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Optical discrimination among dinoflagellate species
causing Harmful Algal Blooms (HABs)

in Korean coastal waters

Yeseul Kim

Department of Convergence Study on the Ocean Science and Technology

Ocean Science and Technology School

Abstract

We investigated the possibility of optically discriminating harmful algal
blooms (HABs) focusing on Cochlodinium polykrikoides, the major HAB
causative dinoflagellate species in Korean waters. Our aim is to define the
bio-optical characteristics of C. polykrikoides and other dinoflagellate
species blooms in order to develop the optical discrimination method based
on the spectral response of remote sensing reflectance (Ry). We produced
a large dataset (N = 2,275) of simulated Ry spectra in a wide range of
bio-optical conditions using Hydrolight software and bio-optical data
provided by the International Ocean-Color Coordinating Group. We
identified the spectral differences of Ry associated with the distinct
absorption  characteristics for (. polykrikoides in the blue-green
wavelength. The two Ry band ratios (Ry: Ry(555)/Ri(531) and Ry

- Xii =
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Ris(488)/Rs(443)) were determined to be effective in discriminating C
polykrikoides blooms. C. polykrikoides clearly occupy separated subspace in
the 2-D space of R; and R,. The results were consistent with in situ
observations and seem applicable to diverse coastal environments. Our
findings provide theoretical and quantitative criteria upon which in-water
HAB detecting algorithms can be developed. Such algorithms can be

extended to satellite remote sensing providing synoptic monitoring tools for
detecting HABs in a large expanse of water.

KEY WORDS: Harmful Algal Blooms (HABs); red tide detection;
Cochlodinium  polykrikoides,  absorption  coefficient; remote  sensing
reflectance; Korean coastal waters
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Chapter 1 Introduction

1.1 Background

Over the past decades, harmful algal blooms (HABs) have been a significant
threat to fishery industries, humans, and economies worldwide (Gobler et al,
2012). HABs are a national concern because they affect not only the health
of people but also the health of marine ecosystems. While we know of many
factors that may contribute to HABs, how these factors come together to
create a HABs is not well understood. So, it is important to determine the
outbreak mechanism of HABs and to develop the early HABs warning and

forecasting system for controlling HABs and preventing huge damages.

Many researchers have continued to monitor and study HABs for a number
of years to determine how to forecast the location of the blooms. To detect
and monitor the spatio-temporal distributions, and propagation of HABs, field
observations, oceanographic monitoring platforms such as buoys, glider data,
and satellite remote sensing have been employed (Son ef al, 2011; Ahn &
Shanmugam, 2006). Currently, in situ observations (e.g., examination of
discrete water samples) are considered as the principal detection method in
limited areas, but are labor intensive, slow, and intermittent (Roelke ef al,
1999; Kirkpatrick et al, 2000). Developing feasible approaches for the synoptic
monitoring and early detection of widespread HABs is highly desirable to
mitigate the losses of the fishing industry, assist in fishery management, and
enhance the tourism industry (Shang ef al, 2014; Craig et al, 2006). Most of

all, satellite remote sensing of the ocean color has become an increasingly
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important and powerful tool for detecting the distribution of HABs and
phytoplankton groups based on optical signatures because of its extensive
spatial and temporal coverage (Shang ef al, 2014; Choi et al, 2014;
Cannizzaro et al, 2008, Kurekin et al, 2014; Alvain et al, 2008). For the
effective application of ocean color remote sensing, several remote sensing
techniques were developed (Stumpf, 2003; Ahn & Shanmugam, 2006; Lubac ef
al, 2008; Shang et al, 2014, Wynne et al, 2008; Sasaki ef al, 2008; Xi et al,
2015).

Satellite-derived chlorophyll a (Chl & concentrations have been used to
detect HABs as a proxy for phytoplankton biomass (Tomlinson er al, 2004,
Ishizaka et al, 2006). However, the accurate discrimination between HABs and
non-HABs is not feasible based only on high Chl a concentrations because all
phytoplankton contains this photosynthetic pigment (Roelke ef al, 1999;
Siswanto et al, 2013). The standard satellite Chl a algorithm (O’ Reilly ef al,
2000), the blue-to-green band ratio, provides reasonable estimates for Case 1
water, but not for Case 2 water. The presence of suspended sediment and
colored dissolved organic matter (CDOM) causes an increase in absorption
and/or scattering, which over-estimates Chl a as red tide water (Ahn and
Shanmugam, 2006; Hu et al, 2005).

In an attempt to develop HABs detection methods based on bio-optical
approaches, a red tide index associated with the band ratio method was
proposed in Ahn and Shanmugam (2006). However, the empirical nature of
this index requires the determination of an arbitrary coefficient that strongly
affects the outcome. Other attempts have utilized the spectral signatures of
the bio-optical properties of HAB species to identify blooms (Cannizzaro et al,
2008, Xi er al, 2015; Lubac ef al, 2008). The usefulness of these approaches
depends on the comprehensive understanding of unusual spectral signatures of
inherent optical properties (IOPs) exhibited by algal groups (Kirkpatrick et al,
2000, Millie er al, 1997). Some of these methods use the spectral characteristics

_2_
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of phytoplankton absorption (ap(A)). In general, HABs in optically complex
waters are characterized by increased absorption and have lower blue
reflectance than the non-bloom waters. The distinctive reflectance patterns of
HABs also reflect their bio-optical properties (Shang ef al, 2014), which can be
used to distinguish them from blooms formed by other organisms based on the
spectral response method (Lubac er al, 2008; Guzman et al, 2016). In Lubac ef
al (2008), both the hyperspectral and multispectral analysis methods were used
to explore the applicability of am(A) and remote sensing reflectance (Rys(A))
for the discrimination of Phaeocystis globosa blooms from diatom blooms. These
approaches based on bio-optical closure relationships might be useful to
accurately discriminate HABs. Furthermore, a species identification is expected

to be possible based on distinct optical properties.

Collection @ kmou



1.2 Problem statement

In Korean coastal waters, dinoflagellates are known as the major causative
species that forms HABs since the 1990s (Lee ef al, 2013). Specifically,
blooms of the dinoflagellate Cochlodinium polykrikoides have been frequently
observed in the southern coast of Korea during the summer and autumn
seasons since 1985 and have caused significant damages to the aquaculture
industry (Lee ef al, 2013) (Fig. 3). C. polykrikoides blooms caused fish kills of
746 hundred million KRW in 1995 (the largest fish kill) as resulting in
suffocation associated with structural and functional changes at the gill
filament. Through the 2000s, C. polykrikoldes was the single most important
species causing fish kills in Korea (Lee ef al, 2014). These blooms are
geographically unconstrained and extend into turbid water in the west coast

and/or into clear water in the east coast of Korea (Suh et al, 2004) (Fig. 2).

Case 1 waters (clear waters) are those waters in which phytoplankton are
the principal agents responsible for variations in optical properties of the
water. On the other hand, Case 2 waters such as turbid waters are influenced
not just by phytoplankton and related detritus/mineral, but also by CDOM
(IOCCG, 2000). The southern coast of Korea that belong to Case 2 waters is
the main place of origin of C. polykrikoides blooms. C. polykrikoides
bloomsexpand into west and/or east coast because these blooms flourish when
wind and ocean currents are favorable. In order to develop the detection
method of HABs in Korean coastal waters, we need to understand the optical

conditions of waters around the Korean Peninsula.

In Son et al (2011), a systematic classification method considering optical
conditions of waters was suggested for distinguishing waters with C
polykrikoides blooms from non-bloom waters based on four different criteria
using Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data.

Because this is an empirical algorithm its applicability is rather limited and it
— 4 —
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has not been applied in real-world situation.

Although recent researches have obtained the optical properties of bloom
waters using satellite and iz situ data, few studies have been performed on
the detection of C. polykrikoides blooms using the satellite remote sensing
technique based on the bio-optical properties of C. polykrikoides blooms in
Korean coastal waters. Besides, little study on comprehensive understanding of
optical properties by C. polykrikoides under various optical conditions has been

conducted.
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Fig. 2 Historical records of C. polykrikoides blooms in Korea. The number of outbreak
days (grey bars) and loss of fishery industries (black circles) in Korea from 1999 to
2016 were reported by NFRDI of Korea. The number of outbreak days is estimated
by the total days for which the red tide alert (higher than 1,000 cells/ml) has been

issued.
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Fig. 3 The spatial distribution of C. polykrikoides blooms
(red points) in the seas around the Korean Peninsula during
1998~2016. Spatial information of blooms was extracted from
HAB outbreak reports by NFRDL
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1.3 Research aim and approach

The goal of our study is to explore the possibility of optically discriminating
harmful C. polykrikoides blooms from non-HABs and/or other dinoflagellate
HABs species including Akashiwo sanguinea, Alexandrium tamarense, and
Scrippsiella trochoidea known as HABs causative species in Korea (Lee ef al,
2013). For this purpose, we generated a large dataset (N = 2,275) of remote
sensing reflectance (R;) simulated under various bio-optical conditions using
Hydrolight software with bio-optical data provided by the International
Ocean-Color Coordinating Group (IOCCG). Using this dataset, we analyzed the
characteristics of the Ry spectra of blooms of C. polykrikolides and other
species. Our results confirmed that the optical discrimination method based on
two Rys band ratios is compatible with current ocean color sensors and can be
applied for detecting C. polykrikoides blooms in seawaters with various optical

conditions.
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Chapter 2 Data and Methods

2.1 Radiometric observations and discrete water samples

Hyperspectral radiometric measurements were conducted under non-bloom
and C. polykrikoides bloom conditions between 25 and 31 August 2014 and
between 31 August and 05 September 2015. These observations were
performed in the southern coastal waters of Korea, where HABs have been
frequented. The study area covered various optical conditions from Yeosu to
Geoje, Korea (Fig. 4). A hyperspectral free-falling Profiler II (Satlantic LP,
Canada) was used to measure the upwelling radiance (Ly(1)) and downwelling
irradiance (Eq( 1)) in the water column in the wavelength range 352-802 nm
(Garaba & Zielinski, 2013). The remote sensing reflectance (Ry(A)) was then
calculated from the method following the NASA protocols (Mueller, 2003).
Additionally, surface water samples were collected for the determination of
optical conditions in the bloom and non-bloom regions such as ap(A), Chl a
concentration, CDOM absorption (ag), and detritus/mineral absorption (agm).
These in situ radiometric observations and bio-optical parameters were

compared with Ry( ) simulation data and ay,( A ) obtained from cultures.
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2.2 Optical parameter measurements

2.2.1 Phytoplankton absorption and Chlorophyll a

Four dinoflagellate species (C. polykrikoides, A. sanguinea, A. tamarense, and
S. trochoidea) have been known as the major causative species forming HABs
in Korean coastal waters (Lee ef al, 2013). The four HABs species have
morphologically different features (Fig. 5, Table 1). A. sanguinea was isolated
from phytoplankton samples collected from waters of Yeosu, Korea, in August
2014; other species, including C. polykrikoides, were obtained from the Library
of Marine Samples of the Korea Institute of Ocean Science and Technology
(KIOST). The samples were cultured mono-specifically in enriched f/2 seawater
medium (Guillard, 1975) at 18-22 ° C and 32 PSU under constant light
provided by a cool white fluorescent lamp with an irradiance of 250 #E m™
st and 12:12 dark:light cycle. Culture samples were maintained in exponential

growth and healthy states by transferring them with fresh media.

These culture samples were filtered to determine the spectral phytoplankton
absorption coefficients, ap(A), of the four dinoflagellate species using a
dual-beam spectrophotometer (Cary 300, Agilent) operating in the wavelength
range 350-800 nm at 0.5 nm increments. Additionally, discrete water samples
obtained during C. polykrikoides blooms and non-blooms (Fig. 4) were used to
determine the ay(A) of natural phytoplankton assemblages. We employed the
wet filter technique and calculated the final values of ap(A) following the
ocean optics protocols of NASA (Mitchell ef al, 2003). Firstly, the optical
density (O.D) of suspension samples were collected onto 25 mm Whatman
GF/F paper under low vacuum to measure the total particulate absorption (ap),
and the two blanks were also collected from filtered seawater. Filter volumes
of samples varied from 45 to 200 ml aliquots depending on the abundance of

cells in the sample. The O.D of total particles on the filter was measured

_11_
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immediately after filtration. In the process of measurements, we made filter
position as close as possible to the detector to prevent the loss of scattered
light. The final values of O.D for sample filter were corrected for baseline
and adjusted to zero in the near-infrared spectral region for null-points
correction. We applied the method described in Roesler (1998) to correct the
data for the path-length amplification effect (g factor). The a, in m'is
computed as

_ 23034,

o) = =55 10.0,00= 00, 0))= 0, M

Where Ar is the filter area on filter paper, V; is the filter volume. O.Dg, is
the measured optical density of sample filter, O.Dys is the optical density of
blank filter, and O.Dny 1s a null wavelength residual correction from the

infrared where particle absorption 1s minimal.

We also calculated the detritus absorption, agm(2), using Equation (1) by
substituting O.Drg for O.Dg,. The O.Dgq iS the optical density of de-pigmented
particle on filter paper that pigment were extracted in 100% methanol. Lastly,

the ay(A) can be compute as the difference between a,(1) and agm( A).

To calculate the phytoplankton absorption coefficient normalized to the Chl
a concentration (a*p,), the Chl a concentration of each culture sample was
measured from 90% acetone extracts using a fluorometer (Tuner Designs,
10-AU) according to Jeffrey and Humphrey (1975).

_12_
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C. ' polykrikoides,

sanguinea, (¢) A. tamarense, and (d) S. trochoidea.

Fig. 5 Four dinoflagellate species isolated from the southern
(b) A

Table 1 Morphological features of the four dinoflagellate species causing HABs.

C. polykrikoides | A. sanguinea | A. tamarense | S. trochoidea

Length 30 ~ 40 pm 40 ~ 80 pum 22 ~ 51 um 16 ~ 36 um

Width 22 ~ 30 um 30 ~ 50 pum 17 ~ 44 um 20 ~ 23 uym
Chain . : .

formation > 4 cells non-forming solitary non-forming
Type naked naked armored armored

(un-armored)

(un-armored)

(-)Collection @ kmou
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2.2.2 Absorption of colored dissolved organic matter (CDOM)

To determine ax(A) of discrete water samples obtained from field
observations, seawater samples were filtered on 0.2 pm  Whatman
polycarbonate membrane. Absorbance of the filtered seawater was then
measured in a 10 cm quartz cuvette at 0.5 resolution between 350 and 800
nm using a dual-beam spectrophotometer (Cary 300, Agilent). The mean value
of the interval 590-600 nm was subtracted from the spectrum (baseline
correction, Babin ef al, 2003) and the absorbance was then converted into an
ag(A). The spectral slope of ag (Sp was calculated using a nonlinear

exponential fit function.

a,(\) =a,(443)¢ SO

g

)
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2.3 Hyperspectral Ry simulation using Hydrolight

We performed numerical simulations using the radiative transfer model to
simulate the subsurface light fields in a wide range of optical water conditions
(Hydrolight version 5.1) (Mobley & Sundman, 2012). Specifically, R(A) (n sr™h
is defined as the ratio of the water-leaving radiance, Ly (1), to the
downwelling irradiance, Eq( 1) (see Eq. (3)). Because Ry(A) can be expressed
as a function of the total absorption and backscattering coefficients (a( A1) and
by( 1), respectively) of the optical constituents, it can be written as Gordon ef
al (1988):

L,(\) b,(\)

=B T a1 5,00 ®

where a(A) and by( A1) can be expressed as:

a(\) :aw()\)+aph()\)+ag()\)+adm()\) 4)
by (\) = by () + by (A) + by (V) ©)

Here, the subscripts represent optically active constituents in seawater: pure
water (w), phytoplankton (ph), CDOM (g), and detritus/mineral (dm). When
performing Hydrolight simulations, the IOPs of optically active seawater
constituents are required as inputs. The input data sources for the Ry
simulation were as follows: (1) the data derived from Pope and Fry, (1997)
and Smith and Baker, (1981) were employed as the absorption (a,) and
backscattering (by,) coefficients for pure seawater, respectively. (2) The IOP
data set, which has 500 different absorption and backscattering spectra
(400-800 nm) of seawater constituents, such as phytoplankton, CDOM, and
detritus/mineral, was obtained from the synthetic data assembled by the

IOCCG (IOCCG, 2006; http://www.ioccg.org/groups/OCAG_data.html). These

data were generated using bio-optical models based on extensive field
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measurements for algorithm test and/or comparison. Therefore, they can cover
a wide range of variations in natural seawaters. (3) We used the ap, spectra
of the four HAB species, including C. polykrikoides, that were measured from
the culture samples. In our simulations, we considered two types of apn: the
measured ap, spectra of the four HAB species and the ap, spectra acquired
from an IOCCG data set were used as representative of the HAB species and
unspecified phytoplankton assemblages (UPA) in natural waters (Fig. 6),
respectively. The simulations were conducted for five different Chl a
concentrations, 5, 10, 15, 20, and 30 xg 17, to represent the initiation and

the growth of the phytoplankton bloom.

To generate a large data set of R(A) in various optical water conditions,
the above inputs were combined. We chose the spectral slopes of a,(A) and
am(A) (Sg and Sam, respectively) to further simplify the simulations within a
realistic range assuming that these slope were not correlated to the Chl a
concentration (Kirk, 1994, Babin ef al, 2003). The 91 combinations were
generated by ag(A) and am(A) (13 levels of Sy X 7 levels of Sgm = 91
combinations) (Fig. 7). For each Chl a concentration, 91 a;, spectra were
selected randomly from the IOCCG database to create diverse absorption
values associated with UPA. In total, 455 combinations of IOPs (five Chl a
concentrations X 91 combinations) were used to simulate Ry These

calculations were performed for the four HAB species and UPA.

The Hydrolight simulations were performed in the wavelength range 400-800
nm with a high spectral resolution and the input IOPs were maintained
vertically constant. The sea surface boundary conditions were assigned with a
wind speed of 5 m s and the sky was assumed to be cloudless with a solar
zenith angle of 30° (Wei e al, 2016). Additionally, our simulations were set
to run with inelastic scattering (Gokul & Shanmugam, 2016). Hydrolight
provides two options that are commonly used for the phase function of

particulate scattering. We used the more flexible Fournier-Forand phase
- 16 —
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function with byppn/bpn = 0.01 and bpgm/bam = 0.018 (Mobley & Sundman, 2012;
Tzorziou et al, 2006). To consider uncertainties related to the backscattering

of phytoplankton, we performed a sensitivity analysis using the backscattering
ratios of phytoplankton 0.001, 0.005, 0.014, 0.02 and 0.05.

o

o

Qph / Gph(440)

o

400 " 450 500 550 800 650 700
Wavelength (nm)

Fig. 6 The a,(A) normalized at 440 nm is taken
from the IOCCG database. This graph indicates
125 spectra  for five different Chl
concentrations (5, 10, 15, 20, and 30 xg 1.

a
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Wavelength (nm)

Wavelength (nm)
Fig. 7 The ax(A) (n = 13) and agm(A) (0 = 7)

which were selected from the [OCCG database.

Their combinations were used to create various

optical conditions in the seawater.
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2.4 Derivative analysis and similarity index

Derivative spectroscopy has been commonly used to analyze the similarities
and differences in hyperspectral data (Xi et al., 2015; Tsai & Philpot, 1998)
because it provides more detail information on the spectral shape
corresponding to the spectral inflections. Derivative analysis enables spectra to
be enhanced spectral inflections and small spectral features. In our study,
second-derivative analysis was applied to the hyperspectral apn(A) and Ry(A).
Prior to derivative analysis, the measured ap(A) and simulated R (1) were
smoothed by cubic smoothing spline function in R program. Briefly, the
second-derivatives were computed using spectra normalized to the respective

spectral mean values. Bandwidth (AX=X\—X\ =X =X\, A >X>)) was

selected for each data type to maximize the spectral signal to noise

amplification.
d’s _ d (dS ) _ 3()\2‘)_28()‘]’)_8()‘/4:) ®)
dx*  dA - dA (AN)

The second-derivatives of ap(A) were used in a qualitative analysis to
determine the wavelength positions of the absorption features of
phytoplankton pigments. Additionally, we used the second-derivatives of Ry(A)
to quantify the spectral similarities in the Ry spectra by adopting the spectral
similarity index (SI) converted by arc-cosine transformation and division by
n/2 (Kirkpatrick et al, 2000; Millie er al, 1997). We calculated the angle
between two vectors comprising the second-derivative spectra of a standard
C. polykrikoides and three dinoflagellates or UPA. The SI between two
second-derivatives (e.g., C. polykrikoides and UPA) yielded a number between
zero and one, where zero indicated no similarity and one denoted perfect
similarity. This analysis was employed to determine useful information for

discriminating Rys between C. polykrikoides and other HAB species or UPA.
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Chapter 3 Results

3.1 Light absorption of HAB species

Figure 8 shows the mean spectra of the Chl a specific absorption, a*p,(2),
of the four cultured HAB species. The a*,, spectra exhibit some variability in
magnitudes and spectral shapes from 400 to 700 nm. (1) The values of a*y, at
440 nm vary between 0.0192 (+0.0021) and 0.0328 (£0.0028) m* mg™ and are
within the range estimated in Prieur and Sathyendranath (1981) for in situ
conditions. (2) Among the four species, C. polykrikoides absorbs relatively
more light than the other species in the short wavelengths. (3) S. frochoidea
shows a slightly larger peak at 465 nm than that at 440 nm, while for the
other species the larger peak is at 440 nm. (4 The a*;(A) of C
polykrikoides and S. trochoidea shows discernible slopes between 400 and 440
nm. In this wavelength range, C. polykrikoides and S. ftrochoidea have the

steepest and the flattest slopes, respectively, among the four species.
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0.04 [

—— C. polykrikoides
- -~ A. sanguinea
A. tamarense
- 8. trochoidea

400 450 500 550 600 650 700
Wavelength (nm)

Fig. 8 Mean spectra of in vivo Chl a specific absorption
of C polykrikoides (n = 9), A. sanguinea (n = 10), A.

tamarense (n = 10), and S. trochoidea (n = 11).

To determine the detailed differences and/or similarities between these
spectra (Fig. 8), we calculated the second-derivative spectra from the mean
normalized absorption of the four species (Fig. 9). These provided more
detailed information on the spectral shape that corresponded to the spectral
inflections of a*p(A). Although differences are observed in magnitudes and
spectral shapes among the cultured species (Fig. 8), the results of the
second-derivative spectra analysis show that the inflexion positions do not
differ significantly for the four cultured HAB species (Fig. 9(b)). The maxima
and minima of the second-derivative spectra are located at similar
wavelengths that correspond to the major pigments of the dinoflagellate
species (Smith & Alberte, 1994; Bidigare ef al, 1989). In Fig. 9(a), four
spectra exhibit major common absorption peaks at blue and red wavelengths
owing to chlorophyll pigment absorption (Bricaud ef al, 1995) and low
absorption at green wavelengths (approximately 600 nm). Furthermore, the

absorption peaks and shoulders observed for the four species commonly occur
— 21 _
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at 440, 465, 495, and 675 nm. Especially, C. polykrikoides and A. sanguinea

have very similar spectral patterns: these two are unarmored (athecate)

species and both have similar cell size when C. polykrikoides makes the
chains of multiple cells (Maldonado, 2008) (Table 1).

—— C. polykrikoides
A. sanguinea
A. tamarense

- 8. trochoidea

400

450 500 550 600
Wavelength (nm)

1
-

|
(&)

LN B B S E B B L B B B R

. . A
2" derivative of &y,

©

1300

450 500 550 600 650

Wavelength (nm)

700

Fig. 9 (a) Representative mean normalized spectra,

(énph( )k )),

(b)

21 derivative

dinoflagellate species.
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_22_

spectra of the four



As mentioned earlier, among the four species, C. polykrikoides has a high
absorption value in the blue wavelength. This characteristic in the variation of
apn seems consistent with increasing Chl a concentration. Figure 10 shows
apn(440) for the four cultured species as a function of Chl a concentration.
The scattered points denote measurements of the same culture on different
days and different dilutions. The a*,, spectra obtained on different days for
each species are very similar (data not shown) and the relationship between
apn(440) and Chl a concentration remains mostly linear for all species under
examined the experimental conditions (Sathyendranath ez al, 1987). The slope
was estimated to be 0.0347 for C. polykrikoides, 0.0291 for A. sanguinea,
0.0255 for A. tamarense, and 0.0189 for S. frochoidea. The slope of C.

polykrikoides was the largest among the four species.
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Fig. 10 Linear regression (without intercept) between the absorption
coefficients of phytoplankton at 440 nm, a,,(440), and Chl a concentration for
(@ C. polykrikoides (circles, n = 9), (b) A. sanguinea (triangles, n = 10), (c) A.
tamarense (squares, n = 10) and (d) S {‘rochoidea (diamonds, n = 11). The

slope and determination coefficient are shown in the lower right.
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3.2 Comparison of ay, in i stz and culture samples

We compared the ap(A) of the culture samples with that of mn situ
samples. Figure 11(a) shows the a*;(A) normalized to 440 nm (hereafter
referred to as  “a*mu(A)/a*pn(440)” ), which were obtained during C
polykrikoides blooms and non-blooms in the southern coastal waters of Korea.
Significant variations are observed in the magnitudes and spectral shapes of
the calculated a*pn(A)/a*;n(440) that clearly indicate different types of ap
between the C. polykrikoides bloom and non-bloom regions at approximately
465 nm. These differences were attributed to the bio-optical properties of
phytoplankton assemblages and the dominant phytoplankton species [i.e., C
polykrikoides (>75%)] in the regions. The a*,n(A)/a*n(440) of C. polykrikoides
bloom regions was compared with that of C  polykrikoides cultured
mono-specifically to examine their differences in the wavelength range
400-700 nm (Fig. 11(b)). To quantify this dissimilarity, we calculated the
percentage difference (Craig et al, 2006) between the spectral structures
observed in the spectra of the C. polykrikoides bloom regions and the culture
samples to be 2.3-6.4% with an average of 4.4%. In contrast, the spectral
structures of the non-bloom regions and the cultured C. polykrikoldes were
clearly distinguishable with a mean difference of 16.0% (data not shown). We
obtained the representative ap(A) of C. polykrikoides by combining the ap,
(1) acquired from the cultures with those from the bloom patches (Fig. 11
(b)).
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Fig. 11 Comparison of the a*j(A) normalized to 440
nm (@*( A )/a*;n(440). (@ C  polykrikoides bloom
(black) and non-bloom (grey) regions, and (b) C
polykrikoides cultured (grey) and C. polykrikoides

obtained from bloom (black) regions.
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3.3 Comparison of hyperspectral remote sensing reflectance (Ry)

3.3.1 in situ Ry spectra

We compared the spectral characteristics of Ri(A), which were obtained in
situ measurements. Figure 12(a) and (b) show the Ry spectra measured at C
polykrikoides bloom and non-bloom regions, respectively. Commonly, Ry(A)
increased from 400 to 570 nm, and then it started decreasing to 800 nm,
except for a shoulder around 650 nm, and a peak (or shoulder) at 695 nm.
This spectral pattern is indicative of typical coastal waters with phytoplankton,
CDOM, and detritus/mineral (Maldonado, 2008). The R.(A) of two different
regions are distinguished from each other in 400-800 nm, by the magnitude

and spectral shapes.

Firstly, the bloom regions have lower reflectance than non-bloom regions

because of the intensity of absorption for C. polykrikoides (Fig. 12). Actually,
Chl a at non-bloom regions were estimated to be 0.459-11 gl ', while Chl a

at bloom regions were high values of 18-53 ugl™'. Specifically, the magnitude
of reflectance in the blue-green wavelengths shows very low value (Fig. 12
(@). Secondly, Ri(A) measured at bloom regions exhibit conspicuous two
peaks around 570 and 695 nm and a distinct depression in the wavelength
range of 400-590 nm. In contrast, R(A) at non-bloom regions show one peak
around 570 nm (.e., with higher Ry values along the short wavelengths and

comparatively lower Ry values at red wavelengths).
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Fig. 12 The in situ Ry spectra obtained from
in-water radiometric measurements in (a) C

polvkrikoides bloom and (b) non-bloom regions.
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3.3.2 R of HAB species and Unspecified Phytoplankton Assemblages

Figure 13(a) shows the Ry spectra simulated using Hydrolight. The common
features of the Ri(1) of the four HAB species and UPA are: (1) a prominent
peak near 570 nm (green peak), where backscattering processes prevail
because of the weak phytoplankton absorption; (2) a distinct trough around
670 nm, and (3) a peak in the red/near-infrared (NIR) region at ~695 nm (the
so-called red edge). These are nearly the same for the five groups and the
second and third features are largely the outcome of the interaction between
pure water and phytoplankton absorption (Gitelson et al, 1999), (4) Small
differences are observed in the red/NIR region, where pure water absorption

1S dominant.

The Ry spectra that are based on the individual absorption spectra of the

four dinoflagellate HAB species display very similar spectral inflexions (Fig. 13

(@)). The Ry of the four HAB species at 30 ugl™' commonly exhibits stronger
depression than that of UPA in the short wavelength region. The depression
of the reflectance due to flat slope observed in 440-490 nm is, in turn, an
outcome of the characteristics of ay;(A) which are attributed to
photosynthetic pigments of dinoflagellates (specifically, chlorophylls and
carotenoids). This distinct feature of Ry(A) becomes more pronounced with
increasing Chl a concentration (Fig. 13(b)). The significant differences in the
magnitudes and shapes of the R spectra of the HAB species are not
discernible for a similar concentration of Chl a (see details in Section 4.1). In
contrast, the magnitudes and the shapes of the R (1) of the HAB species
show significant differences in comparison with those of UPA. The R (1) of
UPA is higher than that of the HAB species at a Chl a concentration of 30

pgl™ ' (Fig. 13(a)). This spectrum has steeper slopes in the wavelength range
440-490 nm in contrast with the Ry spectra of the four HAB species.
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Fig. 13 Average of 91 Ry spectra for (a) the four
HAB species and UPA at a Chl a concentration of 30
wg 1% and (b) C polykrikoides and UPA at 5, 15, and

30 ugl™
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3.3.3 Similarity index between C. polykrikoides and other species

To quantify the differences between the Ri(A) spectra in the wavelength
range 400-690 nm, the SI was calculated using the second-derivatives of Rps.
Derivative analysis and the SI approach to Ri(A) were employed to provide
useful information for the discrimination between the Ry of C. polykrikoides

and the three dinoflagellates or UPA. Figure 14(a) shows SIs calculated based

on the second-derivatives at five Chl a concentrations from 5 to 30 ugl '.
The SI between C. polykrikoides and the other HAB species indicated high
similarity, as C. polykrikoides could not be distinguished from the other HAB
species in the second-derivative spectra of Ry (data not shown). At high Chl
a concentration, they still yielded high similarity indices of approximately 0.90.
However, with increasing Chl a concentration, the SI between C. polykrikoides

and UPA decreased continuously and reached a minimum of 0.65 at a Chl a

concentration of 30 pugl™'. Therefore, the distinction of C polykrikoides
blooms from UPA using hyperspectral Ry 1S possible at high level of Chl a
owing to the low similarity in their second-derivative spectra. To determine
the distinct differences [i.e., the depression shown in Fig. 13(a)] in the Ry of
the HABs and UPA, we calculated the SI in several wavelength bands based
on MODIS wavebands (Fig. 14(b)), which were adopted to examine the
applicability of satellite remote sensing data. The SI between C. polykrikoides
and the other HAB species exhibits high a value of 0.83-0.97 near the 443,
488, 531, and 555 nm wavebands and is higher than the SI of C. polykrikoides
versus UPA in all wavebands. In the 443 and 488 nm wavebands, the SI of

UPA has a particularly low value of 0.70 and 0.62, respectively.
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Fig. 14 SIs of the second-derivatives of Ry(A)
between C. polykrikoides and other species (a) with
varying Chl a concentrations in the wavelength range
400-690 nm and (b) at several MODIS wavebands (443,
488, 531, and 555 nm) with a Chl a concentration of
30 g 1t
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3.4 Optical discrimination of C. polykrikoides from other species

The differences in the spectral shape of Ry for C. polykrikoides and UPA
strongly suggest that it can be used to differentiate the two groups (Fig. 13).
The most conspicuous differences can be observed in the slope of the
blue-green range (440-600 nm): the Ry curve of C. polykrikoides is flatter in
the blue range but steeper than that of UPA in the green region. This
spectral difference can be summarized by comparing the slope in the two
parts of the Ry curves. To achieve this, we tested different Ry ratios [Ry( A
JIR(A ] of bands centered at A, and A; (A; < A. Considering the
potential applications of satellite remote sensing, we used MODIS wavelengths.
We constructed the Ri(A) of two hypothetically mixed assemblages, namely,
C. polykrikoides-dominated blooms (80% of C. polykrikoides and 20% UPA) and
100% UPA, which represent typical phytoplankton assemblages under natural

conditions (Millie ef al, 1997). Simulations of R.(A) were performed for two

phytoplankton groups at the various concentrations of Chl a (5-30 pugl™ Y
under optically complex conditions with varying CDOM and detritus/mineral
concentrations. To select the optimal bands that effectively depict the changes
in the slope, we calculated the latter against increasing Chl a for all band
combinations. The best combinations were determined to be Ry
Ris(555)/Rs(531) and Ry Ry(488)/R1(443); R; showed the most rapid increase
and R, the fastest decrease with increasing Chl & in case of C
polykrikoides-dominated blooms. From the simulated R.( 1), we calculated the
Rys ratios, Rys(A2)/Ris(A 1), and used them to plot the data points (Fig. 15). In
the R;-R, space R; increases with Chl a because the slope of Ry in the
green band increases; however, R, shows no sensitivity to Chl a (the color

shading in Figure 15 denotes Chl a concentrations). At a low Chl a

concentration of 5 ugl™ ', the C polykrikoides data points are separated from

those of UPA. As Chl a increases, both groups exhibit higher R;. As a result,
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UPA points at higher Chl a concentrations occupy the same space as the C.
polykrikoides points at lower Chl a concentrations. However, the observed

increases in the R; of both groups with increasing Chl a are disproportionate

and for a the Chl a concentration above 15 ugl™ ', the data points of the C
polykrikoides blooms completely separate from those of UPA despite the
variability of the optical water types with various combinations of CDOM and

detritus/mineral.

The ideal approach to validating the model is the comparison between the
in situ and simulated reflectance values at each station. However, this was
not practically possible because the water samples were not obtained
synchronously with the optical measurements. During the in situ optical
measurements, the density of C polykrikoides was continuously changing
owing to the small-scale patch structure and the movement of currents.
Therefore, a substantial mismatch occurred between the optical profiling and
the water sampling, which hindered a precise comparison at each station.
Instead, we made a bulk comparison of in situ reflectance and simulated
reflectance in Figure 15, which shows that the iz sifu band ratios are
consistent with simulated ones: (1) Both the in situ C. polykrikoides blooms
and non-bloom regions fall within the range of simulated band ratios. (2) C.
polykrikoides blooms were clearly separated from non-blooms similarly in
simulations and the /n sifu measurements. (3) The in situ band ratios, in both
non-bloom and bloom stations, occupy lower R, regions, which is consistent
with our interpretation that R, variability is determined by CDOM absorption
(see Section 4.2 for further discussion). Our /7 situ conditions were
characterized by relatively lower CDOM absorption. The ranges of the
important bio-optical parameters measured /7 situ mostly fell within those
used in the simulations (Table 2). The range of ay(443) used in the simulations
was much wider than that of the im situ values. Taken together, the model

seems to simulate the /n situ reflectance reasonably well.
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Table 2 Ranges of parameters of the model and field data.

Model inputs Field data

Parameters IOCCG synthetic , C.  polykrikoides
Non-bloom regions ,

data bloom regions
Chl a 5~30 pgl ! 0.459 ~ 11 pgl "' |18 ~ 53 pgl™!
ay(443) 0.015 ~ 1.430 m ' {0.027 ~ 0.148 m ' | 0.027 ~ 0.228 m !
aqm(443) 0.003 ~ 0.378 m ' | 0.003 ~ 0.261 m ' | 0.035 ~ 0.171 m *
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Chapter 4 Discussion

We simulated the R, spectra of the four dinoflagellates and UPA under
various optical conditions. The R (A) of C polykrikoides and the three
dinoflagellates species show similar spectral shapes and, consequently cannot
be easily distinguished (Fig. 13(a)). However, the Ry spectra of the C
polykrikoides and UPA were discriminated from each other because of spectral
differences in the short wavelengths (Fig. 14(b)). These differences can be
effectively summarized by using the two band ratios of Ry The waters
dominated by C. polykrikoides (80%) and UPA (100%) clearly occupy separate
subspaces in the two-dimensional space of R; and R, (Fig. 15). While the
greatest separation was observed between C. polykrikoides and UPA, the other
dinoflagellates occupied different spaces between those of C. polykrikoides and
UPA (data not shown). This suggests that the two Ry ratios R; and R, are the
most efficient ratios to separate optical signatures between C. polykrikoides
and UPA. These simulations were conducted within realistic range of CDOM
and detritus/mineral (Babin ef al, 2003). The results suggest that the
discrimination of C. polykrikoides blooms using Ry is plausible under natural

conditions.
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4.1 Similarity of Ry(A) characteristics among dinoflagellate HAB species

The optical discrimination approach using the Ry band ratio is similar to the
findings of Shang ef al (2014), which proposed the optical discrimination
between dinoflagellates from diatoms based on Ry. The optical differences
were attributed to the phytoplankton absorption properties. Consequently, the
contribution of the phytoplankton absorption properties by the major accessory
pigments to the differences in R(A) is crucial in understanding the optical

discrimination of C. polykrikoides.

The measured apn(A) of C. polykrikoides reveals several absorption peaks
and shoulders in the short wavelengths (Fig. 8). The peak observed near 440
nm corresponds to an absorption maximum of predominantly Chl a (Jeffrey &
Vesk, 1997). The peak at 465 nm is the combined absorption maximum of
chlorophyll ¢ and peridinin, which are synchronously detected as typical
pigments of dinoflagellates (Bidigare et al.,, 1989; Maldonado, 2008). The Ry
spectra that were simulated using the measured ap(A) of C.  polykrikoides
show a strong depression in the wavelength range 440-490 nm due to the
influence of the high pigment absorption at 465 nm [described in Section
3.3.2, Fig. 13(a)]l. This depression gets stronger (flattened slope between 440
and 490 nm) with increasing pigment absorption (Fig. 13(b)) and could be an

important factor in the discrimination of C. polykrikoides from UPA.

Unfortunately, other dinoflagellate species (A. sanguinea, A. tamarense and
S. trochoidea) exhibit similar spectral absorption properties to C. polykrikoides
(Fig. 9(b)). They have similar pigment composition containing chlorophyll o
and carotenoids (.e., peridinin, diadinoxanthin, dinoxanthin, diatoxanthin, and
B -carotene), which appear to be unique to dinoflagellates (Maldonado, 2008;
Liu et al, 2014, Bustillos-Guzman et al, 2004). From the results of this study,
the high SI (of the order of 0.90) between C. polykrikoides and the other

three HAB species indicates that the four HABs have similar spectral
- 37 —
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characteristics in a wide range of Chl a concentration (Fig. 14(a)). This caused
the difficulty in differentiating individual phytoplankton species blooms among

the four dinoflagellate species that form HABs.
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4.2 Distribution of C. polykrikoides blooms and UPA in Ry ratio space

We analyzed a large simulated R (A) data set (n = 2,275 using the
derivative analysis/SI approach. As a result, the HAB species were easily
distinguished from UPA with increasing Chl a concentration. Especially, C.
polykrikoides were clearly discriminated by the magnitude of ap, at 465 nm in
Figure 8. The Ry at specific wavebands also exhibited clear differences
between C. polykrikoides and UPA. As shown in Figure 15, the simulation
results indicate that C. polykrikoides is well separated from UPA in the Ry
ratio space. In general, the Ry ratios associated with C. polykrikoides show
larger R; than UPA. This distribution pattern covers a wide range of optical
conditions (Table 2). In contrast, the scattering of the points along R;

direction represent variations due to CDOM (see below).

As the Chl a concentration increases from 5 to 30 ugl !, all the scattered
points of the two phytoplankton groups in the Ry ratios space move toward
larger R;. Especially, the Ry of C. polykrikoides covers a wider range than
that of UPA (Fig. 16). This is because the absorption properties influenced by
the pigment composition affect the reflectance (Mao et al, 2010). The Ry
ratios of C. polykrikoides reflect the influence of typical pigments in the
wavelength range 440-490 nm, as described in Section 3.3.1. In this range, as
Ry is reduced by enhanced absorption, the slopes of Ri(A) are flattened in
response to the increasing pigment concentrations. Therefore, the high R;
(i.e., steep variation) of C. polykrikoides is accompanied by low R, (.e.,
flattened slope) that is attributed to the influence of high ay in the
wavelength range 440-490 nm.
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Fig. 16 Average of 91 Ry ratios of the data points in
Figure 14 at different Chl a concentrations (5, 10, 15,
20, and 30 x«g I'). The red circles and green triangles
denote C. polykrikoides and UPA, respectively.

At the same Chl a concentration, the Ry ratios are distributed along the R,
axis (Fig. 17). This result is attributed to the variation of CDOM absorption
(ag). As a4(443) increases, the R ratios move towards higher R,. While the
strong influence of ag causes further reduction in the Ry spectra, the slope in
the blue region could increase. As an optically active constituent of seawater,
CDOM absorbs light predominantly in the blue end of this wavelength range
and its spectrum declines exponentially with wavelength (Kirk, 1994; Babin ef
al, 2003). This absorption characteristic of CDOM influences the Ry spectra.
Since a4(443) is always higher than a,(488), R.(443) becomes disproportionately
lower than R(488) and hence R, becomes larger as CDOM increases. This
distribution pattern was also observed in the space of the in situ Ry ratios
(Fig. 15). Son et al (2011) suggested that C. polykrikoides bloom waters in the

southern coast of Korea are relatively less influenced by CDOM and detritus.
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Although our simulations were performed using a wide range of a,(443), our
in situ observations were conducted in waters with low ag(443) below 0.228
m™ (Table 2).
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Fig. 17 Distribution of Ry ratios with increasing ay(443)

for a constant concentration of Chl a (15 xg 1)
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4.3 Uncertainties in the simulation

We used the simulated R, to cover a wide range of bio-optical conditions.
The simulations required various parameters as described in Section 2.3.
Therefore, uncertainties in the parameters could be a critical issue in the
interpretation of the simulation results. The measured ap(A) of C
polykrikoides under different culture conditions were consistent with those of
the in situ water samples from C. polykrikoides bloom regions. The ap(A) of
UPA were obtained from the IOCCG synthetic data (500 spectra) (Fig. 6),
which are obtained from an absorption spectra data bank composed of the
extensive measurements representing oligotrophic to eutrophic natural
environments (Lee, 2003). ag(A), agm(A), and byam(A) were modeled to cover
a wide range of values reported for various environments. Therefore, these
parameters seem to be suitable for performing simulations. However, the
backscattering coefficient of phytoplankton was the most uncertain parameter
In our simulations because few such measurements have been performed and
reported. To our knowledge, the only study that has measured the
backscattering coefficient of C. polykrikoides reported that the backscattering
ratio was in the range 0.01-0.022 (digitized from their Fig. 23 and 25) for

cultures with Chl a concentration ranging from 1.96 to 17.62 ugl™' (n = 10)
(Maldonado, 2008). The ratio of backscattering to the total scattering for
phytoplankton was selected as 0.01 which is the most commonly used in
previous studies. Throughout the entire wavelength range, a constant value of
bupn/bpn Was applied to total scattering to obtain the backscattering coefficients
(Lee, 2003). To examine how the uncertainty in bypm/byn could affect our
results, we conducted a sensitivity analysis (Table 3). We compared the band
ratios of Ry from runs using the standard backscattering ratio and from runs
using altered values. The mean absolute percentage difference (APD) was

used to evaluate the sensitivity performance of the backscattering ratio. The
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sensitivity analysis indicated that the backscattering ratio had no effect on the
R;s band ratios and thus no effect on the discrimination of C. polykrikoides
blooms from UPA. With respect to the original R, ratios of both C
polykrikoides and UPA, the APD obtained from the sensitivity analysis was
below 5.95%. We conclude that the uncertainties in the model parameters in
particular, the backscattering ratio do not alter the model outputs and the

discrimination of C. polykrikoides blooms from UPA blooms.

Table 3 Mean APD, used for evaluating the sensitivity of R; and Ry to the variation

of the backscattering ratio of phytoplankton.

C. polykrikoides UPA
Dph/Dph

R1 Rg R1 RZ
0.001 4.12% 5.34% 3.03% 5.95%
0.005 1.27% 2.04% 1.06% 2.03%
*0.01
0.014 0.79% 0.94% 0.62% 0.91%
0.02 1.79% 1.80% 1.35% 1.91%
0.05 5.21% 3.53% 3.67% 5.17%

*Standard value used in the simulation.
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Chapter 5 Conclusion

We investigated the possibility of optically discriminating C. polykrikoides
blooms from non-dinoflagellate blooms or non-bloom conditions based on
simulated R spectra covering a wide range of optical conditions. The apn(A)
of dinoflagellate C. polykrikoides in the wavelength range 400-500 nm showed
discernible absorption features, which resulted from the combined absorption
maxima of chlorophyll ¢ and peridinin. These distinct characteristics of ap
are ftranslated into a depressed Ry in the blue-green region for C
polykrikoides, while no similar depression was observed for UPA. The two Ry
band ratios, R; and R, were determined to be most effective for capturing
these characteristics. In the space of the two ratios, C. polykrikoides was
separated from UPA for various optical conditions. Among the four
dinoflagellates, C. polykrikoides was best discriminated from UPA because it
exhibited the highest a*;, (Fig. 8). Because the four dinoflagellate species
have a similar set of photosynthetic pigments, they showed similar spectral
shapes and consequently were not clearly separated in the R;-R, space except
in high Chl & concentrations. Additionally, the distinction between C.
polykrikoides and UPA was difficult at low Chl a concentrations because of
the reduced effect of a,, under the influence of other optically active
constituents. However, the discrimination of C. polykrikoides blooms from

those of UPA seems possible when the concentration of Chl a is sufficiently

high (conservatively, greater than 15 ugl~'). The simulation results were
consistent with in sifu observations; this suggests that our results are
sufficiently robust despite the uncertainties in the backscattering ratio. The

sensitivity analysis on this parameter also supports our argument.
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This approach can be extended to other dinoflagellate species; however the
sensitivity of detection range would be different from that of C. polykrikoides.
Although our study primarily targeted Korean coastal waters, the results can
be applied to other geographical regions, as our approach is not based on
empirical relationships and our simulation covers a much wider range of
bio-optical conditions. To apply this approach to C. polykrikoides bloom
detection, further work is required in the future. Specifically, the development
of algorithms based on the two ratios is necessary to discriminate C.
polykrikoides in natural conditions. As Figure 15 shows, many combinations of
varying densities of UPA and C. polykrikoides can exist, which would result in
overlapping R,s ranges for actual blooms. Simple techniques such as
discriminant functions or clustering are not effective in this situation. Artificial
intelligence techniques, such as artificial neural network, could be more
effectively implemented in such cases. Such algorithms can be used for
in-water optical measurements for the automatic detection of dinoflagellate
blooms and can be extended for application in satellite ocean color sensors.
However, in coastal waters, where HABs are truly problematic, the
atmospheric correction of satellite ocean color data remains still a standing
issue, particularly in the blue bands (Mouw ef al, 2015). If the errors in
retrieving Ry are significant, an algorithm based on our results will not
function as efficiently. Therefore, the issues in the atmospheric correction
must be resolved for the application of this method to the satellite detection

of HABs in coastal waters.
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Appendix A Model input data

A.1 The ay and by, used to simulation Rys spectra

3 0.01
— Pope & Fry (1997)
—— Smith & Baker (1981)
E F0.005 £
: 2
o] 0
80(9

Wavelength (nm)

Fig. Al The absorption and backscattering coefficients of

pure water.
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A.2 The absorption coefficient at 443 nm and slope of a; and agm

Number i i
a,(443) (m™) Se mm™) | agn(443) (m™) | Sgn (m™)
1 0.015 0.0124 0.0032 0.0147
2 0.239 0.0168 0.0166 0.0071
3 0.526 0.0149 0.0520 0.0074
4 1.021 0.0166 0.1880 0.0133
5 0.711 0.0164 0.1095 0.0135
6 1.430 0.0194 0.2972 0.0096
7 0.046 0.0196 0.3783 0.0140
8 0.149 0.0195
9 0.023 0.0170
10 0.074 0.0163
11 0.501 0.0179
12 0.332 0.0189
13 0.125 0.0186
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