity of 33 psu is about 0.25 mg, which is
significantly less than the particle mass retained on the filters
in our experiments. The above estimations suggest that the
errors associated with the filter mass loss and salt retention
probably did not completely compensate for one another
in our experiments, resulting in a possible average error of
about +10%. We did not apply a correction for this error
because of the uncertainty in the estimation of salt retention
error and relatively high variation between our replicate
SPM determinations (+17%). To achieve a correction for
salt retention with sufficiently high level of confidence would
require additional determinations of the so-called “abso-
lute procedural control” specific to a given measurement
protocol and conditions of particular experiment (e.g., filter
size, volumes filtered, particle load on filters, water salin-
ity), as recommended by Stavn et al. [2009]. Whereas this
is a desirable improvement of the SPM methodology, it is
not yet commonly made and has not been performed in our
experiments.

[13] Particles were also collected by filtration on pre-
combusted GF/F filters (three replicates per each experi-
ment) for the analysis of particulate organic carbon (POC)
concentration and particulate organic nitrogen (PON) con-
centration [g m °]. The sample filters were dried after fil-
tration and stored until analysis with a high temperature
combustion technique. The reproducibility of replicate mea-
surements of POC was generally within +8%. Additional
samples were taken for the analysis of phytoplankton pig-
ment concentrations. Particles collected on GF/F filters were
stored in liquid nitrogen and analyzed at a later time with
HPLC and fluorometric techniques. Data in this paper utilize
the concentrations of chlorophyll a, Chl, obtained with the
fluorometric method [Trees et al., 2002].

[14] We use the POC/SPM ratio for partitioning our data
set into three groups characterizing particulate composition,
which we refer to as mineral-dominated, organic-dominated,
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and mixed (more details in section 3.2). In general, samples
with very low POC/SPM ratio are expected to have a domi-
nant mass contribution of mineral particles as compared
with organic particles. An increase in POC/SPM will gen-
erally indicate an increase in the contribution of organic
particles. Although there is no unique conversion of POC
to the total mass concentration of particulate organic matter,
the use of POC is valuable because of potential applica-
tions of optical measurements to questions related to carbon
biogeochemistry. Because plankton is an important com-
ponent of particulate organic matter, the significance of POC
within the context of optical approaches also stems from the
fact that the intracellular content of carbon is linked to the
optically significant properties of plankton cells, their size
and refractive index [Montagnes et al., 1994; Stramski, 1999;
Menden-Deuer and Lessard, 2000; DuRand et al., 2002].

[15] An alternative characterization of particulate com-
position could be achieved with the loss on ignition (LOI)
technique, which partitions SPM into the mass concentra-
tions of particulate organic matter (POM) and particulate
inorganic matter (PIM) [Peariman et al., 1995; Barillé-
Boyer et al., 2003; Stavn et al., 2009]. While the LOI tech-
nique would provide useful complementary information for
our data analysis, we did not use this technique because of
logistical constraints in our experiments. It must also be
emphasized that the parameters POC, POM, and PIM all rep-
resent simple proxies for particulate composition as defined
at a fairly rudimentary level. In reality, variable composition
of natural particulate assemblages and their implications to
optics are certainly more complex than described by just two
types of particles, organic and inorganic (or POC and non-
POC types).

2.3. Particle Size Distribution

[16] The particle size distribution (PSD) was measured
with a Coulter Multisizer III (Beckman-Coulter) using an
aperture tube with a diameter of 100 pym, which allows cov-
erage of the particle size range between 2 yum and 60 pm
with very high resolution. Each PSD measurement provided
a set of values representing the number of particles per unit
volume of sample, N(D) [units used in this paper are cm ],
within each size bin for 256 logarithmically spaced bins along
the axis of equivalent spherical particle diameter, D [um].
For each sample and the corresponding particle-free refer-
ence seawater (i.e., seawater filtered at least twice through a
0.2 pm Nalgene syringe filter), we made at least 3 replicate
measurements, each on the volume of 2 mL. The replicates
of sample measurement were compared, corrected for the
particle-free baseline, and averaged to obtain the final PSD. If
necessary, the seawater samples were diluted with filtered
seawater prior to measurement to avoid the coincidence
effects. The dilution factor was then taken into account in the
calculation of the final PSD. Based on the values of N(D),
we calculated the density functions of particle number con-
centration, F(D) [cm™> um™'], and the particle volume con-
centration, F(D) [pm™]. From the F)(D) function, we also
calculated the total volume concentration of particles within
the 2-60 im range, C3°**™ [dimensionless], and the two size
parameters, Dyso and Dyqoy [um], which respectively repre-
sent the median diameter (50th percentile) and the 90th per-
centile diameter of particle volume distribution. We also tested
the median and percentile parameters obtained from particle
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number and particle projected-area distributions, but found
no particular advantage of using these parameters compared
with those based on particle volume distribution for the pur-
poses of our study.

[17] We recognize that measurements of the size distri-
bution truncated within the 2—60 pm range represent some
limitation as particles outside this range also provide a con-
tribution to the optical properties and particle mass concen-
tration [e.g., Stramski and Kiefer, 1991; Carder and Costello,
1994; Jackson et al., 1997; Peng et al., 2007]. Practical con-
siderations associated with a broad suite of measurements
that required simultaneous execution were the main reason
for this limitation in our experiments, but we note that it is
desirable and generally possible to extend the size range
by using multiple aperture tubes with a Coulter technique
and/or multiple techniques for particle sizing.

2.4.

[18] The optical measurements of the beam attenuation
and absorption coefficients were made with a double-beam
bench-top spectrophotometer (Perkin-Elmer Lambda 18)
equipped with a 15 cm integrating sphere (Labsphere RSA-
PE-18). The measurements were performed in the spectral
range from A = 300 to 850 nm with a 1 nm interval (where A
is light wavelength in vacuo). As a general rule, our baseline
and sample scans were taken in succession with a reference
and sample placed in the sample beam during the respective
scans. Both baseline and sample measurements were thus
made relative to a stable light intensity of reference beam
traveling through air. For all optical measurements, a mini-
mum of two replicate spectra were obtained and subsequently
averaged.

[19] The spectra of the beam attenuation coefficient of
suspended particles, c,(\) [m™'], were measured using a
geometry in which the acceptance angle of the detector was
reduced to less than about 0.7° [Stramski et al., 2004b, 2007].
The measurements were made on particles in suspension
contained in a 1 cm cuvette. The optical density (referred also
to as absorbance in classical spectrophotometry) of particles,
OD,()), was determined as a difference between the optical
density of the sample (i.e., the particle suspension) and the
particle-free reference (i.e., seawater prefiltered with GF/F
filter and then filtered twice through a 0.2 um Nuclepore
filter).

[20] The values of c,(\) were calculated by multiplying
OD,()) by In(10) and dividing by the pathlength of 0.01 m.
Because the measurements were made over a short path-
length on natural water samples, the OD,()) signal was gen-
erally small (< 0.13 in the visible spectral range) and often
showed significant random noise of the instrument. There-
fore, the final c,(\) spectra were obtained by smoothing with
a 5-point moving average, which was repeated five times.
Although the overall spectral trend and magnitude of the final
¢,(N) are reasonably robust, these spectra for most experi-
ments still show small-scale irregularities related to instru-
ment noise. For two experiments with the values of c,())
below 1 m™', the data are not considered due to very low
signal. We also note that the optical measurements were made
on samples which satisfied the criteria of single scattering
regime. Therefore, if necessary (i.e., in the case of very turbid
samples), the samples were diluted with particle-free water
prior to measurements.

Inherent Optical Properties of Seawater
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[21] Particulate absorption spectra, a,()\) [m™'], were also
measured with a Perkin-Elmer Lambda 18 spectrophotom-
eter equipped with an integrating sphere. The Transmission-
Reflectance (T-R) filter-pad technique was used [Tassan
and Ferrari, 1995, 2002]. For a given sample, this technique
requires the measurement of optical density spectra with
at least four different filter-detector configurations involving
sample and blank GF/F filters. From these measured optical
densities, we calculated the desired value representing the
optical density of particles collected on the filter, ODy()),
following the equations of Tassan and Ferrari [1995, 2002].
In these calculations we assumed that the transmittance of
the sample filter is identical regardless of whether or not the
side of the filter with particles faces the beam. This is a good
assumption which allows simplifying the procedure by avoid-
ing an additional transmittance measurement with the parti-
cles on the filter facing the entrance to the integrating sphere
rather than the incident beam [Tassan and Ferrari, 2002].

[22] The correction for the pathlength amplification factor
(the so-called (3-factor) was applied, in which the optical den-
sity of particles on the filter, OD()\), was converted to the
equivalent optical density of particles in suspension, ODj,(\)
[e.g., Mitchell, 1990]. We used the formula OD;,()\) = 0.592
[OD(N)]* + 0.4 OD,()\), which was established with our
Perkin-Elmer spectrophotometer based on experiments with
several phytoplankton cultures, mineral-rich particulate assem-
blages, and natural assemblages of particles from marine
environments [Stramska et al., 2006]. Finally, the particu-
late absorption coefficient, a,()\), was determined by mul-
tiplying ODy,(A) by In(10) and the clearance area of the
filter, and dividing this product by the volume of sample
filtered. For a few samples with high enough turbidity, we
also measured a,,()) on particle suspension in a 1 cm cuvette
placed inside the integrating sphere, thus minimizing the
scattering error to a negligible level and obtaining accu-
rate estimates of particulate absorption [see, e.g., Stramski
et al., 2007]. The results agreed well with those obtained
from the T-R technique, which lends confidence to our T-R
determinations.

[23] In order to partition a,()) into phytoplankton a,;())
and nonphytoplankton a ) (commonly referred to as detri-
tus) components, the sample GF/F filters were subject to sim-
ilar transmittance and reflectance measurements following
treatment with sodium hypochlorite NaClO [Ferrari and
Tassan, 1999]. In this treatment, the particles on the sam-
ple filter were exposed to a small amount of a 2% NaCIO
solution for several minutes with a primary purpose of
bleaching phytoplankton pigments. The T-R measurements
on the bleached sample filters yielded the estimates of a{(\).
The phytoplankton absorption coefficient, a,,(A), was then
obtained as a difference between a,(\) and a4 ()).

[24] We found that the bleaching technique failed to pro-
vide reasonable results for samples with a relatively small
contribution of phytoplankton to the overall particulate assem-
blage. Samples with a very low ratio of Chl to SPM (gen-
erally less than 10™*) showed that the derived spectra of app(N)
were nearly featureless with no characteristic maxima of
phytoplankton absorption around 440 nm and 675 nm. This
indicated the failure of the partitioning method based on the
NaClO bleaching. In contrast, the derived spectra of a,,;,()\)
for samples with higher Chl/SPM clearly showed the pres-
ence of the expected spectral features of phytoplankton
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absorption. For that reason, we will report on the absorption
partitioning only for a selected group of samples dominated
by organic particles, for which the bleaching method yiel-
ded a reasonable shape of the a,,()\) spectra.

[25] We also measured the absorption coefficient of
colored dissolved organic matter, acpor()) [m '], using a
Perkin-Elmer spectrophotometer. These measurements were
made on samples filtered through a prerinsed 0.2 pm Nucle-
pore filter relative to freshly made pure water (deionized
and particle-free) following the NASA-recommended pro-
tocol [Mitchell et al., 2003]. The CDOM sample or pure
water reference was put in a 10 cm cylindrical cuvette and
measured with a geometrical setup similar to that used for
¢p(N). The values of acpor(N) were calculated by multi-
plying the baseline-corrected optical densities ODcpopd\)
by In(10) and dividing by the pathlength of 0.1 m. Assuming
that acpoad M) is negligible at wavelengths roughly above
600 nm, any measured offset (typically determined over
a 10 nm range between 590-640 nm) was subtracted to
obtain the final acpopd ). The spectra of the scattering
coefficient of particles, b,()), were determined as a differ-
ence between c,(\) and a,()).

3. Results and Discussion

3.1. General Variability of Constituents and Seawater
Optical Properties

[26] During the 1.5 year period of sampling, large changes
in the concentration, composition, and size distribution of
suspended particulate matter were observed at the study
location in Imperial Beach (Table 1). This variability was
associated with seasonal patterns in the physical environ-
ment (e.g., solar irradiance, rainfall, winds), and also with
episodic events on shorter time scales such as winter storms
or plankton blooms. Here we do not discuss in detail tem-
poral patterns in the measured variables, but merely state
that the resulting database encompasses a diverse range
of particle assemblages with varying biogeochemical prop-
erties, including suspensions dominated by minerogenic
particles, algal cells including red tide events, and various
mixtures of inorganic and organic particles.

[27] The greatest variation was observed among mea-
surements pertaining to the particle concentration, i.e., SPM,
C¥%0um pOC, and Chl. The variation of SPM was about
34-fold, but CZ%%™ POC, and Chl varied distinctively more
than 100-fold (190-fold, 155-fold and nearly 200-fold, res-
pectively; see Table 1). The composition of particulate matter
was also highly variable during the IBP experiment as
indicated by 18-fold variation in the ratio of POC to SPM
(Table 1). A similar range (16-fold) was observed in the
POC/Chl ratio.

[28] The variation of two statistical parameters, Dy, and
Dy, derived from the measurements of particle volume
distributions was also examined to characterize changes in
the particle size distribution (PSD). The median particle
diameter, Dyso, divides the size distribution of particle
volume into two equal portions within the measured diam-
eter range 2—60 pum. The higher the Dysg, the larger the
contribution of relatively large particles to the total particle
volume. During the course of our experiment, Dy, varied
significantly between about 4 and 39 um, which is indica-
tive of large variability in the shape of PSD. Smaller values
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Table 1. Range of Variability in the Characteristics of Suspended Particulate Matter and Inherent Optical Properties in the Nearshore

Waters at the Imperial Beach Pier

Minimum Values for

Maximum Values for Annual Average Values for

Parameters All IBP Samples® All IBP Samples® the IBP Samples for 2005°
SPM (g m>) 2.4 (December 2005) 82.3 (July 2005) 13.5 (17.8)
POC (g m>) 0.22 (February 2005) 34.4 (July 2005) 2.33 (6.06)
Chl (mg m™) 1.28 (December 2004) 247.6 (July 2005) 14.9 (43.2)
POC/SPM (g:g) 0.023 (February 2005) 0.42 (July 2005) 0.16 (0.12)
POC/Chl (g:g) 68 (April 2005) 1104 (January 2005) 200 (186)
2 60um 9.82 x 107 (December 2005) 1.9 x 10~* (July 2005) 12 x107° (3.3 x 107%)
Dyso (um) 3.7 (February 2005) 39.0 (September 2005) 15.9 (12.4)
Dy (1m) 7.0 (February 2005) 47.6 (January 2006) 28.8 (12.8)
b,(555) (m™) <1.0 (twice in August 2005) 53.1 (January 2005) 6.96 (10.3)
a,(440) (m™) 0.14 (December 2005) 6.19 (July 2005) 0.76 (1.13)
a,(675) (m™h 0.044 (February 2005) 4.54 (July 2005) 0.35 (0.78)

acpom(440) (m™") 0.023 (April 2005)

0.31 (January 2005) 0.092 (0.054)

“December 2004 to June 2006.

The annual average values are accompanied with the standard deviation values in parentheses.

of Dyso were typically observed in winter months when
POC/SPM was relatively low and particle assemblages were
dominated by minerogenic fraction. Larger values of Dysq
were typical during summer when the POC/SPM was rela-
tively high which suggests a high contribution of organic
particles. The size parameter, Dyy,, representing the 90th per-
centile of particle volume size distribution, varied between
7 and 48 pm. The Dy, data indicate that the contribution of
particles larger than 50 pm to the total particle volume was
always less than 10%. The percent contributions of these
large particles to the total particle abundance and the total
particle projected area were even smaller (data not shown).
[29] The large variability observed in the concentrations
and composition of seawater constituents at the IBP location
resulted in correspondingly large variability in the inherent
optical properties (IOPs) of seawater (Table 1). For example,
the particulate scattering coefficient b, at 555 nm showed
more than 50-fold variation. At a few experiments (Exp. 23
and 25 in August 2005), the b,(555) values were below the
detection limit of our measurement method (< 1 m™"). There
was about 44-fold variation in the particulate absorption

107
F(a
o [®

105 E

Exp. 12 (Feb 2005) 1
Exp. 15 (Apr 2005) §
Exp. 25 (Aug 2005) 3
—— Exp. 27 (Sep 2005) 3

10 f
10° b

F\(D) (cm'3 um'l)

10°

10—
1 10

D (um)

100

coefficient at 440 nm and more than 100-fold variation at
675 nm. Both b, and a,, exhibited strong covariation with
each other, and with indicators of particle concentration such
as SPM or ¢260rm,

[30] In contrast to b, and a,, the absorption coefficient of
CDOM, acpous, did not show any consistent covariation
with characteristics of the particle assemblage and the range
of variation was much less than that of particle absorption.
For example, the variation of acpo(440) in our study was
about 13-fold (Table 1). For the majority of our samples,
CDOM had a smaller contribution to absorption than sus-
pended particles in the visible region of the spectrum. Because
our primary interest in the present manuscript is to address
relationships between particle IOPs and characteristics of the
particle assemblage, no further discussion of CDOM absorp-
tion is provided in the remainder of the paper.

3.2. Size Distributions and Composition of Particulate
Matter

[31] Four distinctly different examples of PSDs for the
IBP samples are shown in Figure 1 in terms of density func-

10—
(b)

10 £ E

F)(D) (um’)

108 o
1 10

D (um)

100

Figure 1. Example particle size distributions for samples collected during several experiments at the
Imperial Beach Pier: (a) the density function of particle number concentration, F(D), and (b) the den-
sity function of particle volume concentration, F (D), as functions of particle equivalent spherical diam-
eter, D. Some noise in the data is seen at relatively large values of D (> 10 um), which is associated
with relatively low particle counts within narrow size bins in that diameter range.

6 of 19



C08027

40 [ LA B L L B R 6I o '_
[e) O O O A
O 4
30 + .
~ I OO
£ © o ©
3
~ 20 F & .
o o
Q i 4 o0 (@] o o 1
ole 8(;’0 o ]
I ® ]
0 L U T SR T [N ST SN TN TN NN TN TN S SN [T SN SR T S (N S
0.0 0.1 0.2 0.3 0.4
POC/SPM

Figure 2. Scatter plot between the median particle diame-
ter, Dyso, and the ratio of POC/SPM for the Imperial Beach
samples. The mineral-dominated samples are shown as solid
circles, the organic-dominated samples as open circles, and
the mixed samples as grey circles.

tions for particle number concentration F(D) and particle
volume concentration F(D). Some “high-frequency” noise
seen in these data due to limited particle counts within indi-
vidual size bins, especially for D > 10 pm, should be ignored
when interpreting these distributions. The sample from
Exp. 12 (February 2005) shows a rather featureless F(D)
with relatively steep local slopes at particle diameters D <
10 pm, albeit with some curvature as well. That sample is
also characterized by the smallest value of Dyso = 3.7 um
among the IBP samples, which indicates the largest contri-
bution of small-sized particles. The Fp(D) distribution for
Exp. 15 (April 2005) is also rather featureless but the slopes
are generally less steep across the examined size range. The
two other examples show clear maxima in particle size dis-
tribution, which can be attributed to specific plankton popu-
lations. The PSDs for Exp. 25 and 27 (August and September
2005) display a clear maximum around D = 40 pym. The
secondary maximum, which is more pronounced in Exp. 25
than Exp. 27, is observed at D of about 4 pum. These features
are particularly well-defined in the particle volume distri-
bution, F{D). We also note that the sample from Exp. 27
had the largest Dyso of about 39 um, and had the greatest
contribution of relatively large particles among all samples
examined.

[32] Figure 2 is a scatter plot depicting the particle size
parameter Dyso versus the POC/SPM ratio. This plot has
particular significance because we use these two quantities
as simple metrics for the key particle characteristics of size
and composition, both of which affect the particle IOPs. An
important observation for our study site is that the propor-
tion between small-sized and large-sized particles shows a
significant degree of covariation with the contribution of
POC to SPM. In general, however, there is no reason to
expect a consistent well-behaved relationship between the
particle size and composition in various aquatic environ-
ments. This is because the patterns between these particle
characteristics will depend on many factors playing different

WOZNIAK ET AL.: NEARSHORE OPTICAL VARIABILITY

C08027

roles in different environments, such as sources and sinks of
particles, particle dynamics, etc.

[33] One important rationale for characterizing compo-
sition of particulate matter in optical studies is that the
refractive index of particles is dependent on their compo-
sition. At visible light wavelengths, the range of refractive
index relative to water for phytoplankton cells is 1.06 +
0.04 [Aas, 1996]. Mineral particles generally have signifi-
cantly higher refractive index; typical values relative to water
are within the range 1.12-1.22 for many common mineral
species [Kerr, 1977]. Therefore, one can expect that the
empirical relationships between IOPs and measures of particle
concentration or size will improve if established for separate
classes of data, each constrained by particulate composition.

[34] We partition the IBP samples into three composition-
related groups based on the POC/SPM ratio, and this clas-
sification is used throughout the remainder of the paper. The
samples with POC/SPM < 0.06 are classified as low POC/
SPM and the samples with POC/SPM > 0.25 as high POC/
SPM. The remaining samples are classified as intermediate
POC/SPM. For convenience, these three groups will be
referred to as mineral-dominated, organic-dominated, and
mixed, respectively. Although we have not measured the
concentrations of POM and PIM, these descriptive terms
provide a useful approximate designation of the composi-
tion of particulate matter in terms of organic and inorganic
contributions. This naming scheme has no adverse effect
on the analysis and interpretation of our results, and is jus-
tified because POC constitutes a significant fraction of
POM, regardless of possible variation in the composition of
organic matter. Although the POC/POM is variable and
poorly characterized for natural assemblages of particulate
matter in coastal environments, a useful insight is provided
from studies of organic composition of marine phytoplank-
ton. For example, the traditional Redfield formula implies
that carbon contributes about 36% to the organic dry mass
of phytoplankton [Redfield et al., 1963]. A range of con-
tributions from about 50% to 60% was suggested on the
basis of modified Redfield formula with lower oxygen and
hydrogen contents [Anderson, 1995]. Some variation in the
composition of organic particulate matter during our experi-
ments is indicated by the POC/PON ratio, where PON is
the concentration of particulate organic nitrogen. The aver-
age POC/PON (by weight) for all IBP samples is 6.39
(SD = 1.64). For the low POC/SPM samples (i.e., mineral-
dominated), the average POC/PON = 6.40 (SD = 1.45), and
for the high POC/SPM samples (i.e., organic-dominated)
the average POC/PON = 8.19 (SD = 2.00). These average
values are somewhat higher than the Redfield POC/PON
ratio that is about 5.7 (by weight). From these considera-
tions we estimate that our samples with POC/SPM < 0.06
can be expected to have less than 20% contribution of
POM to SPM. The samples with POC/SPM > 0.25 can be
expected to have POM/SPM > 40%, or probably even >
50%. We also note that the critical POC/SPM values of
0.06 and 0.25 selected for our classification are consistent
with clear differences in the patterns of our data partitioned
with these POC/SPM values (e.g., differences in the shape
of PSD and the spectral shapes of a,()\) and b,(\) as illus-
trated below). A small change in these values would not,
however, affect significantly the analysis and main conclu-
sions of this study.
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Figure 3. Particle size distributions for all Imperial Beach samples presented in form of (a, ¢, and e) the
density function of particle number concentration F(D) and (b, d, and f) the density function of particle
volume concentration F}{(D). The distributions for mineral-dominated, mixed, and organic-dominated
cases are presented separately in the top, middle, and bottom plots, respectively. Small-scale irregularities

represent measurement noise.

[35] Figure 2 shows that mineral-dominated samples have
typically smaller values of Dy, and thus larger contribution
of small-sized particles compared with organic-dominated
samples. Thirteen out of fifteen samples classified as min-
eral-dominated had the lowest values of Dysq smaller than
7.5 pm. In contrast, six out of nine samples classified as
organic-dominated had the largest values of Dy, exceed-
ing 35 pm. This covariation is of great consequence to
the analysis of our optical data because both the particle

size distribution and particulate composition are important
determinants of particulate IOPs.

[36] Distinct differences in particle size distributions
between the mineral-dominated and organic-dominated sam-
ples are also evident when comparing the plots of Fy(D)
and Fy(D) for all measurements. Whereas the distribu-
tions of mineral-dominated samples are always featureless
(Figures 3a and 3b), those for organic-dominated or mixed
samples often show a large maximum around D = 40 pm
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Figure 4. Spectra showing the contribution of particulate
absorption, a,()), to total absorption coefficient, a()), for
Imperial Beach samples presented separately for: (a) the
mineral-dominated; (b) mixed; and (c) organic-dominated
cases. Small-scale irregularities represent measurement noise.

(Figures 3e and 3f). In addition, the PSD for mineral-
dominated samples is generally steeper than that for
organic-dominated samples, which is particularly notice-
able in the F(D) distributions. When mineral particles dom-
inate, the contribution to the total particle volume shows a
clear decreasing trend with an increasing particle diameter.
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This trend is not evident for organic-dominated samples. In
this case the particle volume is more evenly distributed
along the examined range of particle diameters, albeit the
10-30 pm range generally makes a somewhat reduced
contribution. Also, a major contribution for some organic-
dominated samples is associated with a maximum near
40 pm. The mixed samples also exhibit the F(D) distribu-
tions with similar contributions coming from different par-
ticle sizes, especially in the range of D < 10 um (Figure 3d).

3.3. Absorption by Suspended Particles

[37] Suspended particles are a major light absorbing
component of the nearshore waters at the IBP location
(Figure 4). Regardless of particle composition parameter-
ized in terms of POC/SPM, the absorption by particles
for most samples provided a dominant contribution (> 50%)
to the total absorption coefficient at light wavelengths
shorter than about 550 nm. At longer wavelengths, the
contribution of particles decreases because a decrease in the
particulate absorption coefficient with light wavelength is
accompanied by a steep increase in pure water absorption
coefficient. Because of methodological issues related to
measurements on bleached sample filters (section 2.4), the
partitioning of particulate absorption into phytoplankton
and nonphytoplankton components can be addressed only
for the organic-dominated IBP samples. For these samples,
the ratio of a,(\)/a,()\) was generally small at wavelengths
between 300 and 700 nm, i.e., within the spectral range
where the values of both coefficients were high enough to
calculate a meaningful ratio. For example, the average value
of agla, is 0.37 (SD = 0.08) at 350 nm, 0.19 (SD = 0.08) at
440 nm, and 0.23 (SD = 0.10) at 580 nm. These results
indicate that most of particulate absorption of organic-
dominated samples was caused by phytoplankton pigments.

[38] Figure 5 shows spectra of mass-specific absorption
coefficient of particles, a,*()). This coefficient was obtained
by normalizing the a,()) values to SPM. As expected, the
a,*(\) spectra for mineral-dominated samples show no or
weak signature of major phytoplankton absorption bands
centered around 440 nm and 675 nm (Figure 5a). In con-
trast, these features are easily discernible in the spectra for
mixed and organic-dominated samples (Figures 5b and 5c).
The a,(440)/a,(400) ratio quantitatively describes these
differences. Whereas the average ratio is 0.74 (SD = 0.05)
for mineral-dominated cases, it is 0.96 (SD = 0.08) and 0.96
(SD = 0.06) for mixed and organic cases, respectively.

[39] The range of variability in the values of a,*(\) is
quite large at all wavelengths but it is similar for the three
groups of IBP samples; the mineral-dominated, the organic-
dominated, and the mixed samples. With a few exceptions,
the a,*()\) values within the visible spectral range (400-680
nm) fall within the range of 0.01 to 0.1 m* g~'. The largest
variability among the samples is observed in the red band of
chlorophyll @ absorption at about 675 nm (~9.3-fold, CV =
45 % where CV is the coefficient of variation calculated as a
ratio of the standard deviation to the mean value and ex-
pressed in percent). The smallest but still large variation
occurs around 400 nm (~2.9-fold, CV = 25%) and 555 nm
(~3.6-fold, CV = 26%), where the influence of phyto-
plankton pigments is smaller. These two bands are the best
candidates for establishing empirical relationships between
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Figure 5. Spectra of mass-specific absorption coefficient
of particles, a,*()), for all Imperial Beach samples pre-
sented separately for: (a) the mineral-dominated; (b) mixed;
and (c) organic-dominated cases.

the absorption and the SPM concentration. Such analysis for
400 nm is presented in Figure 6.

[40] There is a reasonably good relationship between
a,(400) and SPM for all data considered together (Figure 6a).
The scatter in the data points and nonlinearity in the trend
line suggests some variation in the mass-specific absorption,
a,*(400). Figure 6b shows the range of variation in a, *(400)
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among individual data points. This range is constrained
to significant degree and is similar regardless of the partic-
ulate composition For all IBP samples the average value of

a,*(400) is 0.064 m*g ' (SD = 0.016 m’g "). For mineral-
domrnated samples the average ap*(400) is 0.061 m? g
(SD = 0.012 m’g™") and for orgamc -dominated samples
0.068 m”*g~' (SD =0.015 m?g"). For the 555 nm band (data
not shown) the average value for a,*(555) is 0.019 ng_l
(SD = 0.005 m®g ") based on all IBP samples.

[41] Although some contribution to the observed vari-
ability in a,*()\) can be associated with unavoidable un-
certainties in measuring a,(\) and SPM, the major effects
are expected to arise from natural variations in the compo-
sition and size distribution of particulate matter. Because
Figure 6b does not show a clear trend or relation between
a,*(400) and particulate composition, it is of particular
interest to examine the potential relationship between a,*
and particle size characteristics. Figure 6¢ shows a,*(400)
versus the median particle diameter Dyo. The data represent-
ing the mineral-dominated and organic-dominated cases
are clearly separated. Despite some scatter in the data points,
a trend of a decrease in a,*(400) with increasing Dys is
seen within each class of particle composition. This trend is
most evident for mineral-dominated samples. A decrease in
the chlorophyll a-specific absorption with an increase in cell
size has long been recognized as the so-called package effect
in phytoplankton [Morel and Bricaud, 1981]. Qualitatively
similar effect of a decrease in the mass-specific absorption
with an increase in particle size was also reported in a mod-
eling study of mineral particles [Wozniak and Stramski, 2004]
and laboratory measurements of mineral-rich particulate
matter [Stramski et al., 2007]. The pattern displayed by the
data in Figure 6c is thus consistent with those previous
studies.

[42] Our absorption data for mineral-dominated samples
are also generally in good agreement with previous field
measurements of natural particulate assemblages in marine
environments presumably dominated by minerogenic parti-
cles [Bowers et al., 1996; Babin et al., 2003b; Bowers and
Binding, 2006; McKee and Cunningham, 2006]. Bowers
and Binding [2006] analyzed several data sets and con-
cluded that the average spectrum of a,*(\) for mineral
particles can be approximated with an exponential function:
a,*(A) = C; + Cy exp [(— S (A = Awep)]. The best ﬁt para-
meters were C;=0.020m* g ' (SD=10.005m’ g ) C,=
0.042 m g*‘ (SD =0.012 m *g"),8,=0012nm " (SD=
0.002 nm '), and the reference wavelength Arer 18 around
440 nm (either 440 nm or 443 nm). It is noteworthy that
the estimate of parameter C;, which represents the back-
ground absorption at long wavelengths, is in agreement with
the a,*(\) values in the near-IR for several mineral-rich
samples examined in the laboratory study of Stramski et al.
[2007]. The sum of C ; and C; yields an average estimate of
a,*(440) = 0.062 m’ g ' In the present study, the average
value of a,*(440) is 0. 057 m> g ' (SD =0.017 m* g ')
based on all IBP samples treated together regardless of
particulate composition. If the three groups of IBP sam-
ples are consrdered separately, then we have ap*(440) =
0.045 m? g ' (SD = 0.008 m? g 1, 0.062 m? g (SD—
0.018 m* g "), and 0.065 m* g (SD = 0.015 m* g ') for
mineral-dominated, mixed, and organic-dominated cases,
respectively. The average slope S, of the particulate absorp-
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Figure 6. (a) Relationship between the absorption coefficient of particles, a,(400), and SPM. (b) Scatter
plot for the mass-specific absorption coefficient, a,*(400), vs. POC/SPM. (c) The mass-specific absorp-
tion coefficient of particles, a,*(400), vs. particle size parameter, Dyso, for the Imperial Beach samples.
The IBP data are designated as solid circles for mineral-dominated samples, open circles for organic-
dominated samples, and grey circles for mixed samples. The solid line in Figure 6a represents the
best fit power function a,(400) = 0.0732 (SPM)*?7 (the 1 coefficient between the log-transformed
data is 0.89, number of observations n = 44). The linear function (not shown) yields »* = 0.96
(or 0.97 if the fit is forced to have zero offset) but the mean normalized bias and root mean square
errors are somewhat higher compared with the power function fit. Two power function fits presented
in Figure 6c¢ are: a,*(400) = 0.115 (Dyso) *>"® (solid line) for mineral-dominated samples, and a,*(400) =
0.222 (Dyso) 3% (dashed line) for organic-dominated samples. The 7> values between the log-
transformed data are 0.57 and 0.32, and the number of observations n = 15 and 9, respectively.

tion spectra for IBP samples dominated by minerals is
0.0119 nm ™" (SD = 0.0016 nm '), which is also in good
agreement with S, determined by Bowers and Binding [2006].
Our determinations of S, are based on the spectral range
300-800 nm.

3.4. Scattering by Suspended Particles

[43] Figure 7 shows spectra of the mass-specific scattering
coefficient of suspended particles, b,*(\), for the mineral-
dominated, mixed, and organic-dominated samples. The
b,*(\) values were determined as a ratio of b,(A) to SPM.
As was the case with the absorption data, the small-scale
irregularities seen in the scattering spectra are again mostly
attributable to measurement noise rather than real spectral

features. The general spectral trend and the magnitude
of scattering are, however, well revealed by our data. As
seen, the scattering spectra typically display an increase
towards shorter light wavelengths but in some cases the
data show very little or no wavelength dependence. The
magnitude of b,*()\) varies significantly at all wavelengths,
although somewhat less at the long-wavelength end of the
spectrum, especially for the mineral-dominated and organic-
dominated samples. Overall, however, the range of variation
is similar for the three groups of samples with the mineral-
dominated cases exhibiting a slightly smaller range com-
pared with the mixed and organic-dominated cases.

[44] If all IBP samples are considered together, the rela-
tive variations in the mass-specific scattering b,*(\) appear
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Figure 7. Spectra of mass-specific scattering coefficient
of particles, b,*()), for all Imperial Beach samples pre-
sented separately for (a) the mineral-dominated, (b) mixed,
and (c) organic-dominated cases. Note that one spectrum
in Figure 7c¢ shows erroneously low scattering values at
the shortest UV wavelengths, which is likely attributable
to an uncertainty in measuring high optical signal (espe-
cially absorption) at these wavelengths for the sample col-
lected during a massive phytoplankton bloom. Small-scale
irregularities represent measurement noise.

WOZNIAK ET AL.: NEARSHORE OPTICAL VARIABILITY

C08027

to be larger than the relative variations observed in the
mass-specific absorption a,*(\). This is especially true for
the wavelengths of 400 nm and 555 nm, where absorption
showed the smallest range of variability. As a result, the
correlation between the particulate scattering b, and SPM
(Figure 8a) is not as strong as that for a, vs. SPM. The
scatter plot of b,*(555) vs. POC/SPM in Figure 8b illustrates
the relatively wide range of variation in b,*(555) among
individual data points. The entire IBP data set yields an
average value of b,*(555) = 0.47 m’g ' (SD =0.20 m*g ).
The maximum to minimum range is more than 6-fold, and
both the minimum 5,*(555) = 0.16 m?g "' and the maximum
of 1.01 m?g" were observed for the organic-dominated
samples. This range of variability in b,* indicates that the
mass-specific scattering provides a less attractive proxy for
SPM than the mass-specific absorption coefficients, such as
a,*(400), for the nearshore waters at the IBP location.

[45] Whereas the scatter in the data points in Figure 8b is
quite large, there appears to be a weak tendency of decreasing
b,*(555) with an increase in POC/SPM. It is interesting to
note that most of mineral-dominated samples showed the
b,*(555) values higher than those for most of organic-
dominated samples. For the mineral-dominated samples,
which show the smallest range of variation among the three
sample groups examined, the average b,*(555) is 0.57 m’g !
(SD =0.18 ng_l) and the range is ~3.5-fold (from 0.24 to
0.84 m?g"). It is also noteworthy that the range of vari-
ability in b,*()) decreases with wavelength. For example, in
the NIR at 800 nm, the average b,*(800) at the IBP location
is 0.411 m?g"' (SD = 0.105 m’g ") for mineral-dominated
samples, 0.329 m’g' (SD = 0.145 m?°g ") for organic-
dominated samples, and 0.352 m?g ' (SD = 0.146 m’g ")
for mixed samples.

[46] Because the particle size distribution is an important
determinant of scattering, it is of interest to examine the
relationship between b,* and particle size characteristics
(Figure 8c). The values of b,*(555) plotted as a function of
the median diameter Dys, show a general decrease of b,*
with Dyso and the data representing the mineral-dominated
and organic dominated samples are clearly separated. A
particularly good power function fit holds for mineral-
dominated samples. Although the data points for mixed and
organic-dominated samples are more scattered, they still
support the notion that the particulate assemblages with
higher relative contributions of small-sized particles are more
likely to be more efficient scatterers per unit mass concen-
tration of particles than the assemblages characterized by
relatively greater abundance of larger-sized particles. This
conclusion is consistent with Mie scattering modeling [Babin
et al., 2003a; Wozniak and Stramski, 2004] and laboratory
measurements of mineral-rich particulate assemblages sus-
pended in seawater [Stramski et al., 2007; Stramska et al.,
2008].

[47] The particle size distribution also exerts a significant
influence on the spectral behavior of particulate scattering.
To examine this effect we fitted a power function b,()\) ~
A" (where 7 is the slope parameter) to the b,()\) data
within the wavelength range of 400-800 nm. We found that
the mineral-dominated samples showed the strongest depen-
dence on light wavelength with an average slope 1 =
—0.80 (SD = 0.19). The spectral slope for the mixed sam-
ples was, on average, —0.49 (SD = 0.33) and for organic-

12 of 19



08027 WOZNIAK ET AL.: NEARSHORE OPTICAL VARIABILITY 08027
100 [ T LA | Frorr T T T T T
(a) _ 1.0 F(p) © ]
i ° ] : ]
- . O 4
) o) I ®
'E NE ) o i
o 10} = S ° © o ]
0 - el N o
R " 04l g2 & ©o ]
= * L ® ]
s | ® ]
N [ o 8 o ]
0.2 :- [e] o b
1 I 111 0.0 L YN T N T T TN T [N T TN W W T W ST SN SN [N SO S S
1 10 100 00 01 02 03 04 05
POC/SPM
0.4 (@) %o
v—4A :
"0 0.0 - .
. [
)
o < 04+ B
Vel
N
* L 4
o -0.8 i
3 12 f §
0'0 L YR YN SN TN T SN TN SN TN [N TN SN WU S SN T S S 1l 1
0 10 20 30 40 1 10 100

Dy, (um)

Figure 8. (a) Relationship between the scattering coefficient of particles, b,(555), and SPM. (b) Scatter
plot between the mass-specific scattering coefficient of particles, b,*(555), and POC/SPM ratio. (c) The
mass-specific scattering coefficient of particles, b,*(555), and particle size parameter, Dyso. (d) The spec-
tral slope of particulate scattering, 7, and particle size parameter, Dy, for the Imperial Beach samples
(coding of data points as in Figure 6). The solid line in Figure 8a represents the best fit power func-
tion b,(555) = 0.472 (SPM)*>3 (the #* value between the log-transformed data is 0.74, number of
observations 7 = 42). The linear function (not shown) provides a similarly good fit (+* = 0.65 or 0.77 if the
fit is forced to have zero offset). For mineral-dominated and organic-dominated samples the best
regression fits to the data are shown in Figures 8c and 8d. For the mineral-dominated samples (solid
lines), the regression equations are: b,*(555) = 2.09 (Dys0) *78 (the 1 between the log-transformed data
is 0.82, and the number of observations n = 15) and 7 = 0.352 In(Dyso) —1.4 (the #* between the log-
transformed variable of Dyso and variable of 1 is 0.60, n = 15). For the organic-dominated samples
(dashed lines) the equations are b,*(555) = 11.5 (Dyso) "** and 1= 0.699 In(Dys) —2.57 (+* = 0.45 and

0.30, respectively, and n = 8).

dominated samples —0.22 (SD = 0.48). These changes in 7
are consistent with variations in particle size distribution
parameterized in terms of Dysq (Figure 8d). As the role of
larger particles becomes more important with an increasing
role of organic particles (see Figure 2), the slope becomes
flatter and the scattering spectra of organic-dominated
samples become less dependent on A\ as compared with the
mineral-dominated samples.

[48] Previously published values of the mass-specific
scattering of marine particles based on field experiments
also show a significant degree of variation. Babin et al.
[2003a] reported that b,*(555) is typically about 0.5 m’g !
in various coastal waters around Europe. On the basis of

theoretical considerations they suggested that such magni-
tude of b,*(555) is explainable by the dominant presence of
mineral particles, which are characterized by low or negli-
gible water content, high particle density, and relatively high
refractive index. The effects of an increase in particle den-
sity and refractive index on b,* counterbalance one another,
as the former leads to a decrease and the latter to an increase
of b,*. As shown above, the magnitude of b,* is also sen-
sitive to the particle size distribution. Babin et al. [2003a]
suggested that the values of 0.5 m’g ' can be expected
as typical for mineral-dominated assemblages that obey
approximately a Junge-type size distribution with a slope of
about —4. In another recent study of coastal waters within
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Figure 9. Spectra of (a) POC-specific absorption coefficient of particles, ap*POC()\) and (b) POC-
specific scattering coefficient of particles, b,,*POC()\), for all Imperial Beach samples. The spectra for
mineral-dominated samples are shown as solid black lines, for organic-dominated samples as dashed
lines, and for the mixed samples as solid grey lines. Small-scale irregularities in the spectra represent

measurement noise.

the northern Gulf of Mexico, Stavn and Richter [2008]
reported the mass-specific scattering coefficient for the
inorganic fraction of particulate matter in the range 0.6—
0.69 m*g ' (at 555 nm). We recall that the average value of
b,*(555) for our entire IBP data set is 0.47 m”g " and for the
mineral-dominated samples is 0.57 m?g .

[49] It is also of interest to bring to attention the result of
Babin et al. [2003a] for open ocean waters in the Atlantic. In
these waters they observed relatively high values of b,*
(555) of ~1 m*g !, which are twice as high as their typical
estimates in coastal waters. The explanation for the open
ocean waters offered on the basis of Mie scattering calcu-
lations involved the dominant role of organic particles that
have significant water content and low apparent density.
Our data from the nearshore marine environment show that
the organic-dominated particulate assemblages can produce
a broad range of b,* from less than 0.2 m’g"! to above
1 m?g", largely in response to changes in particle size dis-
tribution (Figure 8c). The determinations of mass-specific
scattering for the organic fraction of particulate matter in the
Gulf of Mexico by Stavn and Richter [2008, Figures 3 and 5]
also show that this coefficient can be significantly higher or
lower than 1 m?g ' These results caution against indis-
criminate assumption that organic-dominated waters will
typically have higher values of b,* than mineral-dominated
waters. In our IBP data set, the b,* for organic-dominated
samples is actually often times lower than for mineral-
dominated samples.

3.5. POC-Specific Optical Coefficients

[s0] Recent studies have shown that optical measurements
can serve as a proxy for POC concentration in seawater,
especially in the open ocean where organic constituents are a
primary source of optical variability [e.g., Loisel and Morel,
1998; Stramski et al., 1999, 2008; Gardner et al., 2006].
Whereas the earlier studies recognize that the relationships
between POC and optical properties will deteriorate in
marine environments that are largely affected by inorganic
constituents (e.g., many coastal waters), the extent of this

problem has not yet been quantified with an adequate set of
systematically collected data in such environments. Our data
from the IBP location allows us to address this problem.
[51] Figure 9 shows the spectra of POC-specific absorp-
tion and scattering coefficients, ap*POC()\) and bp*POC(A)
respectively, for the IBP samples. These coefficients are
defined as a ratio of a,(\) and b,()) to POC concentration.
As could be expected for waters with large variation in
particulate composition, both a,,*P OC()\) and bp”‘P OC(\) show
a very large variation with the highest values observed for
mineral-dominated samples (low POC/SPM) and the lowest
values for the organic-dominated samples (high POC/SPM).
The range of a,,*POC(/\) spans more than one order of
magnitude and the range of bp*POC()\) as much as two orders
of magnitude. The smallest range of variability observed for
a,*"O¢(675) is still characterized by large coefficient of
variation of 51% around the average value of ap*POC(675) =
0.25 m?g'. Thus, our IBP data set indicates that the bulk
IOP coefficients cannot serve as adequate direct proxies for
estimating POC in marine environments where particulate
composition varies over a broad range. However, Figure 9
also suggests that improvement can be achieved if each of
the three categories of particulate composition is considered
separately. For example, the coefficient of variation of
ap*POC at 400 nm or 675 nm is reduced to ~30% for each
composition group of data considered separately.

3.6. Estimation of Particulate Characteristics From
10Ps

[52] Optical measurements have long been recognized as
an attractive approach for estimating various characteristics
of seawater constituents, which are of interest to a range of
problems in aquatic ecology, biogeochemistry, and water
quality. A major benefit results from the fact that in situ or
remote (airborne or spaceborne) optical sensors provide a
capability for measurements over extended spatial and
temporal scales, which are not accessible to analytical
techniques applied to discrete water samples. The variability
in the data presented above supports, however, the notion
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Figure 10. Relationship between the POC/SPM ratio and
the spectral ratio of the particulate absorption coefficients,
a,(675)/a,(570), for the Imperial Beach samples (coding
of data points as in Figure 6). The regression line plotted
is: POC/SPM = 0.0133 exp{1.27[a,(675)/a,(570)]}. The P
value between the log-transformed variable of POC/SPM
and the variable of a,(675)/a,(570) is 0.81. The number of
observations n = 44.

that estimating characteristics of suspended particulate
matter from optical measurements is highly challenging,
especially in optically complex marine environments such
as nearshore waters. Here we illustrate an example approach
for building empirical algorithms for estimating particulate
characteristics from measured IOPs in such complex
environments, using relationships established with our IBP
data set. Because this example is based on a relatively small
number of data collected at the single location, we deter
from emphasizing the predictive or operational significance
of the presented algorithm. This presentation is instead used
primarily to demonstrate the conceptual approach of how
measurements of particulate IOPs can be used to estimate
characteristics of particulate composition (POC/SPM), par-
ticle size distribution (Dyso), and particle concentration
(SPM and POC).

[53] The main underlying idea of the approach is that the
empirical relationships between the IOPs and the metrics of
particle concentration and size are established separately for
distinct groups of data representing different particulate
composition. Therefore, as a first step, a metric of particulate
composition must be estimated from measured IOPs. For
this purpose, we tested relationships between POC/SPM and
several IOP ratios. For example, we found reasonably good
relationships between POC/SPM and the following IOP ratios:
a,(675)/b,(675), a,(480)/a,(570), and a,(675)/a,(570). The
latter provided a slightly better predictor of POC/SPM than
the other IOP ratios. The relationship between POC/SPM
and a,(675)/a,(570) for the entire set of IBP data is (see also
Figure 10)

POC
—— =0.0133 exp|1.27
SPM

ap(ms)] i~

a,(570)]
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The squared correlation coefficient r* between the log-
transformed values of POC/SPM and the data of a,(675)/
a,(570) is 0.81 (number of observations n = 44). The values
of mean normalized bias, MNB, and normalized root mean
square error, NRMSE, are 7.4% and 44.7%, respectively.
The formulas for calculating MNB and NRMSE can be found
elsewhere [e.g., Stramski et al., 2008]. In the following text,
the reported values of 7> correspond either to two log-
transformed variables (in the case of power function fits) or
one log-transformed and one ordinary variable (exponential
fits).

[s4] With the POC/SPM estimated from equation (1),
several options are available to estimate the remaining
parameters, Dyso, SPM, and POC. In these determinations
we use empirical relationships established separately for the
mineral-dominated (POC/SPM < 0.06) and for organic-
dominated (POC/SPM > 0.25) samples. For the mineral
samples the relationships are typically the best and for the
organic samples the relationships are also usually accept-
able. For the mixed samples (0.06 < POC/SPM < 0.25), the
relationships are inferior and often useless. However, below
we provide relationships that allow the estimation of SPM
and POC for the mixed samples.

[s5] The particle size parameter, Dysy, can be estimated
from the spectral slope of particulate scattering, 7,

for mineral-dominated samples (see data in Figure 8d)

DV50 =214 exp(169 17)

(r* = 0.6; MNB = 3.3%, NRMSE = 27%; n = 15), (2a)
and for organic-dominated samples

Dyso = 32.0 exp(0.432 1)

(* = 0.3; MNB = 4.7%, NRMSE = 35.4%; n = 8). (2b)

The SPM concentration can be obtained from the particulate
absorption coefficient, a,(400) (see data in Figure 6a)
for mineral-dominated samples

SPM = 16.5 [a,(400)]***

(”* = 0.92; MNB = 1.9%, NRMSE = 19.4%; n =15),  (3a)
for organic-dominated samples

SPM = 14.9 [a,(400)]****

(r* = 0.93; MNB = 2.2%, NRMSE = 21.6%; n =9), (3b)
and for mixed samples

SPM = 14.7 [a,(400)]**'°

(r* = 0.61; MNB = 4.2%, NRMSE = 31%; n = 20). (3¢)

We note that the statistical errors for equations (2)—(3)
represent strictly a scenario in which all samples are cor-
rectly classified into one of the particulate composition
groups from equation (1). In reality, this will not be exactly
the case as, for example, a small percentage of mixed
samples may be classified as mineral or organic-dominated
samples. This may slightly affect the resultant statistical
errors for estimating Dysy and SPM.
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Figure 11. Relationships between (a) the mass-specific absorption coefficient of particles, a,*(400), and
the spectral slope of particulate scattering 1 and (b) the mass-specific scattering coefficient of particles,
b,*(555), and 7, for the Imperial Beach samples (coding of data points as in Figure 6). Three regression
lines are also plotted. For the mineral-dominated samples (solid lines in both plots), the regression
equations are: a,*(400) = 0.0275 exp(—0.9797) and b,*(555) = 0.151 exp(—1.61n), with the * values of
0.80 and 0.72, respectively (the number of observations n = 15). For the case of organic-dominated
samples (dashed line in Figure 11b) the regression equation is b,*(555) = 0.263 exp(—1.117) and *=0.81

(n = 8).

[s6] The final parameter of interest, the POC concentra-

tion, can be simply calculated as
POC

POC = SPM o (4)
using POC/SPM from equation (1) and SPM from an
appropriate equation, (3a), (3b), or (3¢c). This is a two-step
algorithm affected by errors in the estimates of both POC/
SPM and SPM. The best resultant error statistics for POC
estimation were obtained for the mixed samples. In this
case, the aggregate statistical parameters of MNB and
NRMSE for the composite two-step POC algorithm are
5.6% and 25.2%, respectively (n = 20). For the mineral-
dominated samples MNB = 17.1% and NRMSE = 30.3%
(n = 15), and for the organic-dominated samples MNB =
—17.6% and NRMSE = 30.3% (n = 9). Although these
errors, especially MNB, are high in comparison to estimates
of other particulate characteristics, the results are encouraging
given that the relationships are based on a relatively small
number of observations in an optically complex environment.

[57] As an alternative to equations (2a) and (2b), Dyso can
be estimated from the mass-specific scattering coefficients
b,*(555) (see data in Figure 8c) using the SPM values
estimated from equations (3a) and (3b). Because this cal-
culation is a two-step algorithm, these estimates of Dy, are
expected to be generally less accurate than those obtained in
a single step from equations (2a) and (2b).

[s8] After calculating POC/SPM from equation (1), another
option of the algorithm could begin with the estimation of
the mass-specific scattering coefficient from the spectral
slope of scattering (see Figure 11)

for mineral-dominated samples

bp*(555) = 0.151 exp(—1.61 1)

(r* = 0.72; MNB = 1.7%, NRMSE = 18.6%; n=15),  (5a)

and for organic-dominated samples

b,*(555) = 0.263 exp(—1.11 1)

(r* = 0.81; MNB = 3%, NRMSE = 27.9%; n = 8). (5b)
It is also interesting that we found a good relationship
between the mass-specific absorption and the spectral
slope of scattering, but only for the mineral samples (see
Figure 11a)

a,*(400) = 0.0275 exp(—0.979 1)

(r* = 0.80; MNB = 0.4%, NRMSE = 9.4%; n = 15). (5¢)
From the relationships (5a), (5b), and (5¢), SPM can be
calculated as a ratio of the measured coefficients b,(555) or
a,(400) to the estimated mass-specific coefficients, b,*(555)
or a,*(400). One of the SPM estimates could be chosen as
final or the two or three estimates could be averaged, if
deemed to provide a more reliable approximation of the true
value of SPM. The POC concentration can then be deter-
mined as above from equation (4).

4. Conclusions

[s9] Large temporal variability in the concentration and
composition of seawater constituents was observed in the
nearshore marine environment at Imperial Beach, and led to
correspondingly large variability in the inherent optical
properties of seawater. Both winter rainstorm events and
massive summer phytoplankton blooms produce high tur-
bidity in the investigated waters, with the particulate scat-
tering coefficient exceeding 10 m™' and the particulate
absorption coefficient exceeding 1 m™' in the visible spec-
tral region. The minimum values of these coefficients
observed generally during dry periods in winter or late
spring are below 1 m™ ' and 0.1 m™', respectively. Changes
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in the particulate assemblage included the dominance of
mineral particles with relatively steep particle size dis-
tributions during rainstorm events, and the dominance of
organic particles with significantly larger contribution of
large-sized particles during blooms. These dynamics have
important implications to the variability in the magnitude
and spectral behavior of IOPs, including the mass-specific
absorption and scattering coefficients which underwent
several-fold variation in the study area.

[60] In principle, the in-depth mechanistic understanding
of such complex optical variability could be addressed
through a reductionist approach [Stramski et al., 2001,
2004a], in which the knowledge about optically significant
water constituents is available at a significant level of detail
for a number of particle functional types that have distinctly
different properties and play distinctly different optical and
biogeochemical roles in the aquatic environment. Example
research efforts in this direction include recent work in
which a number of plankton species [Stramski et al., 2001]
or several different groups of minerogenic particles [Peng
and Effler, 2007; Peng et al., 2007] are treated as separate
components affecting the bulk IOPs of water. However, a
common approach in hydrologic optics over the past dec-
ades has been to address the optical variability at a much
more general level of water composition parameterization in
terms of bulk or aggregate characteristics of suspended
particulate matter. Although in this study we have also
adopted such a pragmatic approach, we show that as a
minimum requirement for advancing an understanding of
optical variability in aquatic environments, especially com-
plex coastal waters, the optical measurements must be
accompanied not only with the determinations of proxies for
bulk particle concentration such as SPM, POC, and Chl, but
also particle size distribution and particle composition
accounting for separate contributions of organic and inor-
ganic fractions. Admittedly, our determinations of particle
size distribution within a size range of 2 to 60 um represent
some limitation, but this can be moderated by improving or
combining measurement capabilities in regards to sizing
smaller and larger particles. The use of POC/SPM ratio as a
proxy for particulate composition could also be enhanced by
additional determinations of POM and PIM from the LOI
technique [e.g., Stavn and Richter, 2008].

[61] One important attribute of optical measurements is
that they offer a potential tool for characterizing stocks and
dynamics of biogeochemically significant constituents of
water over extended temporal and spatial scales of obser-
vation. This requires algorithms for converting the optical
measurements to water constituent characteristics. The
inverse empirical approaches presented briefly in this study
are not meant to provide optimum or generalized algorithms,
but merely serve as example concepts based on our data
from a specific location within a nearshore environment at
Imperial Beach. We expect that these example concepts may
have broader significance to coastal ocean optics beyond the
local character of this study.

[62] The estimation of different particulate characteristics
from IOPs will be always subject to unavoidable uncertainties
regardless of whether the applied approach is empirical or
involves theoretical or semianalytical considerations. For
example, the high complexity of natural particulate assem-
blages involves optically significant particle properties that
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are not amenable to theoretical treatment, such as the var-
iations in the shape of particles and the internal heteroge-
neity of particle composition and refractive index. The
empirical approaches always exhibit some degree of natural
variability and may often require site-specific relationships
to ensure acceptable reliability. In this study, some empirical
relationships are characterized by a good correlation (mostly
those for mineral-dominated samples), but others have a
smaller correlation (typically organic-dominated samples) or
poor correlation (typically mixed samples). Although this
result may to some extent be attributed to the limited size of
our data set, an important reason for reduced correlations is
certainly associated with the optical complexity and vari-
ability of natural particulate assemblages. Nevertheless, the
presented examples suggest that the concept of a multistep
algorithm, which starts with the estimation of particle
composition metric and then uses a set of relationships
established separately for different particle composition-
related groups of data, promises an improved empirical tool
for estimating composition, size, and concentration char-
acteristics of particulate matter from IOPs.

[63] A general prerequisite for pursuing this approach is to
establish the desired relationships of the algorithm for the
area of interest using a comprehensive suite of measure-
ments that include the IOPs made in tandem with a charac-
terization of concentration, composition, and size distribution
of suspended particulate matter. Whereas large amounts of
optical data have been collected in recent years, field
experiments in which such comprehensive optical and
complementary data are acquired concurrently are still
scarce. As a consequence, most optical measurements have
been amenable to the interpretation in terms of water con-
stituents only at a very general and overly simplistic level
that is usually insufficient to explain the observed natural
variability. The design and execution of future optical
experiments which include complementary detailed analyses
of discrete water samples is therefore necessary for continued
progress in understanding complex optical environments.
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