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a b s t r a c t

The use of standard ocean colour reflectance based algorithms to derive surface chlorophyll may have
limited applicability for optically dynamic coastal waters due to the pre-defined coefficients based on
global datasets. Reflectance based algorithms adjusted to regional optical water characteristics are a
promising alternative. A class-based definition of optically diverse coastal waters was investigated as a
first step towards the development of temporal and spatial constrained reflectance based algorithms for
optically variable coastal waters.

A large set of bio-optical data were collected as part of five research cruises and bi-weekly trips aboard
a ship of opportunity in the west coast of Canada, to assess the spatial and temporal variability of above-
water reflectance in this contrasted coastal environment. To accomplish this, in situ biophysical and
optical measurements were collected in conjunction with above-water hyperspectral remote sensing
reflectance (Rrs) at 145 stations. The concentrations of measured biophysical data varied considerably;
chlorophyll a (Chla) (mean ¼ 1.64, range: 0.10e7.20 mg l�1), total suspended matter (TSM) (3.09, 0.82
e20.69 mg l�1), and absorption by chromophoric dissolved organic matter (CDOM) (acdomð443nmÞ)
(0.525, 0.007e3.072 m-1), thus representing the spatio-temporal variability of the Salish Sea. Optically, a
similar large range was also found; particulate scattering (bpð650nmÞ) (1.316, 0.250e7.450 m-1), partic-
ulate backscattering (bbpð650nmÞ) (0.022, 0.005e0.097 m-1), total beam attenuation coefficient (ctð650Þ)
(1.675, 0.371e9.537 m-1) and particulate absorption coefficient (apð650nmÞ) (0.345, 0.048e2.020 m-1).
An empirical orthogonal function (EOF) analysis revealed that Rrs variability was highly correlated to bp
(r ¼ 0.90), bbp (r ¼ 0.82) and concentration of TSM (r ¼ 0.80), which highlighted the dominant role of
water turbidity in this region. Hierarchical clustering analysis was applied to the normalized Rrs spectra
to define optical water classes. Class 1 was defined by the highest Rrs values, particularly above 570 nm,
indicating more turbid waters; Class 2 was dominated by high Chla and TSM concentrations, which is
shown by high Rrs at 570 nm as well as fluorescence and absorption peaks; Class 3 shows strong fluo-
rescence signatures accompanied by low TSM influence; and Class 4 is most representative of clear
waters with a less defined absorption peak around 440 nm. By understanding the bio-optical factors
which control the variability of the Rrs spectra this study aims to develop a sub-regional characterization
of this coastal region aiming to improve bio-optical algorithms in this complex coastal area.

© 2017 Published by Elsevier Ltd.
1. Introduction

Significant advances have been made in recent years in
resolving Chla concentrations in optically complex waters, called
Case 2 (Morel and Prieur, 1977), by using regionally specific data to
modify standard Chla algorithms (e.g., Garcia et al., 2006; Komick
cira@uvic.ca (M. Costa).
et al., 2009; Le et al., 2013; Loisel et al., 2010; Lubac and Loisel,
2007; Werdell et al., 2009; Brewin et al., 2015; Loisel et al., 2017).
These techniques are often based on an empirical relation between
Chla and remote sensing reflectance, RrsðlÞ, such as the ocean
colour three-band algorithm for MODIS (OC3M), which capitalizes
on the maximum band ratio of either Rrsð443Þ or Rrsð488Þ
normalized to Rrsð547Þ (O'Reilly, 2000), or through a semi-
analytical approach that relates remote sensing reflectance below
the air-water interface, rrsðlÞ, to the inherent optical properties
(IOPs) of the water. For example, the standard semi-analytical
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Garver-Siegel-Maritorena version 1 (GSM01) (Gordon et al., 1988;
Maritorena et al., 2002). However, both approaches consider pre-
defined coefficients and/or assumptions that may have limited
applicability for regional optically dynamic waters (Garcia et al.,
2005; Komick et al., 2009; Lubac and Loisel, 2007; Mustapha
et al., 2012; Vantrepotte et al., 2012; Loisel et al., 2017).

Specifically, for the coastal waters of western Canada, Komick
et al. (2009) suggested that accuracy improvement of Chla
retrieval based on OC3M or GSM1 can be achieved by better
addressing the local optical properties. With data limited to spring
and summer conditions and only the Strait of Georgia, these waters
have preliminarily been categorized into three spatially distinct
water masses based on measured IOPs, including beam attenuation
coefficient and absorption to scattering ratios (Loos and Costa,
2010). However, this classification is based on IOPs, and is
spatially and temporally limited (i.e., it does not cover the full range
of regional optical conditions). Studies from other regions have also
shown the usefulness of apparent optical properties (AOPs), such as
RrsðlÞ, to provide optical classification of surface waters (Lubac and
Loisel, 2007; Vantrepotte et al., 2012; Moore et al., 2014; M�elin and
Vantrepotte, 2015). Regardless of the optical property considered,
these approaches have demonstrated the usefulness of developing
a class-based simplification of optically diverse coastal waters for
the development and success of class specific ocean colour algo-
rithms (i.e., the improved retrieval accuracy is achieved when
blending algorithms specifically designed for different optical
classes) (Moore et al., 2014; M�elin and Vantrepotte, 2015; Jackson
et al., 2017). Further, retrieval uncertainties can be defined ac-
cording to the pre-defined optical water classes (Jackson et al.,
2017).

The objective of this study is to characterize the spatio-temporal
bio-optical diversity of the surface coastal waters of the Salish Sea, a
dynamic semi-estuarine system located on the west coast of Can-
ada and the United States, and group waters with similar optical
traits as a first step towards defining a sub-regional reflectance-
based inversion model for retrieving Chla. We implicitly assume
that waters with similar optical water constituents possess a
similar RrsðlÞ spectral signature, and thus demonstrate a spatial
and/or temporal component based on the hydrodynamics and
biogeochemistry of the region. To accomplish this, we use a large
database of in situ observations combined with data using radiative
transfer simulation from Hydrolight modeling, and apply an
empirical orthogonal analysis to understand the drivers of RrsðlÞ
variability followed by a hierarchical clustering analysis to classify
these data into distinct classes. This research contributes to the
body of literature that in the recent years has demonstrated the
importance of optical water classification for improving the accu-
racy of reflectance-based retrievals of surface chlorophyll a con-
centrations (Lubac and Loisel, 2007; Vantrepotte et al., 2012; M�elin
and Vantrepotte, 2015; Loisel et al., 2017; Jackson et al., 2017).

2. Methods

2.1. Study area

The study area is the Salish Sea, which includes the estuarine
system of the Strait of Georgia, Puget Sound, and the Juan de Fuca
Strait on the west coast of North America. The Strait of Georgia,
located between Vancouver Island and mainland British Columbia
on the Pacific continental shelf of North America (Fig. 1), is the
largest partially enclosed sea in the region, extending over 200 km
in length and reaching depths beyond 350 m within its central
region (Masson and Pe~na, 2009). Connections to the Pacific Ocean
are through the Juan de Fuca Strait in the south, and the Johnstone
Strait in the north. The region is highly productive and heavily
influenced by terrestrial runoff from the Fraser River (Johannessen
et al., 2003), which drives an estuarine circulation that is subject to
wind and tidal mixing (Li et al., 2000; Sutherland et al., 2011). The
outflow of the Fraser River typically peaks with a freshet in June,
where flow can often be several times greater (average discharge
7391 m3s-1) than that of low winter values (1734 m3s-1)
(Environmental Canada, 2014; Masson, 2002). The Skagit and
Snohomish river systems dominate in Puget Sound, with fresh-
water influx peaking around June (maximum ~ 7000 m3s-1)
(Sutherland et al., 2011; USGS, 2015). Because the northern John-
stone Strait is constricted by narrow channels, most of the estuarine
exchange flows through the Juan de Fuca Strait in the south
(Masson, 2002).

Biogeochemically, the Salish Sea is largely dynamic, both
spatially and temporally. Phytoplankton abundance in the region
has been shown to vary with the influence of the Fraser River
plume, tidal mixing, wind speed strength, and cloud cover (Allen
and Wolfe, 2013; Collins et al., 2009), with a maximum diatom
bloom in the spring typically followed by a smaller fall bloom (Allen
and Wolfe, 2013; Costa et al., 2014; Masson and Pe~na, 2009). A
strong growth of diatoms occurs as light becomes less limited due
to decreasing cloud cover and a near-surface vertical stratification,
due to the significant freshwater flux, confining phytoplankton to a
shallow well-lit surface layer (Masson and Pe~na, 2009). Chla con-
centrations have been found to range from <1.00 mg l�1 in the
winter to >10.00 mg l�1 during early spring (Harrison et al., 1983; Li
et al., 2000; Masson and Pe~na, 2009).

Optically, the Salish Sea is also largely dynamic as a result of the
biogeochemistry variability. Specifically, in the Strait of Georgia, the
optical variability has been shown to correlatewith the discharge of
the Fraser River during the spring and summer time (Loos and
Costa, 2010). At this period of the year, high loads of fine inor-
ganic particles are discharged (Johannessen et al., 2006), resulting
in high, wavelength independent, particulate scattering in these
waters (Loos and Costa, 2010). Away from direct river influenced
waters, an estuarine circulation exists for much of the regionwhere
absorption and scattering show spectral dependence. In these
waters, total absorption was shown to be equally influenced by
CDOM and particles (Loos and Costa, 2010). In northern waters,
CDOM has been shown to dominate total absorption
(acdomð411Þ ¼ 0.18e1.58 m-1) and significantly contributed to
attenuation of light as thesewaters are less influenced by the Fraser
River plume (Loos and Costa, 2010).

2.2. Dataset

In situ data were collected for analysis of water biogeochemical
and optical properties. In addition, above water optical data was
measured ormodeled using radiative transfer modeling for stations
in which data could not be acquired. An empirical orthogonal
function analysis was applied to the above water remote sensing
reflectance (RrsðlÞ) data, along with a correlation analysis with the
biogeochemical and optical data, to understand the drivers of RrsðlÞ
variability. Finally, a hierarchical clustering analysis was applied to
group the RrsðlÞ data into distinct classes.

In situ data were collected during five research cruises
(September, October, March, June and July in 2012 and 2013),
aboard the Canadian Coast Guard (CCG) W.E. Ricker, and bi-weekly
trips, aboard a ship of opportunity BC Ferry Queen of Alberni, from
Duke Point, Nanaimo, to Tsawwassen, Vancouver, during the same
time period. The route of the research cruises followed a consistent
pattern, thus guaranteeing that the sample stations were approxi-
mately at the same location. Measurements were acquired between
11 a.m. and 2 p.m. to mimic time of most ocean colour satellite
acquisition and optimized sun illumination conditions. Water



Fig. 1. Map showing the study site and the spatial distribution of the current data set in the Salish Sea. Note that field data were acquired during research cruises covering the entire
Salish Sea, and ferry trips, with fixed route from Duke Point, Nanaimo, to Tsawwassen, Vancouver.
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samples and optical measurements were collected and post pro-
cessed in the laboratory (Table 1). A detailed sampling regime for
each parameter follows.
2.2.1. Discrete water samples
Discrete water samples representing surface waters were ac-

quired using a high capacity water pump on the W.E. Ricker and a
seawater intake pump on the Queen of Alberni. Triplicate water
samples were collected at each location and stored in cold and dark
conditions for a maximum of four hours following acquisition to
minimize degradation of water constituents and potential
composition changes before filtering for TSM, Chla, and CDOM
analysis (Mueller et al., 2003).

Water samples were filtered for TSM concentrations through
pre-combusted and pre-weighed 0.7 mm Whatman GF/F 47 mm
filters. To minimize salt contamination on the filter papers, 300 mL
of de-ionized water was used to wash salt residue from the filters
Table 1
Summary of in situ data collected and/or derived from field cruises and associated equip

Field Data Parameter # of Samplesa Inst

Water Samples [Chla] (mg l�1) 142 Dio
[TSM] (g m�3) 143 Gra
[POC] (%) 141 Shim

IOPs bp ðlÞ (m�1) 37 WE
bbp ðlÞ (m�1) 33 WE
aT ðlÞ(m�1) 37 WE
cT ðlÞ(m�1) 37 WE
acdom ðlÞ(m�1) 143 Oce

AOPs Rrs ðlÞ(sr�1) 93 Satl
Rrs ðlÞ(sr�1) 52 Hyd

a Note that the number of samples is different for the sampled parameters due to log
following filtration (Stavn et al., 2009). After filtration, the filters
were dried at 60 �C for six hours then weighed. This process was
repeated until a constant weight was achieved and TSM could be
calculated (Eaton et al., 2005). Further analysis was done with a
Shimadzu SSM-5000A Total Organic Carbon Analyzer to determine
the Particulate Organic Carbon (POC) concentrations within each
sample by combusting the samples at 450 �C (Bisutti et al., 2004).

To measure Chla and associated pigment concentrations, water
samples were filtered through 0.7 mmWhatman GF/F 47 mm filters
and rinsed with 100 mL of deionized (DI) water before being stored
at �80 �C. In the laboratory, samples were extracted with 10 mL of
90% acetone solution under low light conditions, stored for
24 h at�4 �C, and centrifuged tominimize cellular debris. A Dionex
HPLC analyzer was used to determine Chla and other pigment
concentrations (Arar, 1997). For CDOM analysis, sample water was
filtered through 0.2 mm PALL Supor® membrane disk filters and
then stored in 100 mL amber bottles, previously cleaned and baked
ment.

rument/Methods Wavelengths (nm)

nex HPLC Analyzer 436, 450
vimetric Not applicable (Na)
adzu SSM-5000A Total Carbon Analyzer Na

T Labs ac-S 400-737, 4 nm resolution
T Labs ECO-BB3 462, 532, 650
T Labs ac-S 400-737, 4 nm resolution
T Labs ac-S 400-737, 4 nm resolution
an Optics USB 4000 Spectrophotometer 300-850, 2 nm resolution
antic HyperSAS 351-797, 1 nm resolution
rolight 5 Model 400-750, 10 nm resolution

istic problems.
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to 350� (Pegau et al., 2003). The samples were then analyzed for
CDOM absorption using an Ocean Optics USB 4000 spectropho-
tometer (300e850 nm, 0.2 nm resolution), using distilled water for
baseline and calibration of the instrument (Mitchell et al., 2002).
Absorbance values were then converted to CDOM absorption using
Beer-Lambert's Law (Pegau et al., 2003) and the slope of the
absorbance spectrum, Scdom, was calculated by fitting a single
exponential decay function to the absorption spectra in the range of
350e500 nm (Del Vecchio and Blough, 2002).

2.2.2. Optical measurements
2.2.2.1. AOP: reflectance. In conjunctionwith water measurements,
above-water spectral water-surface radiance, LtðlÞ; sky radiance,
LsðlÞ; and sky irradiance, EsðlÞ; were measured at 93 stations using
a Satlantic HyperSAS sensor array mounted on a platform aboard
the Queen of Alberni and aboard the W.E. Ricker at a fixed geometry
with the instrument pointed at a 90� azimuth from the Sun, and the
LtðlÞ sensor at a 40� angle from nadir (Hooker and Morel, 2003).
Data were acquired at stations for approximately 3 min. Following
measurement, the lowest 5% values in the NIR were used to pro-
duce an average reflectance spectrum aiming to avoid potential
glint contaminated measurements (Hooker and Morel, 2003).
Values were converted to above-water remote sensing reflectance,
RrsðlÞ; according to Ruddick et al. (2006),

RrsðlÞ ¼
LtðlÞ � rskyLsðlÞ

EsðlÞ ;
�
sr�1

�
(1)

rsky ¼ 0:0256þ 0:00039W

þ 0:000034W2; when
Lsð750Þ
Esð750Þ<0:05 (2)

rsky ¼ 0:0256; when
Lsð750Þ
Esð750Þ � 0:05 (3)

where rsky is the proportion of sky radiance that is reflected off the
surface of the water, dependent on wind speed, W , and the pro-
portion of cloud cover identified by the sky radiance measure-
ments. Wind data were acquired aboard the ship and from
meteorological stations on Entrance Island.

2.2.2.2. IOPs: absorption, attenuation, scattering, backscattering.
In-water spectral measurements of absorption and attenuation
were conducted at 38 stations using a WET Labs ac-Spectra (ac-S)
instrument. The instrument measures total absorption (aT ) and
attenuation (cT ) at a 4 nm resolution between 400 and 737 nm.
Given that the vessels rarely held a fixed position, a bench top
sampling method was used to allow more precise measurements
(Reynolds et al., 2010). Sample water was pumped from a black
holding tank using a Sea-Bird SBE 5T submersible pump through
the ac-S meter, first unfiltered and then through a vented Pall
0.2 mm capsule filter fitted on the absorption sensor. The filtered
measurements were used to obtain absorption by CDOM (aCDOM).
Finally, before and after each data collection cruise, the ac-S was
calibrated using DI water in a laboratory setting to account for any
instrument drift (Twardowski et al., 1999). The raw data were
extracted using software provided by WET Labs, Inc, and original
factory calibration files specific to the instrument were applied.
Pure water attenuation (cw) and absorption (aw) coefficients,
defined by Pope and Fry (1997), were subtracted from the data to
produce total attenuation without water interference (ct) and total
CDOM absorptions (at and ac, respectively) values without the ef-
fects of pure water (WET Labs, 2011). Data were further corrected
for temperature and salinity effects following standard procedure
(Sullivan et al., 2006;WET Labs, 2011). Particulate absorption, apðlÞ,
was calculated by subtracting CDOM absorption from the total
absorption, and particulate scattering, bpðlÞ, was calculated by
subtracting total absorption from total attenuation.

An ECO-BB3 (WET Labs) sensor was used to measure the total
volume scattering function at 117�, btð117�Þ for 462, 532, and
650 nm. Measurements were carried out for 34 stations with the
instrument mounted inside the black holding tank. Data were
corrected for absorption losses along the scattered photon pathway
(WET Labs, 2012). Particle backscattering, bbðlÞ, was derived for
each spectrum, according to Boss and Pegau, 2001, taking into ac-
count measured water temperatures and absorption corrected
values.

2.2.3. Radiative transfer simulation
Radiative transfer modeling was performed with Hydrolight 5.2

(Sequoia Scientific Inc.) to estimate RrsðlÞ for stations in which it
was not possible to collect reflectance measurements (n ¼ 52). As a
first step (Step 1), a subgroup (n¼ 34) of datawith a complete set of
measured RrsðlÞ, biogeochemical, and IOP data were input into
Hydrolight to define the appropriate scattering and absorption
coefficients suitable for these water conditions. These stations
covered a range of differing water types, both optically and bio-
geochemically. With this data set, RrsðlÞ spectra were modeled for
400e750 nm at 10 nm intervals. In Step 2, the output modeled
RrsðlÞ from Step 1 were then compared to the measured RrsðlÞ for
the purposes of validating the assumptions of Hydrolight.

As part of Step 1, a four-component Case 2 model was used in
Hydrolight, which is based on the following input parameters:

(1) Pure seawater component using Pope and Fry’s (1997) ab-
sorption values and seawater scattering.

(2) Chla concentrations measured in situ. The absorption speci-
fication was set to the recommended chlorophyll-based Case
1 model (Mobley and Sundman, 2013) and the scattering
specification followed a linear relation set out by Gould et al.
(1999) using an empirical constant to describe particle
scattering, bo, set to 0.3. A Fournier-Forand phase function
with a backscatter fraction of 0.005 was chosen for all runs,
which has been shown to be suitable for phytoplankton
(Mobley and Sundman, 2008).

(3) CDOM absorbance was simulated by inputting absorbance at
a reference wavelength (440 nm) from measured in situ
spectrophotometer values. An exponential decay function
was chosen for the mass specific absorption coefficient and a
calculated slope (Scdom) was specified from measured in situ
ranges.

(4) Particle concentration (TSM) measured in situ. Mass-specific
absorption coefficients were supplied using the in situ con-
centrations and a default red clay model provided by
Hydrolight. Scattering was modeled using a linear relation
using Gould et al. (1999) parameters with amodified bo value
optimized for each individual station. A range of suitable
values for the Fournier-Forand phase function was also
optimized for each station specified by the backscatter frac-
tion, bb=b, which was estimated from the ac-S and ECO-BB3
measurements (Mobley et al., 2002).

Chla and CDOM fluorescence were included in all runs as well as
Raman scattering. Air-water surface boundary conditions were
specified with field measured wind speed values. Sky spectral
radiance distributionwas calculated by Hydrolight via RADTRAN by
specifying the time, geographical position and cloud cover
(percent) for each station. As in situ measurements were acquired
in deep water at all stations, the water column was assumed to be
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infinitely deep, and bottom effects were not considered to be
relevant.

In Step 2, the modeled RrsðlÞ spectrawere statistically compared
to the measured RrsðlÞ spectra acquired in the field for the 34
samples to validate that RrsðlÞ can be modeled in the study area
given the input of in situ biogeochemical measurements and
Hydrolight assumptions defined in Step 1.

After evaluating the results of Hydrolight, a specific range of
input conditions for bo and bbp=b were established based on the
range of in situ biogeochemical measurements used in Step 1. These
parameters were input into Hydrolight, together with the
measured in situ biogeochemical concentrations to calculate RrsðlÞ
for the 52 stations in which RrsðlÞ data was missing. This produced
amodeled RrsðlÞ data set to expand the complete set (total n¼ 145),
which includes measured and calculated AOPs and IOPs.
2.3. EOF and hierarchical clustering

An EOF analysis was performed to define the primary drivers of
the optical water variability, which could be used as an indication of
the number of possible classes for initiating a hierarchical clus-
tering analysis. The EOF analysis was applied using MATLAB code,
Math Works Inc., to in situ and modeled un-normalized
RrsðlÞ spectra (Lubac and Loisel, 2007; Toole and Siegel, 2001;
Mueller, 1976; Sathyendranath et al., 1989). Through this analysis,
the data are reduced to a set of linear orthogonal functions or
modes (Toole and Siegel, 2001), with the first EOFmode accounting
for the largest amount of variability (Lubac and Loisel, 2007).
Subsequently, the statistical relationship between the first three
EOF modes and measured in situ water properties were investi-
gated to define the primary drivers of the water optical variability
and consequently indicate the starting point for defining the
number of classes in the hierarchical clustering analysis.

Different approaches have been used to aggregate similar opti-
cal waters, with the majority using statistical methods based on
cluster techniques, for instance, hierarchical cluster (Torrecilla
et al., 2011), fuzzy clustering (Moore et al., 2014; Jackson et al.,
2017), and iterative self-organized clustering (M�elin and
Vantrepotte, 2015). The unsupervised hierarchical cluster analysis
(HCA) was applied in this study using MATLAB code to classify the
145 stations into distinct optical groups. This method is relevant to
our data as it focusses on changes of the RrsðlÞ shape as opposed to
magnitude (Torrecilla et al., 2011).

Input vectors to the HCA analysis were created by normalizing
the RrsðlÞ spectra with respect to their integral,

RrsðlÞ ¼ RrsðlÞZ 700

400
RrsðlÞdl

(4)

The normalization was done to reduce the first order variability
in the data and focus on shape rather than spectral magnitude
(Craig et al., 2012; Vantrepotte et al., 2012; M�elin and Vantrepotte,
2015). The advantage of normalizing the spectra with respect to the
integrated value is to avoid artificially giving weight to a particular
part of the RrsðlÞ spectrum during the clustering analysis
(Vantrepotte et al., 2012) and to better address absorption by
focusing on the variance of the spectral shape (M�elin and
Vantrepotte, 2015).

In the HCA analysis, a distance matrix was created by comparing
the pairwise distances between input RrsðlÞ values to define simi-
larities or dissimilarities. The distance was defined based on the
cosine distance function, d, computed as:
dðx1; x2Þ ¼ 1� cos q ¼ 1�
�

x1$x2
kx1k � kx2k

�
(5)

where x1 and x2 are defined as the input data points and q is the
angle between them. As this angle decreases, cos q approaches one
and x1 and x2 are defined as more similar (Torrecilla et al., 2011). An
unweighted average distance linkage algorithm was used to group
similar clusters of distances, followed by an agglomerative hierar-
chical cluster tree (dendrogram) to partition the RrsðlÞ input vectors
into clusters (Berkhin, 2006). The number of clusters or classes
specified to the algorithmwas first defined as six and then reduced
until distinction could be achieved between individual classes with
support of the results from the EOF and statistical analysis, the
regional spatial and temporal biogeochemistry (Johannessen et al.,
2006; Masson and Pe~na, 2009), and optical dynamic (Komick et al.,
2009; Loos and Costa, 2010).

3. Results

3.1. Biophysical and optical data

The biophysical and optical parameters of the Salish Sea were
highly variable both spatially and seasonally (Table 2). Concentra-
tions of Chla varied themost during the springmonths with a range
of 0.10 mg l�1 to 7.20 mg l�1, with lowest values in the northern
waters and highest in the central Salish Sea during spring phyto-
plankton bloom conditions. Measured TSM concentrations showed
the greatest variability in the central regions during the spring
months, with concentrations ranging from 0.82 mg l�1 in early
March to 20.69 mg l�1 in May, corresponding to peak Fraser River
discharge (Fig. 2). POC analysis revealed a steep increase in organic
carbon in late June (31.1%), which was associated with phyto-
plankton blooms (Chla ~4.5 mg l�1).

The optical properties showed a similar spatial and temporal
variability as the biophysical properties (Table 2, Fig. 3). Total
attenuation, ctðlÞ, was one order of magnitude higher in riverine
plume influenced waters, compared to lower values measured in
more clear conditions in the northern Salish Sea. The overall
magnitude of ctðlÞ was found to increase primarily with the
magnitude of particulate scattering, except for stations far from the
influence of plume waters. Total absorption, atðlÞ; followed a
similar spectral shape as ctðlÞ; increasing towards the blue wave-
lengths, indicating strong absorption by organic matter (i.e.,
phytoplankton pigments and CDOM). Highest atðlÞ values were
measured within the influence of plume waters. Similarly, high
absorption by CDOM at 443 nm (3.072 m-1) was associated with
plume waters during the spring, and low values (0.007 m-1) found
in northern waters during the summer. The Chla absorption peak
near 675 nm was present in waters of the central and northern
regions, corresponding to high Chla concentration waters.

Particulate scattering, bpðlÞ, showed a consistent trend, with
values decreasing with increasing wavelengths. One order of vari-
ability is observed with a range of 0.573e7.450 m-1 (Table 2) at
650 nm, with the highest values in high TSS waters influenced by
Fraser River plume waters. Particulate backscattering behaved
similarly (Table 2), with the highest (0.097 m-1) values again
associated to high inorganic particulate concentrations found in
plume waters.

3.2. Remote sensing reflectance

RrsðlÞ showed large variability both in magnitude and shape
(Fig. 4), with generally low values at 400 nm followed by a steady
increase to a peak near 580 nm and decrease until 750 nm. Some



Table 2
In situ bio-optical parameters separated into spring (FebeMay), summer (JuneeSept) and fall (OcteNov) seasons. Average in bold, standard deviation in parentheses, and
minimum and maximum values in square brackets. The 443 and 650 nm wavelengths were chosen to allow comparison with data by Loos and Costa (2010) for the Strait of
Georgia.

Parameter Overall Spring Summer Fall

Chla (mg l�1) 1.64 (1.51)
[0.10e7.20]
n ¼ 142

1.54 (1.55)
[0.10e7.20]
n ¼ 41

2.03 (1.78)
[0.26e6.83]
n ¼ 54

1.27 (0.91)
[0.24e4.11]
n ¼ 47

TSM (mg l�1) 3.09 (2.73)
[0.82e20.69]
n ¼ 143

4.48 (4.55)
[0.82e20.69]
n ¼ 39

3.03 (1.16)
[1.24e7.56]
n ¼ 57

2.01 (1.02)
[1.05e5.66]
n ¼ 47

POC (%) 11.5 (5.3)
[2.0e31.1]
n ¼ 141

11.8 (6.2)
[2.0e31.1]
n ¼ 37

13.2 (5.2)
[3.7e29.8]
n ¼ 57

9.1 (3.3)
[3.4e17.2]
n ¼ 47

bp (650) (m�1) 1.316 (1.455)
[0.250e7.450]
n ¼ 37

2.783 (2.047)
[0.588e7.450]
n ¼ 9

0.844 (0.733)
[0.250e3.599]
n ¼ 28

Na

bbp (650) (m�1) 0.022 (0.022)
[0.005e0.097]
n ¼ 34

0.031 (0.023)
[0.008e0.068]
n ¼ 9

0.019 (0.021)
[0.005e0.097]
n ¼ 25

Na

bbp=bp 0.020 (0.009)
[0.009e0.054]
n ¼ 34

0.013 (0.003)
[0.010e0.020]
n ¼ 9

0.022 (0.009)
[0.009e0.054]
n ¼ 25

Na

at (650) (m�1) 0.359 (0.363)
[0.095e2.086]
n ¼ 37

0.684 (0.546)
[0.157e2.086]
n ¼ 9

0.255 (0.182)
[0.095e0.953]
n ¼ 28

Na

ap (650) (m�1) 0.345 (0.391)
[0.048e2.020]
n ¼ 30

0.632 (0.541)
[0.096e2.020]
n ¼ 9

0.223 (0.206)
[0.048e0.894]
n ¼ 21

Na

ac (443) (m�1) 0.552 (0.142)
[0.261e0.844]
n ¼ 31

0.638 (0.090)
[0.531e0.834]
n ¼ 9

0.517 (0.145)
[0.261e0.844]
n ¼ 22

Na

acdom (443) (m�1) 0.525 (0.409)
[0.007e3.072]
n ¼ 143

0.660 (0.641)
[0.127e3.072]
n ¼ 41

0.531 (0.218)
[0.007e1.044]
n ¼ 58

0.391 (0.249)
[0.120e1.551]
n ¼ 44

ct (650) (m�1) 1.675 (1.808)
[0.371e9.537]
n ¼ 37

3.467 (2.574)
[0.745e9.537]
n ¼ 9

1.099 (0.908)
[0.371e4.553]
n ¼ 28

Na

Fig. 2. Fraser River discharge for September 2012eDecember 2013 (Environmental Canada, 2014) with the periods of field sampling shown as solid red bars. Mean Fraser River
discharge during data acquisition was 1564 m3s-1 in late September 7391 m3s-1 (5-fold increase) for May and June, then 1734 m3s-1 the following September (Environmental
Canada, 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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spectra show an additional peak near 680 nm, corresponding to
Chla fluorescence (Gower, 1980; Neville and Gower, 1977). The
modeled RrsðlÞ were statistically compared to the corresponding
measured in situ RrsðlÞ to ascertain that the modeled RrsðlÞ were
properly representing the biogeochemical and optical conditions.
The results showed a high correlation (avg R2 ¼ 0.90; p < 0.01)
between in situ and modeled RrsðlÞ, but with decreasing correla-
tions towards the blue and into the NIR spectra (Fig. 5) likely due to
signal to noise ratio for the blue and NIR reflectance (Bergmann
et al., 2004). The slopes of the linear regressions ranged from
0.67 to 1.05. The high R2 and slope close to 1 provided confidence to
use Hydrolight to simulate the 52 stations where RrsðlÞwas not
acquired in situ. Further, the cluster analysis was performed with
normalized RrsðlÞ spectra which showed the larger shape
variability between 500 and 700 nm, corresponding to the spectral
range with the best agreement between in situ and Hydrolight.
RrsðlÞ:
3.3. Empirical orthogonal function analysis

The three EOF dominant modes representing most of the vari-
ance within the RrsðlÞ data set are shown in Fig. 6a and the results
of the correlation analysis between each of the EOF mode ampli-
tude spectra, or loadings, and measured in situ biogeochemical and
bio-optical parameters in Fig. 6b.

The first EOF mode, which accounted for 94.5% of the total
variance, showed a positive spectral shape, similar to the mean of
all RrsðlÞ (Fig. 6a). Correlation analysis showed a significant



Fig. 3. Inherent optical properties (IOPs) for typical (a) high TSM waters, (b) waters where Chla was higher, and (c) low TSM, all measured in June 2013. Note the different Y-axis
scale for (c).

Fig. 4. Remote sensing reflectance, Rrs(l), in sr�1 for the five DFO cruises, bi-weekly
ferry cruises, and modeled values, Hydrolight modeled values are dashed, and
average values are shown in red. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 5. Correlation between measured in situ Rrs(l) spectra and modeled Rrs(l) using
Hydrolight. R2 is shown as closed circles and slopes are triangles.
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(p < 0.01) positive correlation between the first EOF mode and TSM
(r ¼ 0.80), bbpð650Þ (r ¼ 0.82), and bpð650Þ (r ¼ 0.90) (Fig. 6b),
indicating that TSM, and consequently particulate scattering and
backscattering were driving the variability of the data, especially in
the green-red portion of the spectrum. POC and acdomð443Þ also
demonstrated positive correlation to EOF mode 1, although much
lower (r ¼ 0.28, r ¼ 0.30, respectively, p < 0.01).

The second EOF mode, which accounted for 3.6% of the vari-
ability, showed an inverse spectral relationship in comparison to
the first mode (i.e., a steady decrease from 400 nm to 670 nm)
(Fig. 6a). Similar to EOF mode 1, this mode also showed a positive
correlation to particulate scattering and backscattering, and a sig-
nificant relationship between bpð650Þ was noticeable (r ¼ 0.64;
p < 0.01) (Fig. 6b). No significant correlation was found between
EOF mode 2 and Chla, POC, acdomð443Þ and the particulate scat-
tering ratio, thus indicating that composition of particulate or dis-
solved matter was not impacting the second mode of variability
(Lubac and Loisel, 2007).

The third EOF mode accounted for the least amount of vari-
ability, at 1.5%, but showed a very dominant spectral structure with
peaks near 580 and 690 nm, and a trough near 670 nm. Correlation
analysis showed a moderate relationship (r ¼ 0.25, p < 0.01) to
Chla, the highest among the three EOF modes, and therefore the
spectral peaks near 580 and 690 nm were likely related to
maximum reflectance and fluorescence by Chla, respectively, and
the trough defined the absorption peak by Chla. Similarly to EOF
mode 2, the highest correlation was found for bpð650Þ (r ¼ 0.50,
p < 0.01), again indicating the optical influence of large particles
such as diatoms, which are typical of Salish Sea waters (Harrison
et al., 1983).

From this EOF analysis, two general dominant trends emerged:
the highest variability of RrsðlÞ was primarily associated with TSM,
through particulate scattering and backscattering in the green and
red wavelength, and secondarily with Chla affecting the spectra
most predominantly near 580, 670, and 690 nm. These results
suggest that at least two dominant optical water classes exist in the
Salish Sea, thus providing a necessary first step in applying a class-
based approach to sub-regionalizing the optical variability.

3.4. Above-water RrsðlÞ optical classification

The results of the unsupervised hierarchical clustering analysis
produced four distinct classes and are shown in Fig. 7. These classes
represent the above-water reflectance corresponding to the first
optical depth, which in this region ranges from 1 to 3m depth (Loos
and Costa, 2010). Class 1 (n ¼ 3) showed the highest RrsðlÞ overall



Fig. 6. (a) Loadings and percent variance for the first three modes of EOF analysis of Rrs. (b) Correlation coefficients calculated between the EOF amplitude factors and the measured
in situ biogeochemical and bio-optical parameters for EOF modes 1e3. Star symbols indicate significant correlations (p < 0.01).
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magnitudes, particularly in the red spectral region (Fig. 7a). Spectra
in this class were distinguishable by a steep increasing RrsðlÞ from
the blue to the green wavelengths, with a maximum peak at
580 nm, then a broad peak into the red wavelengths. There was no
discernible fluorescence peak in the far end of the red spectra in
this class. These waters were characterized by the highest mean
TSM concentrations (15.90 ± 3.72 mg l�1) and lowest mean Chla
concentrations (0.47 ± 0.18 mg l�1) (Table 3), which were measured
in the Fraser River plume during the spring and summer months
(Fig. 8). Bio-optical data show the highest mean values of
acdomð443Þ (2.522 ± 0.552 m-1), which are evident in the blue re-
gion of the spectrum where RrsðlÞ values are the lowest.

Class 2 (n¼ 16) showed the widest range of variability of all four
classes, with average RrsðlÞ values increasing in magnitude from
the blue to the green regions of the spectrum, with a pronounced
peak near 580 nm, similar to Class 1. However, unlike Class 1, this
class did not exhibit a broad peak in the red spectra and, a sec-
ondary fluorescence peak at 690 nm was observed (Fig. 7b); these
spectral features contributed to the separation of this Class from
Class 1 spectra. Spatially, this class was well represented in the
central portions of the Salish Sea throughout the spring and sum-
mer, and only in Puget Sound for the fall months (Fig. 8). The bio-
physical data showed lower mean TSM concentrations
(5.51 ± 4.09 mg l�1) and lower absorption by CDOM in comparison
to Class 1, with a mean acdomð443Þ of 0.864 m-1 (±0.425 m-1).
Scattering and backscattering by particulates were the highest,
3.847 m-1 (±2.236 m-1) and 0.055 m-1 (±0.031 m-1), respectively,
among the three classes in which these variables were measured.
Note that bpðlÞ and bbpðlÞ were not measured for stations repre-
senting Class 1 due to instrument failure, but likely would be the
highest due to the highest TSM magnitudes.

The spectra comprising Class 3 (n ¼ 49) were characterized by
lower RrsðlÞ magnitudes than Class 1 or Class 2, and a pronounced
central peak near 570 nm (Fig. 7c). These stations were found in the
central Strait of Georgia during the spring and summer months
with some spectra measured in the Puget Sound also during the
summer. During the fall months, this class was represented in all
regions of the study area, including the northern inlets and western
Strait of Juan de Fuca (Fig. 8). Average concentration of TSM
(2.35 ± 1.12 mg l�1) was the lowest and Chla showed the highest
mean concentration (2.03 ± 1.71 mg l�1) among all the sampled
periods and regions. Bio-optically, mean acdomð443Þ
(0.355 ± 0.223 m-1) was the lowest of all the classes, which was
likely contributing to the increase in RrsðlÞ values around 400 nm.
Scattering by particulates showed a relatively low contribution,
with a mean bpð650Þ of 1.058 m-1 (±0.429 m-1) and mean bbpð650Þ
of 0.021 m-1 (±0.010 m-1).

Class 4 (n ¼ 76) exhibited RrsðlÞ spectra characterized by higher
values in the blue and similar values in the red spectra compared
with Class 3 (Fig. 7d). A consistent spectral shape was observed in
which the high blue reflectance values increased slightly to a broad
spectral peak centered around 560e570 nm. Spatial distribution of
this class showed seasonal dependency with samples clustering in
the central Salish Sea in the spring months and in the northern and
southern waters during the summer (Fig. 8). In the fall, samples in
this class were only observed in the central and southern portions
of the Salish Sea, close to the Gulf islands where the Fraser plume
was generally less influential, and in the Puget Sound where the
riverine discharge was relatively low. Relatively low mean TSM
(2.59 ± 1.00 mg l�1) and Chla (1.26 ± 1.05 mg l�1) concentrations
were observed, which were expressed in the overall low RrsðlÞ
values. Bio-optically, mean acdomð443Þ was low in magnitude
(0.498 ± 0.195 m-1), as was bpð650Þ and bbpð650Þ with means of
0.889 m-1 (±0.762 m-1) and 0.017 m-1 (±0.017 m-1), respectively
(Table 3).

4. Discussion

The scope of this research was to build a comprehensive spatial
and temporal bio-optical characterization of the surface waters of
the Salish Sea, with the goal of defining the drivers of remote
sensing reflectance variability and bio-optical classes, as a first step
to define class-based algorithms for Chla retrievals. Class-based
algorithms have shown improved retrieval accuracy in several
coastal regions of theworldwhere similar optical variability exist as
demonstrated, for example, in Le et al. (2011); Lubac and Loisel
(2007); M�elin and Vantrepotte (2015); and Moore et al. (2009).
Our analysis suggests that TSM, and consequently bpand bbp, and
Chla drive the optical variability of the regional waters, and from
that four optical water classes are defined in agreement with the
spatial and temporal biogeochemical dynamic of the Salish Sea.

The biogeochemical and optical dynamic of the Salish Sea is
largely influenced by seasonal riverine discharge and phyto-
plankton bloom events. The influence of riverine systems is mostly



Fig. 7. Rrs(l) spectra derived from an unsupervised hierarchical classification of in situ and simulated data with four classes (aed). For each class (e) average normalized Rrs(l) and (f)
average Rrs(l).
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associated with the Fraser River in the SoG, contributing with
approximately 20.0 � 109 kg of sediment discharged per year
(Johannessen et al., 2005), and the Skagit River in the Puget Sound,
contributing ~2.8� 109 kg of sediment discharged per year (Church
and Krishnappan, 1998; Curran et al., 2013). This significant sedi-
ment discharge and associated advection contribute to the large
variability of measured TSM, especially during spring and early
summer when river discharges were maximal (Fig. 3). Further TSM
variability is also associated with the annual phytoplankton bloom
events in the spring and summer (Halverson and Pawlowicz, 2013;
Masson and Pe~na, 2009; Schweigert et al., 2013). At those periods,
we measured a large range of Chla concentrations in the central
Salish Sea (0.10 mg l�1 - 7.2 mg l�1). Associatedwith high but variable
TSM concentrations, high average values of attenuation and scat-
tering (~10.0 m-1 and ~7.0 m-1, respectively, Fig. 3a) were measured.
The contribution of absorption by CDOMwas the lowest, especially
for water with the highest TSM. In these waters, a high CDOM
absorption coefficient (2.5 m-1 ± 0.6 standard deviation) suggests
an allochthonous source of CDOM, which is mostly transported
from the Fraser River forested watershed to the Salish Sea
(Johannessen et al., 2003; Loos and Costa, 2010), rather than
formed in situ from primary production (Twardowski et al., 2004).
Located away from direct riverine plume influence, CDOM ab-
sorption values decrease (lower than 1.0 m-1), suggesting in situ
autochthonous CDOMwhere riverine discharge is less important as
a source of organic matter (Johannessen et al., 2003). These typi-
cally represent low TSM waters, which are associated with lower
attenuation values dominated by CDOM absorption (Fig. 3c).

Above-water RrsðlÞ spectra varied considerably throughout the
study area. The shape of the measured RrsðlÞ spectra demonstrated



Table 3
In situ bio-optical variables separated into classes 1e4. Average in bold, standard deviation in brackets, and minimum andmaximumvalues in square brackets. Largest average
biogeochemical and bio-optical variable is highlighted for each class.

Variable Class 1 Class 2 Class 3 Class 4

Chla (mg l�1) 0.47 (0.18)
[0.21e0.63]
n ¼ 3

2.55 (2.03)
[0.42e7.20]
n ¼ 16

2.03 (1.71)
[0.10e6.83]
n ¼ 49

1.26 (1.05)
[0.82e4.93]
n ¼ 74

TSM (g m�3) 15.90 (3.72)
[11.63e20.69]
n ¼ 3

5.31 (4.09)
[1.55e16.03]
n ¼ 16

2.35 (1.12)
[1.09e5.66]
n ¼ 49

2.59 (1.00)
[0.82e5.11]
n ¼ 75

POC (%) 2.48 (0.38)
[2.15e3.02]
n ¼ 3

12.3 (8.4)
[2.02e31.2]
n ¼ 15

12.7 (5.1)
[3.4e29.8]
n ¼ 48

11.0 (4.3)
[3.9e22.7]
n ¼ 75

bp (650) (m�1) Not available (na) 3.847 (2.236)
[0.573e7.450]
n ¼ 5

1.058 (0.429)
[0.481e1.679]
n ¼ 6

0.889 (0.762)
[0.250e3.456]
n ¼ 26

bbp (650) (m�1) na 0.055 (0.031)
[0.014e0.097]
n ¼ 5

0.021 (0.010)
[0.008e0.036]
n ¼ 5

0.017 (0.017)
[0.005e0.068]
n ¼ 24

bbp=bp na 0.019 (0.005)
[0.014e0.027]
n ¼ 5

0.020 (0.007)
[0.009e0.029]
n ¼ 5

0.020 (0.010)
[0.009e0.054]
n ¼ 24

at (650) (m�1) na 0.976 (0.619)
[0.175e2.086]
n ¼ 5

0.315 (0.101)
[0.184e0.460]
n ¼ 6

0.251 (0.160)
[0.095e0.747]
n ¼ 26

ap (650) (m�1) na 0.915 (0.619)
[0.104e2.020]
n ¼ 5

0.268 (0.131)
[0.055e0.427]
n ¼ 5

0.222 (0.176)
[0.048e0.689]
n ¼ 20

ac (443) (m�1) na 0.702 (0.103)
[0.531e0.834]
n ¼ 5

0.567 (0.077)
[0.418e0.640]
n ¼ 5

0.513 (0.138)
[0.261e0.844]
n ¼ 21

acdom (443) (m�1) 2.522 (0.552)
[1.766e3.072]
n ¼ 3

0.864 (0.425)
[0.236e1.806]
n ¼ 16

0.355 (0.223)
[0.007e1.017]
n ¼ 49

0.498 (0.195)
[0.127e0.974]
n ¼ 75

ct (650) (m�1) na 4.823 (2.838)
[0.749e9.537]
n ¼ 5

1.373 (0.527)
[0.665e2.138]
n ¼ 6

1.140 (0.908)
[0.371e4.203]
n ¼ 26
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the strong effect of the variability of TSM and consequently back-
scattering, with overall high magnitudes and distinctive broad
spectral peaks observed near 580 nm for waters under high TSM
influence, compared to low reflectance magnitudes and narrow
peaks near 570 nm and 690 nm for waters under lower TSM and
higher Chla influence (Fig. 4). This was confirmed with the EOF
analysis, with the spectral shape of mode one (Fig. 6a), which
explained 94.5% of the total variance, closely resembling RrsðlÞ
spectra for turbid waters, Class 1 and 2 (Fig. 7f). The contribution of
the second and third EOF modes were significantly smaller (3.6%
and 1.5%, respectively), but displayed important information
regarding the secondary drivers of RrsðlÞ variation. The spectral
shape of the second mode showed a near inverse relation
compared to the first mode, suggesting differing processes were
affecting the spectra at different wavelengths (Craig et al., 2012;
Lubac and Loisel, 2007). In this case, likely an increased contribu-
tion of acdom to the absorption of the blue wavelengths and
decreased TSM contribution to the scattering of longerwavelengths
for waters under less influence of riverine plume (Class 3 and 4). For
the third EOF mode, the limited but pronounced contribution of
Chla was revealed with well-defined peaks near 580 nm and
690 nm and a high correlation to Chla, which was more significant
than both the first and second modes. This was further confirmed
with the red Chla absorption peak near 675 nm and increased
pigment absorption below 450 nm, causing the blue to green
reflectance ratio to decrease, while increasing the fluorescence
peak (Toole and Siegel, 2001). These results suggested that the third
mode represented the phytoplankton signature that is often
masked by other water optical constituents, such as TSM and
CDOM, in the majority of the RrsðlÞ data collected. Additionally,
high acdom explained the low values in the blue region of the EOF
mode 1 spectrum (Craig et al., 2012; Lubac and Loisel, 2007). A low,
but significant (p < 0.05) correlation between EOF mode 1 and Chla
concentration was notable, suggesting that organic particles also
contributed to light attenuation in this mode, although more data,
including specific phytoplankton absorption would be needed to
validate this.

The results of the hierarchical clustering analysis revealed
similar results described from the EOF analysis. Of the four optical
classes retrieved from the HCA, Classes 1 and 2 emerged that were
optically distinct, corresponding to waters associated with higher
turbidity, higher and variable TSM for Class 1, and higher Chla
concentrations for Class 2. Again, the optical contribution of Chla to
the spectra, especially in the spring, was overshadowed by
increased reflectance magnitudes due to higher TSM concentra-
tions when running the clustering analysis. Additionally, the in-
fluence of acdom was more noticeable in Classes 1 and 2, especially
in the blue region of the spectrum and towards short wavelengths,
where RrsðlÞ was reduced. Although a limited number of samples
were available for Class 1, the samples were representative of the
RrsðlÞ plume conditions observed in the Salish Sea (Komick et al.,
2009; Carswell et al., submitted). Classes 2 and 3 represented the
optically mixed transitional waters between plume and oceanic
conditions, however TSM is higher in Class 2 (and associated higher
attenuation and backscattering) and diminishes in Class 3 (and
associated lower attenuation and backscattering e Table 3). These
two classes were characterized by high Chla concentrations
(avg¼ 2.29 mg l�1), which is often not fully represented in the RrsðlÞ
spectra, especially for Class 2 due to the higher TSM concentrations.
Class 4 represented the oceanic waters with the least river plume
influence, characterized by seasonally low values of TSM, Chla
concentrations (avg ¼ 1.26 mg l�1), CDOM absorption, and all IOPs



Fig. 8. Spatial distribution of Classes 1e4 for spring, summer, and fall.
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magnitudes. Spectrally, this class was distinguished by overall low
values of RrsðlÞ, but relative higher magnitudes in the blue reflec-
tance, again likely due to low absorption by acdom and Chla. A
comparison between the proposed water classification and the
classes by Loos and Costa (2010) is not straightforward given the
methodological differences. Loos and Costa’s (2010) classification
takes into account waters not only from the first optical depth (our
study), but from the entire euphotic depth, which can reach a depth
of 30 m. Further, the authors define the water clusters based on
IOPs ratios and attenuation. However, based on the IOPs range
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(Table 3), our Classes 1 and 2 could be associated with the riverine
class and Classes 3 and 4 to the estuarine class as defined in Loos
and Costa (2010).

The results of this study have implications for the development
of improved reflectance-based algorithms for chlorophyll concen-
tration retrievals for regions with significant spatial and temporal
optical variability. Our dataset shows that specifically in the Salish
Sea, the surface waters are dominated by a minimum of two
distinctly different controls on RrsðlÞ variability e TSM and Chla;
thus, suggesting that a single algorithm for Chla retrieval using
RrsðlÞ may be inadequate due to these inherent differences. For
instance, the standard empirical OC3M model, which relies on the
blue to green band ratio to generate Chla concentration, has a set of
developed coefficients defined based on a global dataset of oceanic
conditions (O'Reilly, 2000). As identified in this study, these bands
are differentially impacted by TSM and CDOM that can vary inde-
pendently of Chla. Consequently, inaccurate Chla concentrations
are expected under varying TSM and CDOM variations unless
parameterized to accommodate these changes, which is consistent
with recommendations from a previous study in this region with
limited data (Komick et al., 2009). This also has been the case for
several coastal waters, as demonstrated by Garcia et al. (2005),
Mustapha et al. (2012), Shen et al. (2010), and Werdell et al.
(2009). Therefore, class specific inversion models would likely be
more appropriate for this complex coastal region, and the results of
this study provide the necessary first steps towards identifying the
bio-optical regimes needed for optimization of class-specific sat-
ellite-based algorithms. In our case, the next step is to define a
simplification of these classes given some of the observed simi-
larities in AOPs and IOPs. Subsequently, optimal Chla retrieval al-
gorithms are developed for these classes, which can be applied to
ocean colour imagery on a per-pixel basis (Jackson et al., 2017).
These class-specific algorithms can be developed considering
multi-spectral satellites to address past and present generation of
platforms, such as SeaWiFS, MODIS, VIIRS, MERIS, and Sentinel-3,
or hyperspectral satellites to address future platforms, such as
PACE and EnMAP.

5. Conclusion

The goal of this research was to characterize the spatial and
temporal bio-optical properties of the contrasted surface waters of
the Salish Sea and group waters with similar optical traits, as a first
step toward defining a sub-regional reflectance-based inversion
model for retrieving Chla. By characterizing the variability in
remote sensing reflectance and related bio-optical and bio-
geochemical regimes, we provided a refined analysis to
contribute to efforts to evaluate the need for regional and/or sea-
sonal reflectance-based Chla retrieval algorithms for bio-optical
dynamic coastal water (Brewin et al., 2015; Lewis et al., 2016;
Vazyulya et al., 2014). This analysis was based on a large in situ
dataset composed of biogeochemical, IOP, and AOP data. Discrete
IOPs and biogeochemical data provided the baseline input to un-
derstanding the trends in hyperspectral above-water RrsðlÞ asso-
ciated with these complex waters. EOF analysis showed that the
overall variability in RrsðlÞ was related to TSM concentration and
associated particulate scattering and backscattering. Hierarchical
clustering analysis revealed four dominant optical classes across all
sub-regions in the Salish Sea throughout the year.

A considerable amount of variability in the classification can be
explained by the proximity to riverine discharge, with strong in-
fluences from TSM and terrestrial CDOM, which operate on a sea-
sonal time scale. Regions under the effect of plume waters were
defined as Class 1, dominated by the highest RrsðlÞ magnitudes in
the study area, particularly in the red spectra, and strong
absorption by CDOM in the short wavelengths. Confined to spring
and summer conditions in the central Salish Sea, this water class
was heavily influenced by particulate matter, most likely from a
glaciated or forested watershed. Class 2 waters were defined by
transitional plume conditions, with a distinct Chla fluorescence
peak near Rrsð690Þ and a strong TSM signal in the red spectra, as
evident by high particulate scattering and backscattering. These
waters were also confined to the central Salish Sea during the
spring and summer, but were only found in the Puget Sound during
the fall, where blooms are still common. Class 3 waters showed
similar traits to Class 2, with the exception of TSM playing a much
smaller role on RrsðlÞ, resulting in a more defined fluorescence peak
and low scattering and backscattering values for the samples. This
class was present in the central Salish Sea during the spring, Puget
Sound during the summer, and throughout the study site in the fall.
Lastly, Class 4 represented clear oceanic water conditions, with low
Chla and TSM concentrations, and consequently low RrsðlÞ mag-
nitudes. Low values of acdomðlÞ resulted in elevated RrsðlÞ in the
blue spectra, which distinguishes this class from all others.
Although we evaluated a large dataset, more in situ data would be
required to further refine the classification analysis, particularly for
classes where sample size was small (i.e., Classes 1 and 2).

The outcomes of this research constitute the first phase of a
methodological framework to create class-specific algorithms to
improve satellite-based Chla retrievals for this region. Ideally,
measured reflectance is used to assign pixels to a water class as
defined in this study, and a blending of class-specific algorithms is
subsequently used to retrieve Chla. Improved accuracy of retrievals
will subsequently allow for better advocating the incorporation of
this information on fisheries management, for example. In the
Salish Sea, there is increasing evidence to suggest the survivability
of juvenile salmon, when they first enter the Salish Sea, is depen-
dent upon ocean productivity and the time spent in these nutrient
rich waters (Araujo et al., 2013; Thomson et al., 2012). The pro-
ductivity of these waters is largely variable, which creates an op-
portunity for a timing mismatch between the spring bloom and
early marine entry of juvenile salmon when mortality can be quite
high (Beamish et al., 2012; Preikshot et al., 2012). Recent work by
Masson and Perry (2013), has emphasized the need for accurate
productivity information on a high spatial and temporal domain to
accurately characterize the start of blooms and their spatial extent
in relationship to salmonmigration routes and timing. The required
data can be effectively provided by ocean colour satellites with
improved algorithms that consider the optical classes defined in
this research, as well as other sources of data such as from research
cruises (Loos and Costa, 2010; Masson and Pe~na, 2009; Pawlowicz
et al., 2007) and more recently from automated data collection
systems, such as those installed on two British Columbia (BC) ferry
routes in the Salish Sea (Macoun et al., 2010; Costa et al., 2016).
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