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Chapter 1

Introduction

1.1 Background

Phytoplankton play an important role as primary producers supporting marine ecosystems,
and this primary production accounts for about 50% on Earth (Field et al. 1998). However,
some phytoplankton species lead to phytoplankton outbreaks which damage fisheries and
aquaculture resources in the world (Burkholder 1998; Sellner et al. 2003), being called red tide
or Harmful Algal Bloom (HAB). The phytoplankton outbreaks have been occurred in Japan,
especially in coastal areas, such as Tokyo Bay (Yoshida et al. 2011), Seto Inland Sea (Imai et
al. 2006) and Yatsushiro Sea (Onitsuka et al. 2015). Thus, investigation of the environmental
factors related to the phytoplankton outbreaks is important for conservation and management
of the resources.

The Ariake Sea, the target sea area of this thesis, located in the northwestern part of Kyushu
island, Japan, is a semi-enclosed sea with size of 18 km wide, 96 km length, 1700 km? in area,
and 20 m depth in average (Fig. 1.1a). The eastern coast in Ariake Sea has seven first-class
rivers (Chikugo, Kase, Rokkaku, Yabe, Kikuchi, Shira, and Midori river in Fig. 1.1a). The inner
area, which is the field of this research, is a very shallow sea area with depth of 10 m or less in
a wide range. Here tidal amplitude is large, reaching a maximum of 6 m at spring tide. Along
with that, the tidal flow is very strong, so the water is very turbid due to the resuspension of
seabed mud. This environment generates vertically uniform water temperature and salinity, and
low transparency in water column by the suspended sediment (Koh et al. 2006).

In the Ariake Sea, a large-scale aquaculture of seaweed, Porphyra yezoensis (named “Nori”



in Japanese) has been conducted on a large-scale from autumn to winter in shallow coastal area
(Fig. 1.1a). During the period, Fig. 1.1b shows a certain group of nets on which the seaweed
grows and poles that support the nets are spaced by about 100 m or less apart from each other
(photographs of the seaweed aquaculture spreading in the mouth of the Rokkaku River). This
seaweed is one of the important fishery resources and has been traditionary used in many
Japanese foods for a long time in Japan. The seaweed has been cultivated in coastal regions by
aquaculture other area in Japan, such as Seto Inland Sea, Mikawa Bay and Tokyo Bay. The
production volume is 60% of the total production volume in Japan, which is the largest
(Ministry of Agriculture, Forestry and Fisheries 2016). Therefore, it is recognized as an
important aquaculture area for seaweed. There are two ways of conducting this seaweed
aquaculture in the Ariake Sea (Fig. 1.2). Type-A seaweed aquaculture which is consisted of pole,
rope and seaweed net have been conducted in shallow coastal areas including tidal flat (dark
gray area in Fig. 1.1a), and Type-B seaweed aqua-culture which is consisted of small buoy, rope
and seaweed net have been conducted in deeper sea areas off the coast (light gray area in Fig.
1.1a).

Since about 30 years ago, phytoplankton outbreaks have been frequently occurred in the
seaweed aquaculture field of the inner Ariake Sea from autumn to winter (Matsubara et al. 2011),
which cause color bleaching of the seaweed due to nutrient depletion and economic damage to
the seaweed farming industry (Yamaguchi et al. 2014; Matsubara et al. 2022). These
phytoplankton outbreaks have been mainly dominated by diatom and often occurred in the
western area of the inner Ariake Sea (red hatched-area in Fig. 1.1a, Matsubara et al. 2011) at
the first neap tide after the annual minimum water temperature dropped below 10.0 °C (Katano

et al. 2013; Matsubara et al. 2016, 2018). Some studies have reported that the mechanism of



these phytoplankton outbreaks have resulted from such as improvement in light environment
in water column during neap tide by field observation (Tanaka et al. 2004; Ito et al. 2013;
Matsubara et al. 2018), stratification associated with river discharge or weakening of vertical
mixing during neap tide (Matsubara et al. 2018), and advection of water mass including high
concentration of phytoplankton cell from Shiota and Kashima River estuary (Yamaguchi et al.
2017, 2019, 2020). However, the mechanism of phytoplankton outbreaks in the western part of
the inner Ariake Sea during winter remains unclear. Revealing this mechanism is an important
issue that provide useful information for the conservation and management of aquaculture
resources.

In order to investigate the generation mechanism of phytoplankton outbreaks in the
western part of the inner Ariake Sea, field observations have been conducted by using vessels
(Ito et al. 2013; Yamaguchi et al. 2017, 2019, 2021; Matsubara et al. 2018). However, a lot of
efforts and cost are required for the vessel observations to capture the phytoplankton dynamics
spatially and temporally. Additionally, the existence of the seaweed aquaculture facilities (the
nets and poles) makes it difficult for research vessels to navigate at high speed. Thus, in-situ
vessel observations should be carried out in combination with other more detailed observations.
One of the observation methods satisfying this requirement is a continuous mooring observation
(Wihsgott et al. 2019). This observation makes possible to capture phytoplankton dynamics
during short term period.

The continuous mooring observation provide high-resolution temporal information but
hardly provide spatial one. Satellite observations for sea surface chlorophyll-a concentration
have often been used to spatially grasp phytoplankton outbreaks (Mathews 2011; Odermatt et

al. 2012; Blondeau-Patissier et al. 2014). However, for satellite observation, since the seaweed



has almost the same chlorophyll-a pigment as that of phytoplankton (Ariga 1974) and, as
mentioned above, seaweed nets are laid out at spatially short intervals, the satellite observations,
if used, must have very high data resolution of 100 m or less (equal to the width of the ship
navigation route) to separate the phytoplankton-derived chlorophyll-a pigment concentration
from that of the seaweed. At present, the satellite observation with the highest resolution of 250
m and short observation frequency of a few days is made by Second generation GLobal Imager
(SGLI) aboard the Global Change Observation Mission-Climate (GCOM-C) satellite (Urabe et
al. 2018; Tanaka et al. 2018). Therefore, it is difficult to spatially grasp the phytoplankton
distribution even with this satellite observation during the aquaculture season. There are
satellites having much higher spatial resolution, such as Landsat (30 m) and Sentinel (10 m),
however, they are designed basically for land observations and have a revisit time of 5-16 days.
Thus it is not satisfactory for these satellite sensors to have reliable measurements of the ever-
changing phytoplankton outbreaks. This suggests that we need the establishment of a new high
spatial resolution observation technique to replace satellite observations.

Environmental data obtained from field observations are usually limited, so other approach
should to be combined to investigate mechanism of phytoplankton outbreaks. As an effective
approach, numerical simulation has been used in some area (e.g., Sohma et al. 2022). The
numerical simulation can evaluate in detail the physical and biochemical processes involved in
phytoplankton growth, which are difficult to evaluate by field observations. Thus, numerical
simulations are also effective to clarify the physical and biochemical environments relating to

the phytoplankton outbreaks in the western area of the inner Ariake Sea.

1.2 Purpose and outline of this thesis



The phytoplankton outbreaks that occur in the western part of the inner Ariake Sea during
winter cause serious economic damage by color bleaching of the seaweed. Some studies have
investigated the mechanism of phytoplankton outbreaks, but this mechanism is still unclear. It
seems necessary to use not only the conventional method but also a new observation method to
clarify this mechanism. The purpose of this study is to reveal the mechanism of phytoplankton
outbreaks in the western part of the inner Ariake Sea by using both of field observations and
numerical simulations. In order to clarify the mechanism, we established a new observation
approach to grasp the detailed spatial distribution of phytoplankton outbreaks, and developed a
numerical ecosystem model to estimate such phenomena accurately.

The structure of this thesis is as follows. Chapter 1 described the background, purpose and
structure of this thesis. Chapter 2 investigates the mechanism of phytoplankton outbreaks which
occurred at the first neap tide after the annual minimum water temperature by continuous
mooring observation in the western part of the inner Ariake Sea during winter. Chapter 3 newly
establishes a high spatial resolution observation for sea surface chlorophyll-a concentration by
the use of a Fixed-wing type Unmanned Aerial Vehicles (FUAV) equipped with two multi-
spectral radiometer sensors capable of being on board for detection of upward radiance and
downward irradiance in an estuary under high human influence. Chapter 4 investigates the
physical environment for chronical high concentration of phytoplankton cell in the western part
of the inner Ariake Sea through the numerical simulation. Chapter 5 applies an ecosystem model
to investigate the chemical-biological environments favorable for the phytoplankton growth in
the western part of the inner Ariake Sea during winter. Finally, we describe the summary and

conclusions of this thesis in Chapter 6.
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Chapter 2
Investigation of phytoplankton outbreaks at the first neap tide
after the annual minimum water temperature

by continuous mooring observation

2.1 Introduction

The phytoplankton outbreaks have been often occurred in the western area of the inner
Ariake Sea (Matsubara et al. 2011) at the first neap tide after the annual minimum water
temperature (Katano et al. 2013; Matsubara et al. 2016, 2018). To reveal this mechanism, high-
resolution temporal field observation by continuous mooring observation is effective. The
purpose of this Chapter is to investigate the mechanism of phytoplankton outbreaks at the first
neap tide after the annual minimum water temperature by continuous mooring observation in
the western part of the inner Ariake Sea during winter. The structure of this Chapter is as follows.
In Section 2.2, we describe the mooring continuous observation method and the data analysis
method in detail. In Section 2.3, we describe the observed changes in sea conditions during the
phytoplankton outbreaks after reaching the minimum water temperature, and then discuss the
causes of phytoplankton outbreaks at this timing in the following Section 2.4. Finally, this

Chapter finishes with a conclusion in Section 2.5.

2.2 Methods
Continuous mooring observation was carried out at Sta. H (Fig. 2.1) where phytoplankton
outbreaks occurs frequently. Observed items were water temperature and salinity (INFINITY

ACTW-USB by JFE Advantec Co.) at 1 m below the sea surface at 10-minute intervals from

12



September 29, 2020 to May 10, 2021, and turbidity (INFINITY ACLW-USB by JFE Advantec
Co.) at 1 m below the sea surface from January 6, 2021 to May 10, 2021. Turbidity variation in
the inner part of the Ariake Sea is dominated by the suspended sediment (SS) concentration
(Hayami et al. 2015), so the turbidity value at 1 m below the sea surface (7urb) was converted
to SS concentration (mg 17!) at the sea surface using the relationship of SS = 1.12 X Turb +
1.67. This formula was obtained from relationship between the turbidity value by the installed
equipment and the SS concentration in the seawater sampled periodically at Sta. H. SS in water
samples was filtered through a dried and weighed filter (Whatman GF/F 47 um), and the weight
of the filter with SS was measured after drying at 60 degrees for 24 hours. Then SS
concentration was obtained by subtracting the weight of filter from the total weight of both the
filter and SS. Vertical profiles of current in horizontal and vertical direction were measured
every 10 minutes at 0.5 m intervals from the sea surface to the seabed at Sta. H from September
29, 2020 to June 17, 2021 (Aquadopp by Nortek Co.). Significant wave height was measured
every 30 minutes from September 29, 2020 to June 17, 2021 (INFINITY AWH-USB by JFE
Advantec Co.) and PAR intensity in the air was measured every 5 seconds from September 29
to December 16, 2020 and from February 2 to April 23, 2021 (DEFI2-L by JFE Advantec Co.)
at Sta. S (Fig. 2.1). Additionally, weekly monitoring data of phytoplankton cell number of
Skeletonema spp., Asteroplanus karianus and Chaetoceros spp., main algal species causing the
discoloration of the seaweed, and dissolved inorganic nitrogen (DIN) at stations from Sta. 1 to
Sta. 8 in Fig. 2.1 from October, 2020 to March, 2021 was used in the present study. Weather
data including hourly wind speed and direction, air temperature and rain fall at Sta. Shimabara
(32°45.3’N, 130°21.7’E in Fig. 1.1a), and air pressure, humidity, solar radiation and vapor

pressure at Sta. Saga (33°15.9’N, 130°18.3’E in Fig. 1.1a) observed by Automated

13



Meteorological Data Acquisition System of Japan Meteorological Agency. The amount of cloud
is obtained from the Japan Meteorological Agency’s grid-point value by meso-scale model
(GPV/MSM). Using the meteorological data and the sea-surface water temperature and salinity
at Sta. H, net heat flux through the sea surface was calculated by the Coupled Ocean-
Atmosphere Response Experiment version 3.0 (COARE 3.0; Fairall et al. 2003).

Several studies (Tanaka et al. 2004; Ito et al. 2013; Matsubara et al. 2018) reported that
the improvement of the underwater light environment was important for phytoplankton
proliferation. In this study, for the evaluation of that, the depth of the euphotic layer (ELD,
Sverdrup 1953) was estimated based on the observational data as follows. Light intensity in the

underwater was estimated by following the law of Lambert-Beer equation:

I, =1, exp(—K4-Z) (2.1)

where I,, I, are photosynthetic active radiation (PAR) (umol m~2 s~1) at depth Z (m) and
the sea surface, respectively. K, is light attenuation coefficient (m™1). ELD was defined as
depth where the I, equals to the threshold value of the minimum PAR intensity

2 s71) required for the phytoplankton growth by photosynthesis. The sea-surface

(umol m~™
PAR intensity I, is converted from the solar radiation (SR) by I; = 2.027 X SR (r = 0.74,
ANOVA, p <0.01, n = 1350), where SR is global solar radiation (W m s!) at Sta. Saga. This
formula was derived from relationship between the PAR intensity in the air at Sta. S and the SR
from September 29 to December 16, 2020 and from February 2 to April 23, 2021. PAR

extinction coefficient K; was calculated by the following equation using mean SS

concentration from Om to 1m below the sea surface (Fig. 2.2).
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K; = 0.0484 - SS + 0.6501 (2.2)

This equation was obtained from the dataset described below. The field observation was
conducted at eight stations (open circle in Fig. 2.1) on April 26, 2021, April 29, and May 6 and
10, 2021. Vertical profiles of turbidity (Turbrivko) and PAR intensity were measured with
RINKO Profiler (JEF Advantech Co.) and DEFI2-L (JEF Advantech Co.), respectively.
Turbidity data was converted to SS concentration at the sea surface using the relationship of
SS = 1.69 X Turbg;yko + 1.2. K; was calculated by applying the exponential approximation
(Eq. 2.1) to the vertical profile of the PAR intensity. As a result, Eq. (2.2) was obtained from
relationship between the SS concentration and the K; (Fig. 2.2). Wind stress (t,,) was
calculated by t,, = cyp,W? (Simpson and Bowers 1981) where ¢, is a drag coefficient
(Mitsuyasu and Honda 1982), p, is air density (1.22 kg m™), and W is wind speed (m s™') at
Sta. Shimabara (Fig. 1.1a). Tidal stress (7;) was calculated by 7, = k,p|u|u, where k, is
bottom drag coefficient (= 0.0025), p is sea water density (kg m>) calculated with the sea-
surface water temperature and salinity at Sta. H, and u is velocity (m s') in horizontal
direction vertically averaged from 1 m below the sea surface to the lowest observed layer (0.9

m at above the seabed) at Sta. H.

2.3 Results
During the mooring observation, rapid phytoplankton outbreak by Skeletonema spp. was
confirmed at the minimum water temperature. Fig. 2.3 showed the cell number of three

phytoplankton species (a: Skeletonema spp., b: Chaetoceros spp. and c: Asterplanus karianus)
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in the surface layer, all of which were known to cause the discoloration of the seaweed, (d)
surface DIN concentration, (¢) PAR at the sea surface, (f) water temperature and salinity at 1 m
below the sea surface, (g) water depth, (h) net heat flux at the sea surface (black line: daily
running mean value; red line: average value for the last 7 days), (i) significant wave height, (j)
wind stress and (k) tidal stress. Phytoplankton cell number of the three species remained low
until mid-December. Thereafter Skeletonama spp. showed a rapid increase in mid-January,
reaching over 15,000 cells mI"! (Fig. 2.3a). Similar growth was not confirmed for the other two
phytoplankton species (Fig. 2.3b, ¢). DIN concentration, limiting nutrients for phytoplankton
growth (Kawaguchi et al. 2005; Katano et al. 2013), was maintained at high level of about 10
UM compared to half saturation constant for NO3-N uptake for Skeletonema spp. (0.4 to 0.5
uM, Eppley et al. 1969; Lomas and Glibert 2000) before this large proliferation (Fig. 2.3d).
DIN concentration decreased as the cell number increased. The intensity of PAR at the sea
surface decreased toward mid-January, and then turned to increase (Fig. 2.3e). There was no
particular increase in PAR prior to the increase in cell number. The salinity was stable without
large fluctuations before and after the phytoplankton outbreak (Fig. 2.3f). The water
temperature reached its lowest on around January 10 and thereafter started to rise (Fig. 2.31). It
can be seen that the period of increase in the cell number of Skelefonema spp. was close to the
lowest water temperature period and the cell number reached its peak at the first neap tide
immediately after the minimum water temperature. Several studies (Katano et al. 2013;
Matsubara et al. 2016, 2018) reported the phytoplankton outbreaks at this timing. Present study
observed such a typical occurrence pattern of phytoplankton outbreak during winter at the head
of the Ariake Sea. Looking at the variation of the heat flux on the sea surface, before the water

temperature reached its minimum, it frequently showed large negative values, indicating that
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the sea surface was being cooled strongly (Fig. 2.3f, h). On the other hand, after reaching the
minimum water temperature, the heat flux often showed positive values. This indicates a switch
from sea surface cooling to heating and the phytoplankton outbreak seems to occur with this
switching.

Next, we examine the relationship between phytoplankton outbreak and changes in the
underwater light environment. Fig. 2.4 showed time series of the surface cell number of
Skeletonema spp., SS concentration at the sea surface and water depth and ELD calculated by
Eq. (2.1) from January to March, 2021. The dominant specie was Skeletonema dohrnii in

2 s71) was used as

Skeletonema spp. (Yoshida K. personal communication), so 5.4 (umol m™
the threshold value of the minimum PAR intensity (I, in Eq. 2.1, Kaeriyama et al. 2011). SS
concentration increased during every spring tide and decreased during neap tide (Fig. 2.4b, c).
With the ELD fluctuated at M2 tidal period of about 12.4 hours, it decreased to much shallower
than the water depth during spring tide (Fig. 2.4c) due to the increase in SS concentration (large
extinction coefficient in Eq. 2.2). On the other hand, during neap tide, it increased to almost the
same as or exceeded the water depth with the decrease of SS concentration (small extinction
coefficient). Thus, this result indicates that sufficient light for the growth of Skeletonema spp.

did not reach deep into the water column during spring tide, but did reach the depth of the water

column during neap tide.

2.4 Discussion
2.4.1 Winter bloom initiation during neap tide
We observed that the phytoplankton outbreak occurred during the neap tide after reaching

the minimum water temperature (Fig. 2.3). The timing of its occurrence was the same as those
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reported in this field by the previous studies (Katano et al. 2013; Matsubara et al. 2016, 2018).
Thus, it is likely that we observed a typical pattern of the red tide occurrence in winter.
Characteristic environmental changes observed in relation to the increase in phytoplankton cell
number include the change in the net heat flux from negative values to positive (switching from
surface water cooling to heating) and deepening of the ELD up to water depth during the neap
tide (improvement in the underwater light environment). Here we evaluate whether or not the
water column was really stable during the red tide development from the temporal fluctuation
of the vertical current measured by ADCP. Although the observed vertical current is not
quantified, it can become a qualitative indicator of whether or not the vertical movement is
active (Nortek Co., personal communication). The vertical current by upward-looking ADCP
was sometimes used as an indicator of water column stability (e.g. Rippeth et al. 2001). Fig.
2.5 showed the time series of the vertical current speed at 1 m below the sea surface at high tide.
Positive values indicate the velocity in downward direction. Though the current measurement
near the sea surface by upward-looking ADCP are likely to be adversely affected by the sidelobe
effect, we confirmed that its effect on the current at I m blow the sea surface was negligible
(see Appendix 2.A for details). The vertical current velocity fluctuated greatly. During the
phytoplankton outbreak, it settled down stably to low level (a black arrow in Fig. 2.5). To
investigate the controlling factor of this variation, the relationship between net heat flux, tidal
stress and wind strength (Fig. 2.3h, j, k, respectively) and the vertical current velocity were
shown in Fig. 2.6. There was a statistically significant correlation between the vertical current
velocity and the net heat flux (r=-0.4, ANOVA, p <0.01, n=333), but no significant correlation
between the vertical current velocity and the wind/tidal stress. This result shows that the major

driving force of the vertical current velocity was the heat flux at the sea surface, and the strong

18



vertical current observed by ADCP was considered to be intensification of thermal convective
flow associated with the cooling of the sea surface. The vertical current was stably weak during
the phytoplankton outbreak since the net heat flux then switched from negative to positive.
Tidal and wind stresses were not correlated with the vertical flow and not specifically weakened
during the phytoplankton outbreak. This fact shows that the change in the sea surface heat flux
from negative to positive brought about the stability of the water column, creating a favorable
condition for phytoplankton to proliferate by allowing it to stay long in the surface layer with
strong light intensity.

Next, we examine why the phytoplankton outbreak occurred during the neap tide. As noted
above, the water column stability was the important factor for the phytoplankton outbreak at
the minimum water temperature, but this factor alone did not fully explain the phytoplankton
outbreak during the neap tide. In fact, the weakening period of vertical current (a black arrow
in Fig. 2.5) included spring tide (Fig. 2.3g, h), but then no rapid increase in the cell number was
observed (Fig. 2.3a-c). As previous studies have already reported (Tanaka et al. 2004; Ito et al.
2013; Matsubara et al. 2018), the reason for this was the improvement of the underwater light
environment at the neap tide. At the spring tides, the ELD (Fig. 2.4c) was shallow and sufficient
PAR reached only the surface layer, whereas at the neap tides, the ELD deepened to or exceeded
the water depth, and sufficient PAR reached the whole water column. Since the extinction
coefficient of PAR was governed by the SS concentration (Eq. 2.2), the ELD fluctuation can be
explained by spring-neap variation of the SS concentration (Fig. 2.4b). During the spring tide,
strong tidal currents stirred up the sea bottom sediment and reduced water transparency.
Therefore, even if vertical thermal convection was weak during the spring tide, phytoplankton

were unlikely to proliferate. On the other hand, since the tidal current weakened during neap
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tide and SS settled down to the seabed, the underwater light environment improved. Therefore,
it is thought that phytoplankton was able to proliferate using sufficient light energy. The
phytoplankton outbreaks during the neap tide in mid-winter occurred because two conditions
(water column stability and appropriate light enviroment) were both met.

Other environmental factors that may affect phytoplankton growth includes water
temperature and nutrient concentrations. The water temperature was ranged from 6.3 to 10.5
°C at Sta. H during the phytoplankton outbreak (Fig. 2.3e). The dominant specie was
Skeletonema dohrnii (Yoshida K. personal communication). This specie can grow at 10.0 °C,
but the optimum water temperature was reported to be 25.0 °C (Kaeriyama et al. 2011). This
indicates that the water temperature at the timing of phytoplankton outbreak was not necessarily
suitable for phytoplankton growth. DIN concentration, limiting nutrient in winter, was
maintained at around 10 pM before the cell number increased, and no temporary increase was
observed before the phytoplankton outbreak (Fig. 2.3d). Since half saturation constant of
Skeletonema spp. for NOs-N uptake is reported to be 0.4 to 0.5 uM (Eppley et al. 1969; Lomas
and Glibert 2000), the DIN concentration was kept sufficiently high for phytoplankton growth
from December to just before the occurrence of the phytoplankton outbreak. It is unlikely that
the variation in the DIN concentration played a role in triggering the red tide occurrence. Thus,
water temperature and DIN allowed phytoplankton growth, but were not a triggering factor for

the phytoplankton outbreak.

2.4.2 Phytoplankton outbreaks in the recent past and the two factors

We investigated consistency of the results of this study with the phytoplankton outbreaks

occurred near the lowest water temperature in the recent past. Fig. 2.7 shows time series of cell
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number of Skeletonema spp. and water temperature at monitoring stations (Fig. 2.1), net heat
flux and tidal elevation at Sta. Oura (32°59°N, 130°13’E in Fig. 1.1a) during the aquaculture
season (October to March) from fiscal year 2014 to 2018. Net heat flux was calculated in the
same method using sea surface water temperature and salinity measured weekly and those in
between were linearly interpolated. Though the heat flux varied annually, it often became
negative toward January to early February in common. Around the minimum water temperature
period (black arrows in Fig. 2.7), the heat flux became close to zero or positive and the water
temperature began to rise. Then, phytoplankton cells increased in the similar manner to that
observed in FY2020. This common response of the phytoplankton supports the conclusion of

this study.

2.4.3 Early switching of heat flux from negative to positive

The positive/negative switching of the surface heat flux occurred in the inner Ariake Sea
in the mid-winter of mid-January to early February when the water temperature was
considerably low (Fig. 2.7). In the open ocean, it usually occurs from late winter to early spring
(Huisman et al. 1999; Dutkiewicz et al. 2001; Follows and Dutkiewicz 2002; Waniek 2003;
Taylor and Ferrari 2011; Ferrari et al. 2015; Ruiz-Castillo et al. 2019; Hopkins et al. 2021).
Though our results were in common with these reports in that the phytoplankton outbreak
occurred with the switching from sea surface cooling to heating (Fig. 2.3h), the timing of its
occurrence was different, much earlier than those in the open ocean. Here, the factors for this
difference in the switching time are discussed.

First, we discussed controlling factors of the sea surface heat flux. Time series of daily net

heat flux (Q) and fluxes due to short-wave radiation (SW), long-wave radiation (LW), sensible
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heat (SE) and latent heat (LA) were shown in Fig. 2.8. In most cases the net heat flux showed
large negative values from October to March, the latent heat flux contributed most (i.e.,
enhancement of evaporation). SW decreased gradually from autumn to winter, and switched to
an increase after mid-January. LW and SE showed no significant long-term trend. Next, we
examined in detail the phenomenon that governed the latent heat flux. Latent heat flux (LA) is

defined as follows (Fairall et al. 2003):

LA = poLCV(qs = qa) (2.3)

where p, is the air density, L is the latent heat of evaporation, C is the bulk coefficient, V' is
the wind strength, q, is the sea surface specific humidity, and q, is the atmospheric specific
humidity. C is defined according to the stability of the grounding boundary layer over the sea,
proportional to the difference between sea-surface water temperature (SST) and air temperature,
becoming particularly small value when the air is stable (SST < air temperature), and large
when unstable (SST > air temperature) (Hodur 1997). Fig. 2.9 shows the time series of the LA,
qs, q, and their difference (q; — q4), C and V, SST and air temperature, respectively. There
was a good correspondence between the LA and g5 — q,, C, and V. The negative LA increased
with increasing specific humidity difference, wind strength, and C. Among these parameters,
qs — q, has the highest correlation with LA (r = -0.80), indicating that the specific humidity
difference was most important for the LA fluctuations. The difference in the specific humidity
increased with a rapid decrease in q,, which indicated that the decrease in atmospheric water
vapor pressure due to the decrease in air temperature was the cause for the negative LA. The

parameter with the second highest correlation was V' (r=-0.61). Decrease in q, often occurred
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with increase in wind speed. Therefore, the main controlling factors of the sea surface cooling
due to LA were the decrease in atmospheric water vapor pressure due to the decrease in air
temperature and the simultaneous intensification of the wind.

The inner part of the Ariake Sea is a very shallow sea area with the development of tidal
flats, and during the vertical mixing period, the depth of surface mixed layer equal to the water
depth at the deepest. Therefore, the heat capacity of the surface mixed layer is small, and the
water temperature likely responds to heat supply in a short period of time (Fig. 2.3f, h). Since
the water temperature change due to heat transport by horizontal advection was small at the
observation point (Appendix 2.B), the water temperature decreased to follow the air
temperature fluctuation through the enhancement of the LA (Fig. 2.9c). When the air
temperature reached its lowest, the water temperature also reached its lowest value at almost
the same time (Appendix 2.C). Thereafter, the air temperature often exceeded the water
temperature, and then the atmosphere stabilized (decrease in C value of Eq. 2.3). This resulted
in the weakening of sea surface cooling due to the LA to near zero. With the increase in SW,
the heat flux turned to positive, resulting in the water column stabilization in the middle winter.
Under such condition, the ELD increased during neap tides, providing a favorable light
environment. Therefore, phytoplankton species such as Skeletonema dohnii which could grow
at low temperature led to the phytoplankton outbreak. In open oceans (Dutkiewicz et al. 2001;
Follows and Dutkiewicz 2002; Waniek 2003) and shelf waters (Ruiz-Castillo et al. 2019;
Wihsgott et al. 2019; Hopkins et al. 2021), phytoplankton blooming associated with the
stabilization of water column developed in late winter to spring (March to April, that is, spring
bloom). In these sea areas, the depth of the surface mixed layer was one or two order of

magnitude larger than that in the inner part of the Ariake Sea (e.g. Waniek, 2003; Ferrari et al.
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2015), and thus its heat capacity was large. The water temperature variation in response to heat
flux there is blunted and stabilization of the water column (switching from sea surface cooling
to heating) lags from mid-winter until late winter or spring. Early switching of heat flux from
negative to positive and its induced occurrence of the phytoplankton outbreak in the inner
Ariake Sea reflect the difference in response characteristics of water temperature to the external

heat flux.

2.5 Conclusions

In this Chapter, continuous mooring observation was conducted in the western part of the
inner Ariake Sea from autumn to winter of fiscal year 2020 to reveal the mechanism of
phytoplankton outbreak during the neap tide at around the minimum water temperature. As a
result, it was clear that there were two important factors that played a triggering role in the
phytoplankton outbreak. One is the enhancement of the water column stability along with the
transition from sea surface cooling to heating after the minimum water temperature. The second
is the improvement of underwater light environment due to the decrease of the suspended
sediments during the neap tide. There have already been several reports on the phytoplankton
outbreaks at similar time of the year (Katano et al. 2013; Matsubara et al. 2016, 2018) and the
phytoplankton outbreaks confirmed in the recent past were associated with these two changes
in the sea conditions. Therefore, in the inner Ariake Sea, the phytoplankton outbreak of this
pattern is likely to be a typical occurrence pattern, and may be a seasonal phenomenon that can

be called a winter bloom.

Appendix 2.A
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Current measurement errors due to acoustic doppler reflections on the sea surface
(Sidelobe phenomenon) are well known in measurements by upward-looking current meters
using ultrasonic waves like ADCP used in this study. Its influence is generally remarkable
within 10% of the water depth from the sea surface. To examine the sidelobe effects, the velocity
data obtained by ADCP was compared with the velocity data obtained at Sta. H by an
electromagnetic current meter (Compact-EM by JFE Advantec Co.). Fig. 2.10 was the
comparison results of the current velocity in principle axis of M2 tidal current ellipse
(counterclockwise rotation by 117.75 deg. from the east-west direction) at 1 m below the sea
surface from May 5 to 10 2021. The main stream velocity obtained by ADCP was almost the
same in magnitude and phase as that by Compact-EM, and it can be said that the influence of

side lobe was very small at this depth.

Appendix 2.B

Here, we evaluated the effect of heat flux due to the horizontal advection on water
temperature. Since there was no data that can evaluate it directly from horizontal advection flow
and water temperature gradient in horizontal direction without such dataset, we investigated the
effect of horizontal heat flux by evaluating the water temperature fluctuation due only to sea
surface heat flux. In particular, we focused on short-term water temperature fluctuations based
on the fact that phytoplankton proliferation occurred on a short time scale less than a week. We
compared the sea-surface water temperature observed at Sta. H (SST_Obs) with that estimated
by only sea-surface heat flux using the observed SST as its initial value. Temperature change

due to sea-surface heat flux was evaluated as follows:
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7= (2.4)
pOCpH .

where AT is water temperature fluctuation (deg hour!), NHF is the sea surface heat flux
calculated in the same method as in Section 2.2, and p, the reference density (= 1020 kg m),
¢, the heat capacity (= 4000 J kg deg') and H the mixing layer depth (= water depth in this
case), respectively. Fig. 2.11 showed the comparison with the water temperature after 25 hours
and 50 hours (SST 25hour and SST 50hour, respectively), estimated only by the net surface
heat flux, with SST Obs as the initial value from December 10, 2020 to February 9, 2021.
SST 25hour and SST 50hour agreed well with SST Obs (MAE was 0.32 and 0.46 degree,
respectively). The same result was obtained even if the estimation period was extended to 150
hours (MAE = 0.73 degree), indicating that the heat flux through the sea surface was dominant
in the water temperature variation during the study period. In other words, this result indicated

that the effect of heat flux due to the horizontal advection was very small.

Appendix 2.C

Here, we evaluated the synchronism of water and air temperature. Fig. 2.12 showed the
time variation of water temperature at Sta. H and air temperature at Sta. Shimabara. The thick
dash lines in the figures represent a curve approximated by a sine function. In order to improve
the approximation accuracy of the sine curve, the data obtained in fiscal year 2021 were added
to the data of FY2020 for the analysis. An inset in the figure is an enlarged view of the
approximated curves of air and water temperature around their minimum values. It can be seen

that the water temperature reached its lowest value almost at the same time as the air
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temperature reached its lowest value.
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Fig. 2.1 Continuous mooring station H (black triangle) and monitoring stations of the Saga
prefectural Ariake fisheries promotion center (black solid points). The open circles indicate
the observation points of the SS concentration and PAR observation performed to obtain the
extinction coefficient as a function of SS. Area in grey is the sea area where phytoplankton

outbreaks have frequently occurred (Matsubara et al. 2011).
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Fig. 2.2 Relationship between the SS concentration at the sea surface and the PAR extinction
coefficient.
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Fig. 2.3 Time series of the cell number of three phytoplankton species in the surface layer
(a: Skeletonema spp., b: Chaetoceros spp. and c: Asteroplanus karianus), (d) surface DIN
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line) at 1 m below sea surface, (g) water depth, (h) net heat flux (black line is daily running
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significant wave height, (j) wind stress and (k) tidal stress from October, 2020 to March,
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Chapter 3
Establishment of a new remote chlorophyll-a retrieval approach
and grasping spatially phytoplankton outbreaks

by a fixed-wing type unmanned aerial vehicle

3.1 Introduction

Matsubara et al. (2011) reported that phytoplankton outbreaks have been often occurred in
the western area of the inner Ariake Sea (red hatched-area in Fig. 1.1a). However, detailed
information about the spatial spread of phytoplankton has been unclear in this area. Such spatial
information is important for revealing mechanism of phytoplankton outbreaks. Satellite
observation of sea surface chlorophyll-a concentration often used to spatially grasp
phytoplankton outbreaks is an effective method, but this method is difficult to apply in the inner
Ariake Sea (see Chapter 1). Thus, establishment of a new high spatial resolution observation to
replace satellite observation is needed.

Unmanned Aerial Vehicles (UAVs or drones) have been rapidly developed in recent years,
and emerged to be a practical remote sensing method for environmental monitoring. The
advantages of UAV include low cost, flexibility in space and time unaffected by cloud coverage
(Hassan et al. 2019; Cheng et al. 2020; Li et al. 2021), and high resolution from the low altitude
undisturbed by atmospheric scattering (Del Pozo et al. 2014; Zeng et al. 2017). Therefore, the
UAV application extends to fields such as environment protection (Fallati et al. 2019, Kako et
al. 2020), disaster relief (Erdelj et al. 2017) and agricultural production (Kim et al. 2019). These
advantages suggest that UAVs would provide an alternative appropriate for the remote

monitoring of phytoplankton outbreaks from low altitudes. As an example of application to the
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marine environment, some studies that employed a digital camera directly used the recorded
pixel values from UAV images to develop their water quality estimation model (e.g. Su and
Chou 2015). In these studies, multicopter-type (rotory wing) consumer UAVs were used. While
multicopter-type UAVs can fly very stably, such as being able to fly in a stationary state, it
should be noted that they have the weakness in their flight ability that they cannot fly long
distances and long hours necessary to capture the spatial map of the phytoplankton outbreak
with horizontal scale of O (>10 km) in coastal waters. Apart from the multicopter-type UAVs,
fixed-wing type UAVs (FUAY, hereinafter) enable longer distances and longer flight times than
those of multicopter-type UAVs. However, there are only a few examples of its application in
the sea areas to grasp the spatial map of phytoplankton outbreaks (Shang et al. 2017; Cheng et
al. 2020). Furthermore, previous FUAV studies in estuaries are supported by scant coincident
direct field measurements. Then, the generality of the models developed for chlorophyll-a
concentration estimation is questionable and there is no validated model in coastal waters from
FUAVs. Because of the water quality complexity of high-turbid and high productive
estuarine/coastal waters such as the Ariake Sea, retrieving biogeochemical variables with
reasonable accuracy using FUAV is a challenging task.

The purpose of this Chapter is to establish a new high spatial resolution observation of sea
surface chlorophyll-a concentration by the use of a FUAV equipped with two multi-spectral
radiometer sensors capable of being on board for detection of upward radiance and downward
irradiance in an estuary under high human influence, and grasp spatially detailed information
for phytoplankton outbreaks in the western part of the inner Ariake Sea during winter. The
structure of this Chapter is as follows. In Section 3.2, the planning of FUAV flight and the

methodology for spectroscopic radiation data treatment are then given. In Section 3.3, the
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development of the chlorophyll-a estimation algorithm with concurrent field observations are
presented. Section 3.4 discuss the relationship between error factors and the estimation
accuracy in remotely estimating the chlorophyll-a concentration. Section 3.5 provides

conclusion from this Chapter.

3.2 Methods
3.2.1 Evaluation of the seaweed effect on spectral radiance

In this study, we measure spectral irradiance from the sky and spectral radiance from the
water (described in detail later). When the cultured seaweed enters the field of view of the
sensors onboard the FUAV, since the seaweed has various pigments (including chlorophyll-a)
and unique absorption characteristics for various wavelength components of light (Ariga 1974),
it should affect the reflectance of spectral water-leaving radiance and then the accuracy of
estimating the phytoplankton-derived chlorophyll-a concentration. In order to evaluate the
effect of the seaweed on the upward spectral radiance, we measured the downward spectral
irradiance and upward spectral radiance 1 m above the sea surface with/without the seaweed

net on February 12 and 19, 2020 at stations shown in Fig. 3.1 (closed black circles).

3.2.2 Fixed-wing type UAV

In this study, a fixed-wing type UAV, named OPTiM Hawk V2 (Fig. 3.2), developed by
OPTiM Corporation (https://www.optim.com/) was used. Flight performance is briefly
described in Table 3.1. OPTiM Hawk V2 has maximum speed of 140 km hour™!, maximum
altitude of 3000 m, maximum loadable weight of 2000 g, and maximum flight time of 90

minutes. This type of UAV allows for long flight duration and high speed, which makes it
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possible to investigate the phytoplankton outbreak in a wide area of the inner bay size on the
order of 10 km or larger.

There were a total of five flights, all of which took place during the aquaculture season
(December 7 and 18, 2020, January 5, 2021, February 10 and 24, 2022). Weather and sea
conditions at the time of the flights (solar zenith angle, significant wave height at Sta. S (Fig.
3.1) observed with INFINITY-WH of JFE Advantec Co., LTD, daylight hour, wind speed at Sta.
Shiroishi observed by Automated Meteorological Data Acquisition System: AMeDAS of Japan
Meteorological Agency) was shown in Table 3.2. The sky was sunny on December 7 and 18,
2020, February 24, 2022 and cloudy on January 5, 2021 and February 10, 2022. Waves on all
the flights was calm with no white cap observed in the field. The flight was carried out within
two hours at high tide. OPTiM Hawk V2 can automatically fly along the preset GPS (Fig. 3.1)
after takeoff. As will be described later, sensors mounted on the FUAV optically measures the
upward water-leaving radiance affected by absorptive constituents in the underwater including
chlorophyll-a pigment of phytoplankton. Since the cultivated seaweed also has the similar
chlorophyll-a pigment to that of phytoplankton (Ariga 1974), it should affect the characteristics
of upward water-leaving radiance (described in detail in the next section). To avoid the effect
of the seaweed-derived chlorophyll-a pigment on the radiance, we set the flight route to over
sea routes laid in the aquaculture field for the navigation of the aquaculture vessels (Fig. 1.1b,
Fig. 3.1) where the seaweed aquaculture was not conducted. Its width is about 100 m or smaller.
The FUAV took off and landed at the airfield in Shiroishi (marked with a cross in Fig. 3.1). A
land base station was set up here to operate the FUAV. Fig. 3.3 shows a conceptual diagram of
the FUAV observation during five flights. The flight altitude was set to about 100 m above the

sea level during the flights considering obstacles such as observation towers and based on the
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local regulation of maximum flight-altitude (<150 m). The flight speed was set to about 20 m
sec’!. Notification was given to fishermen and related parties regarding the implementation of

the overflight observations with the FUAV.

3.2.3 Spectral radiance/irradiance observation

Spectral characteristics of water-leaving radiance were used to estimate the chlorophyll-a
concentration in the sea-surface layer. To detect it, we used two spectral photosynthetically
active radiation (PAR) meter (UPRtek's PG200N) onboard the FUAV. One was placed on the
back of the FUAV and the other on the abdomen with the sensors facing vertically to measure
upward radiance and downward irradiance (mW m) in the visible light and near infrared range
(350 nm to 800 nm, 1 nm resolution) at 5-second interval.

The integration time for the two sensors could be automatically adjusted according to light
intensity in a range of 100 us—1000 ms with default setting of 60 ms determined. It conforms
to JIS C 1609-1: 2006 general type AA class (DIN 5032 Part 7 Class B), and was well calibrated
by the manufacturer before the observation. Measurement accuracy is £ 5%. It is compact and
lightweight (190 mm long, 81.7 mm wide, 29.5 mm high, and weighs about 280 g), making it
suitable for mounting on the FUAV. With flight speed of 20 m s™! and 5-second observation
interval, present observation method obtained the data of ground resolution of 100 m.
Horizontal distance of the FUAV movement during one observation of spectral
irradiance/radiance in 60 ms was 1.2 mm.

The upwelling radiance detected by PG200N includes not only the water-leaving radiance,
but direct reflection light at the air-sea interface (sun glint; Sathyendranath and Morel 1983;

Sathyendranath et al. 1987; IOCCG 2000) and scattered irradiance from the atmosphere (Fig.
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3.4). In order to reduce the influence of sun glint, an opaque plastic cylinder with inner diameter
of 16 mm and a length of 57 mm was attached to the upward and downward-looking sensors
(Fig. 3.5). An absorption sheet of light (Super Black IR by Systems Engineering Inc.) was
attached to the inside of the cylinder to prevent light scattering inside the cylinder. This sheet
can absorb 98.5% of incident light intensity at spectral wavelengths from 250 nm to 380 nm
and 99.0% from 380 nm to 780 nm. Opening angle (viewing angle of the sensor) was adjusted
to about 22.8 degrees. Based on this angle and the flight height (100 m), the observation range
of the sea surface was about 40 m in diameter centered on the sensor. Considering the sun zenith
angle during the FUAV flights shown in Table 3.2 and the suppression of direct incident of the
sea-surface reflected light by this cylinder with the absorption sheet, it is noteworthy that the
effect of the sun glint on the observation accuracy is considered to be negligible in all our FUAV
dataset. Water-leaving radiance is almost unaffected by the scattered irradiance from the
atmosphere as a little atmosphere is between the sensor and the sea surface because of the low
altitude flights (Del Pozo et al. 2014; Zeng et al. 2017; Shang et al. 2017). These settings
possibly lead to the acquisition of high quality data of the spectral reflectance.

In the actual flights, it is quite conceivable that the aircraft may deviate from the preset
route or be greatly tilted by temporary strong winds. In addition, large floating objects and ships
on the flight route may enter the sensor's field of view. Outliers may be measured in such cases.
To exclude such outliers when deriving the estimation algorithm of chlorophyll-a and drawing
a spatial map of the sea surface chlorophyll-a concentration, the following post processing for
the obtained data was carried out. First, the mean value and standard deviation (o) were
calculated using the spectral data at each wavelength within 30 seconds from the targeting time.

When the target data were separated by more than + 36 from the mean value, they were
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discarded from the analysis (so-called 36 cut treatment).

3.2.4 Derivation of conversion algorithm

Using the radiance/irradiance data after removing the outliers, the conversion algorithm
for estimating the sea-surface chlorophyll-a concentration was developed as follows. In near-
shore waters like the Ariake Sea with total suspended particulate matter (TSM) in large quantity,
high TSM would strongly affect the spectral reflectance (Rrs) signal in the blue-green band
because of its strong light absorption (Tzortziou et al. 2007). Then, large errors are expected in
retrieval of chlorophyll-a concentration based on the algorithm developed for open ocean using
this color band (e.g. Gordon and Morel 1983). This study adopted regional and specific
algorithms based on red and near-infrared (NIR) wavelengths proposed for improving
chlorophyll-a retrievals in highly turbid, coastal and inland waters (e.g.; Dall’Olmo and

Gitelson 2006; Tzortziou et al. 2007; Gitelson et al. 2009) as follows.

Chl-a o [Ryg (A1) — Ry (A2)] - Rys(A3) (3.1

Rrs is the spectral reflectance of three specific wavelengths (A4,4,,43) and calculated as

follows:

Ly,(2)
Es(1)

Ry W = (3.2)

where L,,(1) and E (1) are the upward radiance of wavelength A from the sea water and

the downward irradiance from the sky, respectively. Rrs reflects the spectral reflection of
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characteristics of underwater substances. In terms of physical meaning, A, is the wavelength
at which absorption of light by phytoplankton is maximum and should be in the red range
around 670 nm. A, is the wavelength strongly related to TSM concentration as well as to
absorption by all materials except chlorophyll-a and should be in the range around 710 nm. A;
is the wavelength in the near-infrared red range of the spectrum around 750 nm which is closely
related to back-scattering by suspended particles (Gitelson et al. 2009). This algorithm was
tested and validated in estimating chlorophyll-a in turbid productive waters such as lakes with
variable optical properties (Dall’Olmo and Gitelson 2006) and estuarine waters where
chlorophyll-a varied widely (Gitelson et al. 2008, 2009). To select the optimal three
wavelengths to estimate the surface chlorophyll-a concentration using the three-wavelength
model, for the wavelength (350 nm to 800 nm) measured by PG200N, all combinations were
applied to the three-wavelength model, and the correlation coefficients between the values
calculated by the Eq. (3.1) and the chlorophyll-a concentration contained in the sea-surface
water obtained by the field observation were calculated. Finally, the three wavelengths with the
highest correlation were selected. To assess the consistency between the estimated chlorophyll-
a concentration by the three-wave length model and the in-situ measured values, in addition to
the correlation coefficient (r), the root mean squared error (RMSE) and averaged unbiased
absolute percentage difference (UPD, Hooker et al. 2002) were calculated. In this study, the
data obtained in fiscal year 2020 (December 7 and 18, 2020, January 5, 2021) was used to
develop the three-wave length model, and those in fiscal year 2021 (February 10 and 24, 2022)

were used to validate the model.

3.2.5 Marine survey by ships with the FUAV overflights
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Simultaneous ship surveys were carried out with the FUAV overflights. The observation
stations on the flight route were shown with open circles in Fig. 3.1. Sea surface water was
sampled using a bucket with handle by three research vessels as soon as the FUAV passed the
stations. A total of 65 water samples were collected and analyzed immediately for chlorophyll-
a and TSM concentration on the same day. The chlorophyll-a concentration was determined
using a spectroscope after extraction with DMF (dimethylformamide). The measured
chlorophyll-a concentration ranged from 2.0 to 38.1 pg I''. To measure the amount of TSM,
water samples with the TSM was filtered through a dried and weighed filter (Whatman GF/F
47 um), and the weight of the filter with TSM was measured after drying at 60 degrees for 24
hours. The amount of TSM was obtained by subtracting the weight of filter from the total weight
of both the filter and TSM. TSM concentration was in the range of 3.6 to 104.8 mg I'!. Vertical
profiles of water temperature, salinity, fluorescence intensity, and turbidity were measured
using RINKO Profiler / AAQ-RINKO (JEF Advantech Co., Ltd, hereinafter referred to as CTD

observation) at the time of the sea-surface water sampling.

3.3 Results
3.3.1 Effect of seaweed on spectral radiance

First, we show the effect of the cultivated seaweed on the water-leaving spectral radiance.
Fig. 3.6 shows changes in the spectral reflectance due to the seaweed on February 12, 2020 at
stations shown in Fig. 3.1 (closed circles). The spectral reflectance in the sea area without the
seaweed (solid lines) had a peak at around 580 nm and gradually decreased toward shorter and
longer wavelength band, which were quite similar in magnitude and shape to typical reflectance

spectra collected in turbid waters (Dall'Olmo and Gitelson 2006; Gitelson et al. 2000; Schalles
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2006). The reflectance spectrum above the seaweed (broken lines) was totally different from
the ones without the sea weed. The reflectance was greatly reduced in the range of 350 nm to
700 nm, which means that PAR was strongly absorbed by the seaweed. On the contrary, the
light reflectance over 700 nm (near infrared band, NIR) became larger over the seaweed than
those without the seaweed. The cultured seaweed (Porphyra yezoensis) here has four kinds of
pigments (chlorophyll-a, beta carotene, phycoerythrin, phycocyanin), and each prefers to
absorb different wavelength bands of light (Ariga 1974). Then, the seaweed strongly absorbed
the light at the wavelength shorter than 700 nm. Regarding the strong reflection at the
wavelength band above 700 nm over the seaweed, Mumby et al. (1997), Dekker et al. (2005)
and Pasqualini et al. (2005) reported that seagrasses had high reflectance in NIR part of the
spectrum. Therefore, strong reflection over 700 nm shown in Fig. 3.6 was due to the seaweed
having such reflection properties. It can be easily imagined from these results that when the
observation field of view of the sensor includes the seaweed aquaculture area, the observed
water-leaving spectral radiance characteristics change significantly compared to that without
the seaweed and then it should be difficult to optically estimate the phytoplankton-derived
chlorophyll-a concentration from such data. This is the reason for setting FUAV’s flight route
to the seaweed-free ship navigation roots in this study (Fig. 3.1). The FUAV's performance and
high degree of freedom in the route selection made such observations of the present study

possible.

3.3.2 Chlorophyll-a concentration estimation using the three-wavelength

model

An estimation algorithm for the sea surface chlorophyll-a concentration was developed
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based on the three-wavelength model (Eq. 3.1) with the spectral radiance and irradiance data
observed three times in fiscal year 2020. Fig. 3.7 shows the frequency distribution of
chlorophyll-a concentration, TSM concentration and salinity in seawater samples collected by
the research vessels during the FUAV flights. The sampled waters contained wide-range of
chlorophyll-a and TSM concentration (mean chlorophyll-a: 8.8 ug I'!, TSM: 20.8 mg I'') that
varied by a factor of about 10. Fig. 3.8 shows the priority rate and cell number of four
representative phytoplankton (Skeletonema spp., Cheatoceros spp., Asteroplanus karianus and
Akashiwo sanguinea) on the days closest to the FUAV flight dates at Sta. H and Sta. S (Fig.
3.1). It can be seen that the dominant species of phytoplankton changes on each flight day.

The spectral irradiance, spectral radiance, and its reflectance (Rrs in Eq. 3.2) on January
5, 2021 at four stations (Sta. C1 to Sta. C4 in Fig. 3.1) were shown in Fig. 3.9. Values in
parentheses next to each station name indicate the concentration of chlorophyll-a pigment in
the surface water at each station. The downward irradiance intensity had a peak at 450 nm to
500 nm wave length, and the upward radiance at 550 nm to 600 nm, and each decreases toward
the shorter and longer wavelength. Differences in reflectance (Rrs) between these stations were
small up to wavelength of about 550 nm and appeared around the wavelength over 550 nm.
There was a large valley around 670 nm to 680 nm, especially at the Sta. C2 and C4 with high
chlorophyll-a concentration. This wavelength corresponds to the wavelength preferably
absorbed by the chlorophyll-a pigment (Gurlin et al. 2011; Odermatt et al. 2012).

Conversion algorithm from the spectral reflectance to chlorophyll-a concentration is
derived as follows. The three wavelengths (4,, 4,, 43) in Eq. (3.2) most highly correlated with
the surface chlorophyll-a concentration were 672 nm, 691 nm and 722 nm, respectively. The

following equation was established between the values (X) calculated by Eq. (3.2) with the Rrs
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at the three wavelengths and the chlorophyll-a concentration in the sea-surface water.

Chl-a_e = 134.91-X + 4.21 (3.3)

Here, Chl-a_e is an estimated chlorophyll-a concentration based on the three-wavelength model.
Fig. 3.10 shows comparison result between the Chl/-a_e and the chlorophyll-a concentration in
the sea-surface water in fiscal year 2020 (black circles). The red dashed line in the figure is one-
to-one straight line. A high correlation was obtained between the two (r = 0.85, RMSE = 3.35
ug 1", UPD = 29.1), indicating that the chlorophyll-a concentration in the surface water was
successfully estimated by the remote sensing method with FUAV using the three-wavelength
model. Also shown with blue triangles was the comparison result for the dataset obtained two
times in fiscal year 2021 using the reflectance at the same three wavelengths and Eq. (3.2).
Similar estimation accuracy was confirmed for the dataset also in this year 2021 under different
sea conditions and species dominance (Table. 3.2, Fig. 3.8), proving the validity of this

estimation method (RMSE = 3.48 ug 1!, UPD = 19.0).

3.3.3 Horizontal distribution of chlorophyll-a concentration
We succeeded in capturing the patchy phytoplankton distribution by the FUAV overflights
in the inner part of the Ariake Sea under the large-scale seaweed aquaculture environment.
The spatial distributions of sea-surface chlorophyll-a concentration on December 7 and 18,
2020, and January 5, 2021, February 24, 2022 are shown in Fig. 3.11. On December 7, 2020,
we captured the patchy distribution of high chlorophyll-a concentration in the west dominated

by A. sanguinea (Fig. 3.8), and on December 18, the distribution of high concentration
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dominated by Skeletonema spp. instead of 4. Sanguinea appeared almost in the same area and
on January 5, 2021, it expanded further along the northern coast. It was confirmed later that the
chlorophyll-a concentration further increased and the phytoplankton outbreak was occurred,
leading to the discoloration of the seaweed. The distribution shown in Fig. 3.11b, ¢ seems to
capture the initial distribution of the phytoplankton outbreak. On February 24, 2022, the
chlorophyll-a concentration dominated by Chaetoceros spp. is particularly high off the Shiota
River mouth. Matsubara et al. (2018) reported based on long-term field monitoring data of
phytoplankton cells that the cell number in the western part of the head of Ariake Sea tended to
be high even if the dominant species were different. The spatial distributions in Fig. 3.11 are
consistent with this report. The present method succeeded in estimating chlorophyll-a

concentration with high accuracy regardless of the difference in the dominant species.

3.3.4 Representative layer of the water-leaving radiance

We examined which layer of underwater with chlorophyll-a concentration was mainly
observed by the present method. For that, the correlation coefficients (r) between the
fluorescence intensity vertically measured by the CTD observation and the estimated
chlorophyll-a concentration by Eq. (3.3) were calculated. Fig. 3.12 shows the vertical profile of
the correlation coefficients every 0.5 m from 0.5 m to 4 m below the sea surface. Up to 2 m
depth, r was very high value exceeding 0.8. In layers deeper than 2 m, the correlation gradually
weakened. Fig. 3.13 shows the vertical distribution of chlorophyll fluorescence intensity
obtained at Sta. D1, C4 and D2 (Fig. 3.1) during three flights in fiscal year 2020. The data on
December 7 at Sta. C4 was missed. At Sta. D1, which is the station closest to the shore, the

distribution was almost uniform vertically, but at Sta. C4 and Sta. D2, it was almost uniform in
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the surface layer up to 2 m, but in layer deeper than 2 m, it differed a little from those in the
upper layer. Such characteristics of the vertical chlorophyll-a structure were reflected in the
variation of the correlation coefficient in Fig. 3.12. Therefore, the spatial distribution shown in
Fig. 3.11 was considered to reflect the chlorophyll-a concentration in the layer from 0 m to 2 m
below the sea surface. If the chlorophyll-a concentration changes continuously or irregularly
from the sea surface, attention should be paid to the underwater layer in which the obtained

spectral radiance best reflect the chlorophyll-a concentration.

3.4 Discussion

Unmanned aerial vehicles (UAVs) have recently shown more and more great value for
environmental monitoring, due to their spatio-temporal flexibility in time and space, low cost,
and very importantly, high spatial resolution from the low flying height, to map detailed
phytoplankton distributions even under heavy clouds. In this study, we adopted a fixed-wing
type UAYV, instead of the multicopter-type UAV that has been frequently used in the
environmental monitoring programs (Del Pozo et al. 2014; Su and Chou 2015; Zeng et al. 2017).
Compared to the multicopter type UAV, a fixed-wing type UAV was possible to fly for a long
time and a long distance so that it was able to cover the horizontal scale of the phytoplankton
outbreaks in the inner bay area. We acquired spectroscopic characteristics with resolution of 1
nm and chlorophyll-a concentration in the surface layer. Our measurements were performed
over a wide range of bio-optical water characteristics (e.g. chlorophyll-a concentration in the
range from 2.0 to 38.1 ug I'', TSM in 3.6 to 104.8 mg I"') with sunny and cloudy weather
conditions (Table 3.2) and several phytoplankton species dominated (Fig. 3.8). The fact that we

succeeded in estimating the sea surface chlorophyll-a concentration with high accuracy despite
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the differences in the weather conditions and the dominant species offered an unprecedented
opportunity to examine the effectiveness of the phytoplankton outbreaks remote sensing
method using the fixed-wing type UAV. According to National Aeronautics and Space
Administration (NASA), the desired absolute error of estimated chlorophyll-a using satellite’s
ocean color data is 35% for coastal waters (McClain et al. 2006; Moore et al. 2009). GCOM-C
/ SGLI mission also has a goal of 35%, as an estimation system for chlorophyll-a concentration
(Matsuoka et al. 2021). Yang et al. (2018) utilized the available in-situ light reflectance dataset
by the satellite MODIS aqua and developed a switching algorithm to reduce errors associated
with the standard OC3M algorithm in the turbid waters at the head of Ariake Sea. They
succeeded in reduction of the absolute error to 24.9%. The absolute error by the present method
in this study was 21.4%. Compared to the estimation accuracy of these traditional methods, it
was proved that the present method has sufficient estimation accuracy.

It is difficult to grasp the spatial distribution of phytoplankton outbreaks in coastal regions
or inshore bays because in many cases, they have patchy or small spatial coverage in the early
developmental stages, and are unpredictable and fast changing. In the Ariake Sea,
phytoplankton outbreaks occur under the strong human influence of the seaweed aquaculture
(Fig. 3.11), which makes it more difficult to grasp them spatially because of the restrictions on
research vessel’s speed and mooring points. When estimating the spatial distribution of
chlorophyll-a concentration in the surface layer, ocean color information has been often used.
In terms of capturing phytoplankton outbreaks in autumn and winter of the inner Ariake Sea, it
is necessary to pay special attention to its spatial resolution due to the presence of the large
amount of seaweed. At present, among satellites with temporal resolution of one day or several

days (e.g., MERIS, MODIS, international space station), the highest spatial resolution is about
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300 m, and satellites with higher spatial resolution, such as Landsat (30 m) and Sentinel (10 m)
designed basically for land observations, have a revisit time of 5-16 days around Japan.
Therefore, satellite data is not satisfactory for observing phytoplankton outbreaks that occur in
shallow coastal areas in autumn and winter of the Ariake Sea. The application of FUAV in this
study has the potential to overcome these difficulties. In this study, we succeeded in extracting
phytoplankton-derived chlorophyll-a concentration with reasonable accuracy in the aquaculture
area of the Ariake Sea. The method of this study can be applicable to other sea areas with various
environmental problems under high human influence where high-resolution observations are
required.

Error appears in remotely estimating the chlorophyll-a concentration in case 2 waters like
that of the Ariake Sea using the water-leaving spectral radiance, in general, because of
differences in dominant phytoplankton species and interference due to optically absorptive
constituents (TSM and Colored Dissolved Organic Matter: CDOM) in the waters. In addition,
substances in atmosphere (e.g., absorptive aerosol) and sea-surface reflection of sun light (sun
glint) decreases the estimation accuracy of the chlorophyll-a concentration. In order to develop
more sophisticated algorithms and obtain more accurate assessment of phytoplankton outbreak
event using FUAVs, from next section, we will examine the relationship between these factors

and the estimation accuracy.

3.4.1 Dependence on dominant species
We examined how the difference in dominant phytoplankton species would affect the
results. The optical backscattering features of phytoplankton have been reported to change with

different species (Feng et al. 2020). As shown in Fig. 3.8, three kinds of phytoplankton
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dominant species appeared during the FUAV flight observation. Here, the data was divided
according to the dominant species. By applying each data to Eq. (3.1) in the same way as
described in Section 3.2, the selected three wavelengths (44, 4,, 43) and correlation coefticient:
r were 670, 664, 718 and 0.66 for A. sanguinea, 675, 692, 752 and 0.94 for Skeletonema spp.
and 689, 703, 755 and 0.91 for Chetoceros spp. It is very interesting that the three wavelengths
selected for the genus Chaetoceros spp. and Skeletonema spp. which both belong to marine
diatom were similar wavelength combinations, while A, and A; were different and
correlation coefficient was low for the dinoflagellate 4. sanguinea. This result infers that the
optimal wavelength combination applied to the three-wavelength model may change depending
on the dominant species. There have been several challenges for developing methods using
satellite-based ocean color remote sensors to study phytoplankton functional types on broad
spatial and temporal scales in the surface ocean (IOCCG 2014 and references therein; Bracher
et al. 2017; Kramer et al. 2018). In the future, it may be necessary to selectively use the three
optimal wavelengths depending on the dominant species in order to achieve more accurate
estimation of the sea surface chlorophyll-a concentration. For that, more data needs to be

collected to conclude.

3.4.2 Effects of TSM and CDOM

The influence of TSM and CDOM on the spectral reflectance should be considered. In
open oceanic waters, in which absorptive constituents are dominated by phytoplankton and its
originated materials, chlorophyll-a concentration is estimated using the blue and green spectral
regions (e.g. Gordon and Morel 1983). On the other hand, in coastal waters, the quality of

chlorophyll-a retrieval using blue-green spectral bands generally degrades because of the
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absorption due to TSM and CDOM (Siswanto et al. 2013) contained in the sea water (e.g.,
Tzortziou et al. 2007; Dall’Olmo et al. 2005). In fact, Yang el al. (2018) reported that the waters
in northern Ariake Sea was optically TSM-dominated. Many studies suggested the use of red
to NIR band-ratios for the chlorophyll-a retrieval in such optically complex coastal waters (e.g.,
Gurlin et al. 2011; Tiwari and Shanmugam 2011; Odermatt et al. 2012) because the interference
due to TSM and CDOM was assumed to be negligibly small in this spectral region (e.g.
Tzortziou et al. 2007; Yang et al. 2018). Dall’Olmo and Gitelson (2006) and Gitelson et al.
(2007, 2008) proposed the estimation model of chlorophyll-a concentration using three wave
lengths of red to NIR (Eq. 3.1) for turbid productive waters. In this study, to select the optimum
three wavelengths, all combinations of the observed spectral reflectance from 350 nm to 800
nm were applied to the three-wavelength model (Eq. 3.1) and compared the calculated values
with the chlorophyll-a concentration in the sea surface water. As a result, selected three
wavelengths 672 nm for A4;, 691 nm for A,, and 722 nm for A; were all red and NIR
wavelengths. These wavelengths of A; to A3 are close to the wavelengths pointed out by
Gitelson et al. (2009) as already mentioned in Section 3.2.4, which is a very consistent result.
Fig. 3.14a shows the relationship between the estimation error of chlorophyll-a concentration
(deviation of Chl-a_e from a one-to-one straight line shown in Fig. 3.10) and TSM. The TSM
concentration at the point where not measured was estimated based on the reflectance ratios of
two wavelengths (564 nm and 731 nm by Villar et al. 2013 and Chen et al. 2015, described in
detail in Appendix 3.A). Statistically significant relationship was not detected between the
errors and TSM concentration. Therefore, it can be said that variation in TSM concentration has
little influence on the estimation accuracy of chlorophyll-a concentration by the present three-

wavelength model using red to NIR wavelengths.

57



Next, we examined impact of CDOM on the estimation accuracy. Keith et al. (2016)
estimated the CDOM absorption of light (acpom = a X CDOM, « is a specific absorption
coefficient of CDOM) using several datasets acquired in estuaries, coastal bays, and near shore
waters along the U.S. East and Gulf coasts from 1999 to 2012. They suggested that acpom
was empirically estimated with ratio of reflectance at two specific wavelengths 665 nm and 489

nm as follows,

R,;(665 nm)

—C1 -0 7 _ 34
acpom = C R,..(489 nm) (3.4)

They also suggested that sea surface salinity (SSS) could be estimated using acpoym as follows,

SSS = C3 - e~ C4acoom (3.5)

C1 to C4 are empirically-defined coefficients (1.3307, 0.1246, 33.686 and 0.374, respectively).
Other studies also reported the similar relationship between the light absorption due to CDOM
and two wavelengths reflectance (670 nm, 490 nm by Tiwari and Shanmugam 2011; 667 nm
and 488 nm by Schaeffer et al. 2015). We obtained a statistically significant correlation between
SSS at 1 m below the sea surface measured by CTD observation and those estimated by Eq.
(3.5) (Appendix 3.B). This fact indicates that the relationship of Eq. (3.4) and (3.5) can be

applicable to some extent in the northern Ariake Sea as well. Fig. 3.14b shows the relationship

Rys(665 nm)

between the reflectance ratio at two wavelengths (RR =
R,5(489 nm)

) and the estimation error
of chlorophyll-a. It can be seen that there is no statistical relationship. Main source of CDOM

in the inner bay area is fresh water inflow from land (Vodacek et al. 1997; Coble et al. 2004;

58



Bowers and Crett 2008; Keith et al. 2016). In winter, in the inner Ariake Sea, the volume of
fresh water inflow is usually very low and as a result, horizontal SSS variation in the
observation area during the FUAV flights was small (Fig. 3.7 and Fig. 3.17). Therefore, the
spatial variation of CDOM was also probably small. Such sea conditions at the time of the
present observations and the use of red to NIR wavelengths may have mitigated the effects of
the CDOM, although it may be necessary in the future to actually measure CDOM

concentration and evaluate the relationship with the estimation error.

3.4.3 Atmospheric correction

The reliability of the measured reflectance is generally hampered by the aerial scattering
(Moore et al. 1999; Toratani et al. 2007; Odermatt et al. 2012; Wei et al. 2016), often due to
absorptive aerosols floating in the atmosphere (Gordon, 1997; Kanayama et al. 2002). Most
conversion algorithms for chlorophyll-a concentration using airborne hyperspectral
measurements for higher-altitude flights (e.g., > 1 km) including satellite-derived light
reflectance are applied with specific atmospheric correction modules (Toratani et al. 2007; Gao
et al. 2007; Odermatt et al. 2012; Zhang et al. 2015). However, in turbid coastal waters, the
performance of the atmospheric correction modules is generally very low (Gons et al. 2008;
Wang et al. 2007, 2009; Tripathy et al. 2012; Yang et al. 2018) because the high turbidity of
coastal waters causes the failure of the atmospheric correction algorithm based on the black
pixel assumption in the near-infrared (NIR) bands (Siegel et al. 2000). Therefore, in coastal
waters, atmospheric correction of ocean color images by higher-altitude flights is a challenging
task (IOCCG 2010). In this study, the altitude of the FUAV during all flights was set to be about

100 m from the sea level. According to the report by Del Pozo et al. (2014), Zeng et al. (2017)
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and Shang et al. (2017), water-leaving radiance was almost unaffected by the atmospheric
disturbance with such low altitude flights as less atmosphere was between the sensor and the
target. This is also one of the factors that led to the high estimation accuracy of the sea surface

chlorophyll concentration.

3.4.4 Sun glint effect

Airborne remote sensing can be impeded by the effect of the light reflection at the sea
surface: sun glint (Kutser et al. 2009). The reflected radiance due to the surface reflection does
not contain any information on the underwater constituents, then resulting in the error of the
estimated chlorophyll-a concentration. In this study, to prevent the downward sensor from
detecting the sea-surface reflected light, we attached the cylinder (Fig. 3.5) to the sensor on the
abdomen of the FUAV. Similarly, the same cylinder was attached to the sensor on the back of
the FUAV. As a result, the viewing angles of both sensors are the same, 22.8 degrees (Fig. 3.3).
Considering such viewing geometry and the sea condition with small waves during all flights
(Table. 3.2), the sea-surface reflected light detected by the downward sensor can be estimated
to be a part of the spectral irradiance detected by the upward sensor. Therefore, if the light
reflectance rate on the sea surface is known, the influence of the sun glint on the upward
radiance can be evaluated. Mobley (1999) examined the relationship between the reflectance
rate and the viewing angle of the sensor, wind speed, and solar zenith angle. Applying the
conditions of the present FUAV flights (Table 3.2) to his result, the reflectance rate can be
estimated to be 0.026. Fig. 3.15 shows the relationship between the sea-surface reflected
radiance calculated by multiplying the reflectance rate (0.026) and the spectral irradiance

measured by the upward sensor and the radiance measured by the downward sensor at the three
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wavelengths used in Eq. (3.1) (672 nm, 691 nm, 722 nm). According to this result, it can be

said that the influence of the sun glint on the spectral reflectance was small at these wave lengths.

3.5 Conclusions

This Chapter attempted to establish a new remote sensing method for phytoplankton
outbreaks in a turbid productive coastal water under high anthropogenic influence using the
FUAV. Encouraging results were obtained that the present method had high accuracy in
estimating the chlorophyll-a concentration in the sea-surface water using three-wavelength
model of red to NIR with minimum interference from absorption due to CDOM, TSM and
atmospheric disturbance. Spatial high-resolution observation by this method succeeded in
capturing the patchy distribution of phytoplankton species. The spatial distributions of
chlorophyll-a concentration taken for two years showed that the phytoplankton proliferated
locally in the central region of the western part of the inner Ariake Sea in the early stage, and

then it expanded further along the northern coast.

Appendix 3.A

Following Chen et al. (2015) and Villar et al. (2013), TSM was estimated based on the
reflectance ratios of two wavelengths (RRSS = %) . Using TSM concentration
measured by in-situ water sampling (MTSM) and RRss at the same observation stations by

FUAV overflights (ETSM), relationship between ETSM and MTSM was obtained as follows

(Fig. 3.16):

ETSM = 112.77 - RR¢s — 21.15 (3.6)
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Appendix 3.B
Keith et al. (2016) derived the optical algorithms for CDOM and SSS estimation as shown
in Eq. (3.5) and (3.6). Substituting Eq. (3.5) into Eq. (3.6) yields the following equation:

R,5(665 nm)
§SS = (3 - “Rys(89 nm) '8 (3.7)

Where C5 (CI1xC4) and C6 (C2%xC4) are coefficients. The relationship between the observed

_Rys(665 nm)
SSSand e Rrs(489 nm) igshown in Fig. 3.17. Although the variation was large, the correlation

coefficient was 0.3747 which was statistically significant (p value = 0.012).
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Fig. 3.1 Positional relationship between the FUAV flight routes in fiscal year 2020 and 2021
(black solid line: 2020, red dashed line: 2021) and seaweed aquaculture area. Closed black
circles indicate the points where the effect of seaweed on the spectral radiance was
investigated on February 12 and 19, 2020. Open circles indicate the points where water

sampling and CTD observation were performed during the FUAV flights.

Fig. 3.2 Fixed-wing unmanned aerial vehicle used in this study: OPTiM Hawk V2 and its
width, depth and height (unit: mm).
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Table 3.1 Flight performance of OPTiM HAWK V2 used in this study.

Performance
Max. speed 140 km ht
Max. altitude 3000 m
Max. mountable weight 2000 g
Max. flight time 90 min.
Flyable wind speed <7ms?

Table 3.2 Solar zenith angle (°), significant wave height (m), daylight hour, and wind speed
(m s!) on flight time.

Date Solar zenith angle (°) | SWH (m) | Daylight hour | Wind speed (ms™)
2020/12/7 13:00 56.9 0.024 0.6 11
2020/12/7 14:00 61.5 0.026 0.5 14
2020/12/7 15:00 68.8 0.018 0.4 11
2020/12/7 16:00 78.0 0.025 0.6 3.1
2020/12/18 11:00 59.3 0.040 0.9 14
2020/12/18 12:00 56.6 0.034 1.0 14
2020/12/18 13:00 57.4 0.030 0.9 1.3
2021/1/5 12:00 56.0 0.054 0.4 0.8
2021/1/5 13:00 56.3 0.037 0.0 2.5
2021/1/5 14:00 60.1 0.022 0.0 4.1
2021/1/5 15:00 66.8 0.026 0.0 3.8
2022/2/10 13:00 47.8 0.083 0.0 13
2022/2/10 14:00 51.7 0.046 0.0 14
2022/2/10 15:00 58.9 0.049 0.0 4.2
2022/2/24 13:00 43.0 0.069 1.0 6.1
2022/2/24 14:00 47.3 0.070 1.0 4.6
2022/2/24 15:00 55.1 0.064 1.0 5.0
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Viewing angle (0=22.8deg)

Sea surface

 G— =
40 m

Fig. 3.3 Conceptual diagram of field observation of spectral radiance and irradiance during
FUAV flights. The flight altitude was 100 m above the sea level and the flight speed was
about 20 m s™'. The spectral radiance and irradiance were measured every 5 seconds, so the
spatial resolution of the obtained data was about 100 m. A cylinder for prevention of sun
glint effect attached to the spectroradiometer sensor provides a viewing angle of 22.8
degrees, and the observation range of spectral radiance on the sea surface is about 40 m in

diameter.
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Fig. 3.5 Specifications of the cylinder attached to the spectroradiometer (PG200N). A non-
reflective sheet (Super Black IR by Systems Engineering Inc.) is attached to the inside of
the cylinder to prevent reflection of incident light.
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Fig. 3.6 Differences in light reflectance (Rrs) at each wavelength (350 nm to 800 nm) in sea
areas covered with the seaweed (dashed lines) and without it (solid lines) observed at
stations in Fig. 3.1.
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Fig. 3.7 Frequency distribution of (a) chlorophyll-a concentration, (b) TSM concentration

and (c) salinity in seawater samples collected by the research vessels.
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Fig. 3.8 Composition ratio of phytoplankton species at the timing closest to each observation
date.
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Fig. 3.9 (a) Spectral radiance, (b) irradiance and (c) reflectance ratio obtained at
representative points (Sta. C1 to Sta. C4 in Fig. 3.1) on January 5, 2021. Values in

parentheses next to station name are chlorophyll-a concentrations in the sea surface water.
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Fig. 3.11 The spatial distributions of sea-surface chlorophyll-a concentration (ug I'") on (a)
December 7 and (b) 18, 2020, (c) January 5, 2021, and (d) February 24, 2022.
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Fig. 3.12 Changes in the correlation coefficient between the chlorophyll-a concentration
estimated by Eq. (3.1) and the chlorophyll fluorescence intensity obtained by CTD
observation with water depth from 0.5 m to 4.0 m.
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Fig. 3.14 Relationship between the estimation error of chlorophyll-a concentration

(deviation from a one-to-one straight line shown in Fig. 3.10) and (a) TSM concentration
R,5(665 nm))

and (b) the reflectance ratio at two wavelengths (RR =
Rys(489 nm)
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Fig. 3.15 Relationship between the sea-surface reflected radiance estimated by multiplying
the reflectance rate (0.026) and the spectral irradiance measured by the FUAV-onboard
upward sensor of PG200N and the radiance measured by the FUAV-onboard downward
sensor at the three wavelengths (672 nm, 691 nm, 722 nm).
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estimated from reflectance ratio of two wavelengths of 489 nm and 665 nm (ETSM).
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Chapter 4
Investigation of the effect of physical environment on

phytoplankton growth by numerical simulation

4.1 Introduction

Chapter 2 focused on the environment for phytoplankton outbreak at the first neap tide just
after reaching the minimum water temperature. The results of Chapter 3 and Matsubara et al.
(2011) indicated that phytoplankton concentration was chronically high in the western part of
the inner Ariake Sea regardless of dominant species. This suggests that the phytoplankton
outbreaks in the western area is caused by the mechanism revealed in Chapter 2 under the
conditions that phytoplankton concentration is chronically high in this area.

The purpose of this Chapter is to investigate the physical environment for chronical high
concentration of phytoplankton cell in the western part of the inner Ariake Sea through the
numerical simulation. The structure of this Chapter is as follows. In Section 4.2, we describe
analysis method for field observation data and setup of numerical simulation in detail. In
Section 4.3, we describe analysis results of field observation data and numerical simulation.
Section 4.4 discusses the effect of physical environment on distributions of three phytoplankton

species. Section 4.5 provides conclusion from this Chapter.

4.2 Methods
4.2.1 Analysis method for field observation data
Weekly monitoring data of three phytoplankton cell number of Skeletonem spp., E.

zodiacus and A. karianus, emerging frequently in the western part of the inner Ariake Sea, at
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stations from Sta. 1 to Sta. 8 in Fig. 2.1 from 2000 to 2017 during autumn and winter season
(from September to April) was used in the present study.

To evaluate the relationship between dynamics of three phytoplankton species and sea
environments, in this study, red tide index (R/; cells ml™!' *days) based on Tsutsumi et al. (2003)

was defined as follows:

RI = cell number X duration time 4.1)

where duration time (days) is interval between observations.

4.2.2 Numerical simulation

In this study, Finite Volume Community Ocean Model (FVCOM; Chen et al. 2003) was
used as a physical model in numerical simulation. Fig. 4.1 shows the numerical domain used in
this study. The horizontal domain consists of an unstructured triangular mesh. Mesh size is 200
m around the seaweed aquaculture field in the inner Ariake Sea and gradually increases up to
5000 m toward the open boundary. The vertical coordinate system is multi-sigma coordinate of
13 layers (Pietrzak et al. 2002). This model considers wet-dry treatment in tidal flat areas. The
effect of fluid drag by the seaweed aquaculture (nets and poles) was considered in the
aquaculture field.

Weather data (air temperature, air pressure, humidity, solar radiation, rain fall, cloud cover
and vapor pressure; excluding wind velocity and direction) obtained from Saga Prefecture by
the Japan Meteorological Agency were used (Sta. Saga in Fig. 1.1a). Spatial distribution of

wind velocity and direction were used by Meso-Scale Model (MSM, horizontal grid is 5 km)
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dataset supplied by the Japan Meteorological Agency. From these weather data, heat and
freshwater fluxes as a sea surface boundary condition were calculated by the Coupled Ocean-
Atmosphere Response Experiment version 3.0 (COARE 3.0; Fairall et al. 2003). For the river
inflow, the model considers seven first-class rivers (Chikugo, Kase, Rokkaku, Yabe, Kikuchi,
Shira, and Midori) and large second-class rivers by the Ministry of Land, Infrastructure,
Transport, and Tourism. Fresh water discharge was not considered from the two gates of the
reservoir in the Isahaya Bay (Fig. 1.1a). For the open boundary conditions, the amplitude and
phase of eight tidal components (M2, Sz, N2, Kz, K1, O1, P1 Q1) were forced by the NAO.99jb
regional tide model (Matsumoto et al. 2000). Temperature and salinity obtained from the FRA-
JCOPE2 reanalysis dataset (Miyazawa et al. 2009) were nudged at the open boundary by using
a relaxation scheme (Davies 1976). This scheme was used within a range of 10 km from the
open boundary and allowed to incorporate the FRA-JCOPE2 reanalysis data into the model
smoothly.

The numerical simulation was initialized with resting state for water. The initial spatial
distribution of temperature and salinity fields were used seasonally averaged values for January,
February and December. These data in the Ariake Sea were used monthly monitoring data taken
by the Saga Prefectural Ariake Fisheries Research and Development Center, Fukuoka Fisheries
and Marine Technology Research Center and Kumamoto Prefectural Fisheries Research, and
outside the Ariake Sea were used FRA-JCOPE2 reanalysis data (Miyazawa et al. 2009). The
boundary conditions (weather and river discharge) were used seasonally averaged constant
values for January, February and December.

For evaluation of water exchange characteristics in the inner area, residence time was

calculated by tracer experiment. The inner Ariake Sea was divided into 13 boxes (Fig. 4.2a),
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and initial tracer concentration of 1.0 was installed in whole water column of each box and
subsequent this tracer concentration in each box was monitored with time. The horizontal scale
of each box of tracer experiments (Fig. 4.2a) were determined by the results of cluster analysis
by using weekly cell number of three phytoplankton species (Skeletonem spp., E. zodiacus and
A. karianus) at the sea surface data. The tracer was installed at high tide of spring tide after the
simulation reached a steady state, and the time series of tracer concentration was calculated.
Fig.4.2b shows time series of tracer concentration in BOX B and Fig. 4.2¢c, d, e show the
horizontal distributions of tracer concentration transported from BOX B. The tracer is
transported by surrounding current and gradually decrease exponentially with time. As an
indicator of water exchange rate, residence time was evaluated (Takeoka 1984). This time is
defined as e-folding scale, i.e. the time when the exponential approximation line (black line in
Fig. 4.2b) for time series of tracer concentration decreased to 1/e (e is number of Napiers) of
initial tracer concentration. Relationship between the residence time and the R/ in each box was
analyzed. In addition, tracer experiments were conducted in case without the seaweed

aquaculture, influence of seaweed aquaculture on residence time and the R/ was also analyzed.

4.3 Results
4.3.1 RI distribution based on field observation data

Fig. 4.3 shows the RI distributions of Skeletonema spp., E. zodiacus, A. karianus calculated
by Eq. (4.1). The RI distributions of these phytoplankton species were high in the north-western
area of the inner Ariake Sea, especially for Skeletonema spp. and A. karianus. Therefore, as
results of Chapter 3 and report of Matsubara et al. (2011), the north-western area of inner Ariake

Sea is the favorable environment for phytoplankton growth.
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4.3.2 Effect of physical environment on phytoplankton growth

Fig. 4.4 shows the horizontal distribution of residence time in 13 boxes. The residence
time in the western area of the inner Ariake Sea was longer than that in the other areas. Fig. 4.5
shows relationship between the calculated residence time in each box and the R/. There was a
high correlation the RI of Skeletonema spp. (r =0.84, p = 0.022; r is correlation coefficient and
p is p value) and 4. karianus (r = 0.96, p = 0.00034). This result indicates that the strength of
water exchange strongly controls the R/. The R/ of E. zodiacus had low correlative relationship
with the water exchange rate (r = 0.77, p = 0.052). Fig. 4.6 shows the contribution rate of
advection and diffusion in tracer concentration flushing out of BOX B (Fig. 4.2a). It is found
that the contribution rate of advection was dominant. This means that the transportation of tracer
is controlled by residual current. Fig 4.7 shows the horizontal distributions of residual current
in the sea surface and bottom layer (1 m above the sea bed) at neap tide by using 48-hour tide
killer filter (Hanawa and Mitsudera 1985). The residual current was basically flowing offshore
(southward current) in the sea surface and onshore in the bottom layer (northward current). The
strength of the residual current was strong in the western area and weak in the eastern area.

The influence of seaweed aquaculture on residence time and the R/ was examined next.
Fig. 4.8 shows the change of residence time in each box (Fig. 4.2a) due to seaweed aquaculture.
The residence time was prolonged in most boxes. Mean residence time in case with/without
seaweed aquaculture were 84.4 hours and 75.6 hours, respectively. Fig. 4.9 shows the increase
rate of the RI of each phytoplankton specie due to seaweed aquaculture. The value was
calculated by applying the change of residence time to each correlation equation shown in Fig.

4.5. The RI of Skeletonema spp. and A. karianus increased by about 17% and 33%, respectively.
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This means that seaweed aquaculture makes physical environment more suitable for

phytoplankton growth in the western part of the inner Ariake Sea.

4.4 Discussion

The present study described that the R/ distributions of three phytoplankton species were
high in the western area of the inner Ariake Sea, so that favorable condition for phytoplankton
growth was formed. The reason for this was low water exchange rate. The horizontal difference
of water exchange rate was induced by the horizontal difference in the strength of residual
current. In the inner Ariake Sea, density-driven current is strengthened in the eastern area
because of buoyancy input from large first-class rivers (Chikugo, Yabe, Rokkaku and Kase river
in Fig 1.1a), but, in the western area, density-driven current is not strengthened because there
are only small second-class rivers (Shiota and Kashima river in Fig. 1.1a). Therefore, spatial
differences of residual current were derived by unequally-distributed freshwater input. The
seaweed aquaculture increased the residence time, so that the seaweed aquaculture formed more
favorable environments for phytoplankton growth in terms of physical environment, especially
for Skeletonema spp. and A. karianus. The correlation between the R/ and residence time didn’t
have significance of 5% for E. zodiacus. Ito et al. (2013) reported that E. zodiacus in the bottom
layer in offshore area first increased by improved light condition in the water column. This
result indicates that the other factor except water exchange rate played a more important role
for E. zodaicus growth.

Phytoplankton growth is affected also by biochemical environment such as temperature,
light environment and nutrients. The effect of biochemical environment on phytoplankton

growth chronically in the western part of the inner Ariake Sea during winter is investigated in
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next Chapter 5.

4.5 Conclusions

This Chapter investigated the effect of physical environment on growth environment of
three phytoplankton species, Skeletonem spp., E. zodiacus and A. karianus, causing color
bleaching of seaweed by numerical simulation. The observation data indicated that the R/ was
high in the western area, so that this area was confirmed that the favorable environment for
phytoplankton growth chronically. Relationship between this local high concentration and
physical environment (water exchange) was investigated. There was significant relationship
between the R/ and water exchange rate, and the strength of water exchange was weak in the
inner western area. The case of this was determined by undeveloped density-driven current due
to buoyancy loads is low. Thus, the favorable physical environment affected phytoplankton

growth in the inner western area.
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Seaweed aquaculture field

N

Fig. 4.1 Domain of numerical simulation and unstructured triangular mesh. Black arrows
area is the seaweed aquaculture field.
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Fig. 4.2 (a) The distribution of boxes divided by 13 to conduct tracer experiments in the

inner Ariake Sea, (b) time series of tracer concentration in BOX B in two weeks, (¢) initial
distribution of tracer concentration installed in BOX B, the distribution of tracer

concentration transported from BOX B after (d) 4 days and after (¢)10 days.
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Fig. 4.3 The RI distributions of (a) Skeletonema spp., (b) E. zodiacus and (c) A. karianus.
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Fig. 4.4 Horizontal distribution of residence time in 13 boxes.
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Fig. 4.5 Relationship between the RI and residence time for (a) Skeletonema spp., (b) E.

zodiacus and (¢) A. karianus.
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of BOX B.

Fig. 4.7 Horizontal distributions of residual current (a) in the sea surface and (b) near the

bottom layer (1 m above the sea bed) at neap tide.
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Chapter 5
Development of an ecosystem model and investigation of the effect
of physical and chemical-biological environments on

phytoplankton growth by numerical simulation

5.1 Introduction

In Chapter 4, we investigated the physical environment for the phytoplankton growth in
the western part of the inner Ariake Sea during winter. However, phytoplankton growth is
affected also by chemical-biological environments. To investigate the effect of these
environments on chronical high concentration of phytoplankton cell in the western part of the
inner Ariake Sea during winter, the ecosystem model that incorporate the physiological
characteristics of phytoplankton dynamics is effective method. However, the seaweed
aquaculture in coastal areas changes the light environment and takes in nutrients in water
column, so it is essential that these effects considered in this ecosystem model.

The purpose of this Chapter is to apply an ecosystem model to investigate the physical and
chemical-biological environments favorable for the phytoplankton growth in the western part
of the inner Ariake Sea during winter. The structure of this Chapter is as follows. In Section 5.2,
we describe the method of field observation for the effect of seaweed aquaculture on underwater
light environment, development of an ecosystem model and setup of numerical simulation in
detail. In Section 5.3, we describe change in light environment due to seaweed aquaculture by
field observation data, validation of the ecosystem model and results of numerical simulation.
Section 5.4 discusses the physical and chemical-biological environments favorable for the

phytoplankton growth. Section 5.5 provides conclusion from this Chapter.
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5.2 Methods
5.2.1 Field observation

Field observation was conducted in the seaweed aquaculture in the inner Ariake Sea owned
by the Saga Prefectural Ariake Fisheries Research and Development Center (observation station
is near Sta. 8 in Fig. 2.1). Fig. 5.1 shows schematic diagram of this field observation system.
This observation was measured light intensity and water depth at 0.5 m below the sea surface
under the seaweed net, and light intensity, water depth, water temperature, salinity and turbidity
at 0.5 m below the sea surface in the sea area close to the seaweed aquaculture without the
seaweed net from 15 January to 25 January, 2019. The light intensity and water depth were
measured every 5 seconds (DEFI2-L and DEFI2-D10 by JFE Advantec Co.), and the water
temperature, salinity and turbidity were measured every 10 minutes (INFINITY ACTW-USB
and INFINITY ACLW-USB by JFE Advantec Co.). The turbidity value (7urb) at 0.5 m below
the sea surface was converted to suspended sediment (SS; mg I'!) concentration in the sea
surface using the relationship of S§ = 2.52 X Turb — 19.61 (SS was measured by the same
method in Section 2.2). The light attenuation coefficient was calculated by the following

equation (Ministry of the environment 2002):

K, = 0.0702 x SS + 0.3128 (5.1)

where K, is the light attenuation coefficient (m~1). To examine the relationship between

seaweed growth and its effect on light environment in the water column, length of seaweed leaf

(LL; cm) was measured.
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Additionally, weekly monitoring data of phytoplankton cell number of Skeletonema spp.,
transparency and dissolved inorganic nitrogen (DIN) at stations from Sta. 1 to Sta. 8 in Fig. 2.1

for January, February and December from 1997 to 2018 was used in the present study.

5.2.2 Numerical simulation

Physical model in numerical simulation was used as the same as model in Chapter 4 (see
Section 4.2). We incorporated suspended sediment transport model based on Hamada et al.
(2009) into the numerical simulation, but sediment resuspension equation in this model was
modified to improve light environment in water column. This modified sediment resuspension

equation from the seabed was expressed as below:

E=0 T < Tee
(5.2)
E = My(t — 7ce) T2 Tee

where E is an erosion flux (g m™? s'), M, is a parameterized erosion velocity coefficient (s m"
1), T is sheer stress at the seabed (g m™ s?) and 7., is critical sheer stress at the seabed (g m"
's2). Here, the M, (s m™") was parameterized by field observation data in the inner Ariake Sea

(Yamamoto et al. 2008, 2009; Hamada et al. 2009) as follow (Fig. 5.2):

M
My = ——— = 0.0014 - exp(0.8356 - Mdg) (5.3)
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where mud is mud content, M is an erosion velocity coefficient (g m? s') and Mde = log,D
is value by median diameter of particle size (D; mm) at the seabed. The spatial distribution of
this Md¢@ was mapped as the same of Hamada et al. (2009) in the Ariake Sea.

Ecosystem model based on Yamaguchi and Hayami (2018) was applied in the numerical
simulation. Fig. 5.3 shows the ecosystem diagram, and Table 5.1 and 5.2 show definition of
model variables and description of each material flux in the present ecosystem model. The
phytoplankton specie in the present ecosystem model considered Skeletonema spp. which have
emerged frequently in the inner Ariake Sea during winter. Especially, it was based on the
physiological parameters of Skeletonema costatum in Skeletonema spp., which many
physiological data have been reported (Table 5.3). Furthermore, in the present study, the effect
of seaweed aquaculture on light environment (described in detail in the next section) and the
effect of nutrient uptake by seaweed in the aquaculture field was incorporated in the ecosystem
model. This uptake kinetics for nitrate and ammonium (BSNyp3; and BSNyps; M) by
seaweed based on previous studies (Yamamoto and Takao 1988; Kawaguchi et al. 2005) were

modeled in the present ecosystem model as follows:

BSNyo3 = a1€/03 'H1€/03 '.Uss SB (5.4)

BSNyps = “1§/H4 ) .“zflm ) .“g - SB (5.5)

where SB is the seaweed biomass (mg m?). The ay,; and ayy, arethe maximum nitrate and

ammonium uptake term (h™), uy,; and pyy, are the nitrate and ammonium limitation term,

and u? is the salinity limitation term defined as below:
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a1f103 — 10—32.464X2+227.45X—401.36 (5.6)
ai?/m — 10—29.642X2+206.93X—363.23 (5.7)
NO
S 3
== 5.8
Uno3 K1303 + NO; (5.8)
NH
S 4
= 59
UNnHa K[\S;Hzl- + NH, (5.9

—2(Ss — 28.98)2
(S5 ) ) (5.10)

5—0013+/ 501 \
Hs =5 — | ¢*P 26.732
26.73 |5

where NO3 and NH4 are nitrate and ammonium concentration (uM), and Sg is salinity in the
surface layer. The X and half saturation constant for nitrate and ammonium (K33 and K ya;

uM) are defined as:

KSoys = 1(0~37-051X%+257.5X—445.69 (5.11)

KSus = 10~39-556X%+276.17X—479.77 (5.12)

X = (m) x 10 (5.13)
where Tg is water temperature in the surface layer (°C). The present study incorporated this
nutrient uptake by seaweed in the ecosystem model considering the occupancy rate of the
seaweed aquaculture facilities per unit area (34%) and the occupancy rate of the seaweed net in
the aquaculture field. Details other formulations and parameters in the present ecosystem model
are described in Table 5.6 and 5.7 (see Appendix 5.A and 5.B).

The numerical simulation aims to reproduce the physical and chemical-biological

environments, and investigate the phytoplankton growth environment in the western part of the
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inner Ariake Sea during winter. The simulation was initialized with resting state for water. The
initial spatial distribution of temperature and salinity fields were used seasonally averaged
values for January, February and December. These data in the Ariake Sea were used monthly
monitoring data taken by the Saga Prefectural Ariake Fisheries Research and Development
Center, Fukuoka Fisheries and Marine Technology Research Center and Kumamoto Prefectural
Fisheries Research, and outside the Ariake Sea were used FRA-JCOPE2 reanalysis data
(Miyazawa et al. 2009). The initial spatial distribution of biochemical variables (excluding
POC_B, PHY_B and SB) were used monitoring data taken by the Ministry of the Environment
(2002). The initial spatial distribution of POC_B and PHY B variables were set to zero, and
SB was constant value based on the report of Masuda et al. (2014) because of the steady state
calculation. The boundary conditions (weather, river discharge and loads, etc.) were used
seasonally averaged constant values for January, February and December. The simulation
results were validated by the data after reaching a steady state.

To investigate the phytoplankton growth environment in the western area, we divided this
area into 13 boxes (Fig. 4.2a) and conducted a phytoplankton budget analysis in each box. This
analysis calculated temporal change of phytoplankton concentration (B) fluxes by physical and
biochemical processes in water column at each box in the unit tons of carbon per day as

following advection-diffusion equation:

08 _ 08 0B 0B . (0°B 0°B +a(K GB)+(GB
Yox TVay "Wz T " k2 Tay2 ) Ta2\"2a2) T \ae

14
Jt d0x dy 0z )bc (5.14)
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where X, y, and z are eastward, northward and upward directions; u, v and w are velocity in x,
y and z direction; t is time; K, is horizontal diffusion coefficient parameterized by
Smagorinsky (1963); K, is vertical diffusion coefficient parameterized by Mellor-Yamada 2.5
turbulent closure scheme (Mellor and Yamada 1982; Galperin et al. 1988). In the Eq. (5.14), the
first term in the left-hand side is temporal change; sum of the second and third term in the left-
hand side is horizontal advection term (HorAdv); fourth term in the left-hand side is vertical
advection (VerAdv); the sum of the first and second term in the right-hand side is horizontal
diffusion (HorDif); the third term in the right-hand side is vertical diffusion (VerDif); the fourth
term in the right-hand side is chemical-biological processes. These chemical-biological
processes include growth by photosynthesis (Photosynthesis), extracellular release by
phytoplankton (Extracellular), respiration of phytoplankton (Respiration), natural mortality of
phytoplankton (NaturalMortality), sinking on the seabed (Deposition), feeding by zooplankton
(ZOO) and resuspension from the seabed (Resuspension). In this budget analysis calculation,
to exclude the effect of initial phytoplankton distribution, the initial condition of phytoplankton
variable (PHYC) was only used horizontally and vertically uniform value (80.85 mgC m?) at
all nodes. This value was the monitoring data taken by the Ministry of the Environment (2002)
the nearest outside the Ariake Sea. The budge analysis results were analyzed over the period
from the minimum to the maximum value at flood tide for phytoplankton concentration in each

box after reaching a steady state.

5.3 Results
5.3.1 Effect of the seaweed aquaculture on light environment in water column

The effect of the seaweed aquaculture on light environment in water column was analyzed
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by filed observation data. Fig. 5.4 shows the temporal variation of light intensity just under the
seaweed net and in the sea area close to the aquaculture without the seaweed net. Because the
water depth of the light intensity under and without the seaweed net was difference, these light
intensities were converted to the value at the sea surface by using Eq. (2.1). The K; was
estimated by SS concentration by using the Eq. (5.1). To evaluate the effect of light environment
in water column by the seaweed aquaculture, attenuation rate which was calculated as light
intensity under the seaweed net divided by light intensity without the seaweed net was
calculated from these converted light intensities. The relationship between the attenuation rate
and LL provided that the attenuation rate was defined as a function of LL by exponential

approximation as following (Fig. 5.5).

Attenuation rate = 0.9571 - exp(—0.105 - LL) (5.15)

This equation indicated that the longer LL was, the smaller this attenuation rate was detected.
The average LL during the observation period was 14.12 cm, and when applied to the Eq. (5.15),
the attenuation rate was 0.23. Thus, the present result revealed that the seaweed net blocked
light intensity about 77% on average. The present study incorporated this attenuation effect in
the numerical simulation considering the occupancy rate of the seaweed aquaculture facilities
per unit area (34%) and the occupancy rate of the seaweed net in the aquaculture field as the
same as nutrient uptake by seaweed. Because the numerical simulation in the present study was

steady state calculation, LL was set to be constant value of 14.12 cm.

5.3.2 Numerical analysis
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The calculation results were validated by comparison with observation data. Fig. 5.6 shows
comparison of surface phytoplankton, transparency and surface DIN, limiting nutrients for
phytoplankton growth in the Ariake Sea (Kawaguchi et al. 2005; Katano et al. 2013), at
monitoring stations (Sta. 1 to Sta. 8 in Fig. 2.1) between observation and calculation data. The
observation data was averaged for January, February and December from 1997 to 2018. The
calculation data was averaged for spring-neap tide cycle (15 days) after the hydrographic fields
achieved steady-state. This calculation data was used at high tide because the observation data
was obtained at this timing. For comparison of surface phytoplankton, these phytoplankton data
were converted by standardization because unit of each data is difference (observation data is
cells ml!' and calculation data is mgC m™). The scatter plots of surface phytoplankton,
transparency and surface DIN show high correlations between the observed and calculated data,
although the trend of calculated DIN is slightly underestimated in low concentration area and
overestimated in high concentration area (Fig. 5.6, the black dashed line is one-to-one straight
line). These results show that the numerical simulation in the present study accurately
reproduced the environment in the western part of the inner Ariake Sea during winter.

The physical and chemical-biological environments favorable for the phytoplankton
growth in the western area was investigated by phytoplankton budget analysis. We comprised
between analysis results of BOX B (western area), BOX J (eastern area) and BOX K (offshore
area). Fig. 5.7 shows the phytoplankton concentration in three boxes. The amount of
phytoplankton concentration in BOX B was the highest in three boxes after about 190.0 day in
calculation time (reaching steady-state condition). The budget analysis period was conducted
from 243.542 to 248.833 day in calculation time for BOX B and from 244.625 to 249.875 day

in calculation time for BOX J and BOX K (near the black hatched-area in Fig. 5.7). Fig. 5.8
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shows contribution of physical and chemical-biological processes to change in phytoplankton
fluxes in BOX B, J and K. These values are averaged during each budget analysis period.
Among these fluxes, comparing the fluxes of three boxes, increasing phytoplankton flux due to
horizontal advection and photosynthesis in BOX B is especially higher than that in BOX J and
K. Thus, increasing phytoplankton concentration in BOX B during budget analysis period was
caused by photosynthesis and horizontal advection.

The phytoplankton photosynthesis in the present ecosystem model are controlled by light
limitation term, nutrient limitation term (nitrate in the Ariake Sea) and water temperature (see
Photosynthesis term B in Table 5.6). Table 5.4 shows these photosynthesis components
averaged during budget analysis period in each box. In these components, the water temperature
and nutrient limitation value in BOX K was the highest in three boxes, but the light limitation
value in BOX B was the highest in three boxes. Because the photosynthesis term in BOX B is
the highest in three boxes, this result indicates that the western area has the suitable light
environment in water column for phytoplankton growth.

The structure of flow that caused change in phytoplankton concentration due to horizontal
advection was investigated. Fig. 5.9 shows the change in phytoplankton fluxes due to horizontal
advection in each direction and layer in three boxes. These values are averaged during each
budget analysis period. The horizontal advection in BOX B was dominated by the outflow flux
in the upper layer and inflow flux in the lower layer from the LINE B2. The horizontal advection
in BOX J was dominated by the outflow flux from the LINE J1 and inflow flux from the LINE
J3. The horizontal advection in BOX K was dominated by the inflow flux in the upper layer
and outflow flux in the lower layer from the LINE K1, and the outflow flux in the upper layer

and inflow flux in the lower layer from the LINE K3. These results indicate that increasing
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phytoplankton concentration in BOX B is caused by supply due to horizontal advection in the

lower layer from offshore area.

5.4 Discussion
5.4.1 Phytoplankton growth environment in the western part of the inner
Ariake Sea

We developed the ecosystem model incorporated into the effect of the seaweed aquaculture
on surrounding the surrounding environment. The numerical simulation with this ecosystem
model reproduced coastal environment accurately in the western part of the inner Ariake Sea
during winter (Fig. 5.6). The phytoplankton budget analysis by this numerical simulation
showed that the favorable conditions for phytoplankton growth in the western area resulted
from photosynthesis and horizontal advection (Fig. 5.8). This photosynthesis was caused by
suitable light environment (Table 5.4) and horizontal advection was caused by supply in the
lower layer from offshore area (Fig. 5.9).

We evaluated how the difference in light environment in water column occurred by
relationship between active mixing layer depth (AML) and euphotic layer depth (ELD). AML
was defined as the depth at which dissipation rate of turbulent kinetic energy approached 1.0 X
10785 W kg! (Hopkins et al. 2021). This AML represents the depth at which phytoplankton
concentration is almost the same from the sea surface. ELD was defined as the same as Section
2.1 and calculated by using Eq. (2.1). The threshold value of the minimum PAR intensity is 5.9
umol m~2 s™1 (Table 5.3). This ELD represents the depth at which phytoplankton can grow
by photosynthesis from the sea surface. Thus, the ELD/AML ratio represents light environment

for phytoplankton growth by photosynthesis in water column, so the higher this value, the more
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available the light for phytoplankton in the water column to grow. Table 5.5 shows the AML,
ELD and ELD/AML ratio averaged during each budget analysis period in BOX B, J and K (Fig.
4.2a). Comparison of three boxes, the AML in BOX B is the lowest value and the ELD in BOX
B is the highest value, so the ELD/AML ratio in BOX B is highest value. Thus, BOX B have
favorable light conditions in water column for phytoplankton growth by photosynthesis, and
this environment caused the high photosynthesis value in BOX B (Fig. 5.8).

The structure of change in phytoplankton concentration due to horizontal advection in
BOX B is similar to that of BOX K but different from that of BOX J (Fig. 5.9). To evaluate
these differences of flow structure, we calculated along-bay direction residual current (along
the white dash line in right panel in Fig. 5.9a) at the spring and neap tide by using a 48-hour
tide-killer filter (Hanawa and Mitsudera 1985, Fig. 5.10). These residual currents showed the
surface outflow and bottom inflow patterns. Especially, this surface outflow was strong in
shallow water area and bottom inflow was strong above submarine channel area. Kasai et al.
(2000) indicated that estuarine circulation in ROFIs was characterized different patterns

depending on the Ekman number (Ek) defined as following:

KM

Bk=m

(5.16)

where KM is vertical eddy viscosity coefficient (m? s™!), fis Coriolis parameter (s') and H is
water depth (m). In the present study, the Ek was calculated the mean value of the cross section.
This Ek of the 25 hour running mean was 0.66 at the spring tide and 0.18 at the neap tide. In
the case of Ek ~ 0.1, residual current in the lower layer of the central part of the bay is inflow

due to the effect of viscosity and in the upper layer is outflow due to geostrophic flow (Kasai
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et al. 2000). This indicates that BOX B and K located deep of the central part of the cross section
perpendicular to the along-bay direction are dominated by surface outflow and bottom inflow
due to estuarine circulation, and BOX J located shallow near the end of the cross section
perpendicular to the along-bay direction is dominated by outflow/inflow in water column due
to geostrophic flow. Therefore, the differences of flow structure in three boxes are caused by

the differences of location in cross section perpendicular to the along-bay direction.

5.4.2 Limitation of the present numerical simulation

The present ecosystem model considered only Skeletonema costatum in Skeletonema spp.
as the phytoplankton compartment. The composition of Skeletonema spp. has been subdivided
some species (Zingone et al. 2005; Sarno et al. 2005, 2007), and each species has had different
physiological characteristics (Kaeriyama et al. 2011). In fact, the dominant specie was
Skeletonema dohrnii in Skeletonema spp. for FY2020 in Chapter 2 (Yoshida K. personal
communication). However, field observation data sets and physiological data for each specie
subdivided Skeletonema spp. are remained unclear. Furthermore, the inner Ariake Sea during
winter not only the Skeletonema spp. but also various species have appeared, such as Eucampia
zodiacus and Asteroplanus karianus in Chapter 4. Future studies should consider these
phytoplankton species.

Phytoplankton growth may be also related to seed population. For Skeletonema spp. and
Asteroplanus karianus, resting cells in bottom sediment behave as seed population (Matsubara
et al. 2014). The resting cells of Skeletonema spp. distribute highly in the western part of the
inner Ariake Sea (Ministry of Agriculture, Forestry and Fisheries 2003). Nothing have been

known about distribution of the resting cells of Asteroplanus karianus, but Yamaguchi et al.
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(2017) suggested that this specie increased in the Shiota and Kashima river estuaries and the
increase may be because of the seed population on the seabed there. Although further discussion
is difficult since there is not enough information on seed population at the present, further
investigation is needed for the relationship between the seed population and phytoplankton

outbreaks.

5.5 Conclusions

This Chapter applied an ecosystem model to investigate the physical and chemical-
biological environments favorable for the phytoplankton growth in the western part of the inner
Ariake Sea during winter. In order to develop the ecosystem model, we conducted field
observation in the seaweed aquaculture filed and incorporated the effects of the seaweed
aquaculture on the surrounding environment into the model. The seaweed aquaculture blocked
light intensity about 77% on average, and this attenuation rate can be defined as a function of
the LL. The numerical simulation with the developed ecosystem model reproduced coastal
biochemical environment with high accuracy during winter. The phytoplankton budget analysis
results by this numerical simulation showed that the favorable conditions for phytoplankton
growth in the western part were caused firstly by optimal photosynthesis environment in terms
of light conditions and secondly by supply due to horizontal advection in the lower layer from

offshore area.

Appendix 5.A
Table 5.6 shows the formulations of biochemical processes in the ecosystem model. These

formulations are based on Yamaguchi and Hayami (2018).
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Appendix 5.B
Table 5.7 shows the values of biochemical parameters excluding phytoplankton (see Table

5.3) in the ecosystem model. These parameters are based on Yamaguchi and Hayami (2018).
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Fig. 5.1 Schematic diagram of the observation system in the seaweed aquaculture. Yellow
square is light intensity measuring equipment (DEFI2-L by JFE Advantec Co.), red square
is water depth measuring equipment (DEFI2-D10 by JFE Advantec Co.), light blue
cylindrical column is water temperature and salinity measuring equipment (INFINITY
ACTW-USB by JFE Advantec Co.) and purple cylindrical column is turbidity measuring
equipment (INFINITY ACLW-USB by JFE Advantec Co.).
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Fig. 5.2 Relationship between the parameterized erosion velocity coefficient and Md¢.
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Fig. 5.3 Ecosystem diagram in the present ecosystem model. Model variables in boxes and
arrows are defined in Table 5.1 and 5.2.

Table 5.1 Model variables in the present ecosystem model.

Variables Definition Unit
PHYC Phytoplankton in C unit mgC m’>
SQN Cell quota of phytoplankton nitrogen mgN m?
SQP Cell quota of phytoplankton phosphorus mgP m
Z0O Zoo plankton mgC m>
POC Particulate organic matter in C unit mgC m>
DOC Dissolved organic matter in C unit mgC m>
NO;3-N Nitrate uM
NO,-N Nitrite uM
NH4-N Ammonium uM
PO,-P Phosphate uM

DO Dissolved oxygen mg I'*
PHY B PHYC deposited on the seabed mgC m
POC B POC deposited on the seabed mgC m*?
SB Seaweed mg m’2
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Table 5.2 Description of each material process in the present ecosystem model.

No. Definition

1 Uptake of nitrate by phytoplankton

2 Uptake of ammonia nitrogen by phytoplankton

3 Uptake of phosphate by phytoplankton

4 Natural mortality of phytoplankton

5 Extracellular release of DOC by phytoplankton

6 Sinking of phytoplankton

7 Grazing of phytoplankton by zooplankton

8 Natural mortality of zooplankton

9 Excretion of zooplankton

10 Grazing of POC by zooplankton

11 NH,4-N or PO,4-P release by decomposition of POC
12 DOC creation by decomposition surplus of POC

13 Sinking of POC

14 NH,4-N or PO,4-P release by decomposition of DOC
15 Release of nutrients from the seabed

16 Release of cell quota of phytoplankton by grazing of zooplankton
17 Nitrification of NH,;-N

18 Nitrification of NO,-N

19 Denitrification

20 Resuspension of POC from the seabed

21 Resuspension of phytoplankton from the seabed

22 Uptake of nitrate by seaweed

23 Uptake of ammonia nitrogen by seaweed
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Table 5.3 Parameters for phytoplankton in the present ecosystem model (References: [1]
Eppley (1972), [2] Kaeriyama et al. (2011), [3] Yamaguchi and Hayami (2018), [4] Ono et
al. (2006), [5] Tarutani (1999) and [6] Lomas and Glibert (2000). The asterisk mark (*) is

the estimated value referred to the literature).

Parameters Definitions Unit Value References
[Phytoplankton]
oy Maximum growth rate day™ 0.59 [1
By Temperature coefficient for growth 0.0633 [1]
ay Resporation rate day* 0.083 1
B, Temperature coefficient for respiration 0.032 [1]
Iy Threshold value of irradiance pmol m2 s 5.9 2]
Kg Half saturation constant for irradiance pmol m2 s 30 [2]
[P:Clenyc Carbon:Phosphorus ratio 0.000806 [3]
[N:Clpuve Carbon:Nitrogen ratio 0.011429 [3]
[Chla:C]phyc  Carbon:Chlorophyll-a ratio 0.0105 [3]
Wp Sinking velocity m day™ 0.54 [41*
m Natural mortality rate day* 0.05 [3]
Bm Temperature coefficient for death 0.0693 [3]
UPpyax Maximum uptake rate for phosphorus day™ 240 [5]
UNpax Maximum uptake rate for nitrogen day* 2.4 [6]
[TOD:Clpnyc Carbon:DO ratio 0.00347 [3]
SQPumax Maximum cell quota for phosphorus pM 16 [3]
SQNpax Maximum cell quota for nitrogen pM 8 [3]
Kpos Half saturation constant for phosphorus uptake UM 0.68 [5]
KNHa Half saturation constant for NH,-N uptake UM 0.8 [6]*
Knos Half saturation constant for NO4-N uptake pM 0.4 [6]
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Fig. 5.4 Time series of the light intensity under the seaweed net and without the seaweed
net.
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Fig. 5.7 Time series of the phytoplankton concentration in BOX B (black line), BOX J (red
line) and BOX K (blue line) in the budge analysis calculation. Black-hatched area is time

range for budget analysis.
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Fig. 5.8 Results of phytoplankton budget averaged during budget analysis period per day in
BOX B (white bar), J (red bar) and K (blue bar). Positive (negative) value is inflow (outflow)
or production (consumption) of phytoplankton.
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Table 5.4 Comparison of the photosynthesis components (temperature, nutrient limitation

and light limitation) averaged during budget analysis period in BOX B, J and K.

Temparature Nutrient Limitation ~ Light Limitation

BOX B 8.66 0.65 0.79
BOXJ 9.73 0.66 0.63
BOXK 9.88 0.66 0.37
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Fig. 5.9 Change in phytoplankton concentration due to horizontal advection in each
direction and layer of (a) BOX B, (b) J and (c) K. Left panels are results of change in
phytoplankton concentration and right panels are location of calculation lines. Positive

(negative) value is inflow (outflow) of phytoplankton concentration in each box.
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Table 5.5 Comparison of the AML, ELD and ELD/AML ratio averaged during each budget
analysis period in BOX B, J and K.

AML ELD ELD/AML raito
BOX B 1.93 7.74 4.01
BOXJ 1.99 5.65 2.84
BOXK 5.79 6.70 1.16

(@)

0.0-|vr .
A
Qs’ W/
S
2.0 4 S
A
o
4.0 1 § o
E 6.0 1
c
-
o
A 8.0
10.0 -
12.0 -
14.0 T
0 5000

(b)

Depth (m)

10.0 1

12.0 1

14.0

0.0

2.0 1

4.0 4

o
o
1

®
o
1

10000 15000

Distance (m)

OO0 OO
o
S

0 5000

10000 15000

Distance (m)

Fig. 5.10 Cross section of the residual current along the white dash line in Fig. 5.9a at the

(a) spring and (b) neap tide. Positive (negative) value is inflow (outflow) in the inner Ariake

Sea.
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Table 5.6 Formulations of the present ecosystem model.

Processes Formulations Parameters (Table B)
[Phytoplankton in water colume: PHYC] dPHYC
FTa B,—B;—B,—Bs;—B,—Bg+ By,
B;: Phytosynthesis By = ;- exp(By-T) -y -, - PHYC g, By
ent limitati o SQP SQN \ ’
Nutrient limitation . = min{ 5o prc7 ——rve) '\ SQN + TN: Clpyye - PHYC [PClerve: INClerve
B o e _ -1y
nght limitation 1, = (m lo, Kg
Light intensity 1= Isyr-exp(—K-dep) Iy : Threshold value of irradiance (umol m?2 s1)
Ks : Half saturation constant for irradiance (umol m2 s)
Isur : Light intensity at the sea surface (umol m2s1)
K : Attenuation coefficient (m?)
dep : Depth (m)
Bs: Extracellular release B3 = 0.135- exp(~0.00201 - [Chla: Clpyyc - PHYC) - PHYC [Chla:Clphyc
B,: Feeding by zooplankton See zooplankton section in this table
Bs: Respiration Bs = a, - exp(B, + T) - PHYC 02, B2
B,: Natural mortality B, = m-exp(By,- T) - PHYC m, B
L OPHYC
Bg: Sinking By = Wp - —— Wp
B,4: Resuspention from the seabed See PHY_B section in this table
[Phytoplankton on the seabed: PHY_B] dPHY_B
at =Bg — Byy— By
: ion from the seabed B, = PHY B - oo
Bz4: Resuspention from the seabe 24 = -2 R TBS: Total bottom sediment deposited on the seabed (mg 1)
RBS: Resuspended sediment (mg )
B,¢: Natural mortality By = m-exp(By, - Tg) - PHY B Tg: Water temperature in the lowest o layer (°C)
[CeII quota of Nitrogen:SQN] dSQN SQN
0 = BYOS + BYH* — [N: Clpyyc - By — (B4 + B, + Bg) “prye T Ban
[Cell quota of Phosphorus:SQP] asQP SQP
ot B % — [P:Clpyyc* By — (B4 + By + Bg) “prve T Bazp
B,: Uptake of nutrients
Nitrate BYO® = UNyyuy - =28 — . exp(~1462- NH, - 14.0) UNpax, Knos» SQNpax
Kyos+ NO3
[N: Clpyyc - PHYC + SQN
'(SQNMA"_i{N:c}prPHYC /(SQNyax — 1) | - PHYC
i NH4 _ ) NH,
Ammonia BYH* = UNyax }f””"f N, KNH4
N: Clpyyc - PHYC +SQN ).
.(sQNMAX T N:Clpye PHYC /(SQNpax 1)) PHYC
Phosphorus BFO* = Uy PO UPmax, Kpos, SQPmax
Kpos +

PO,
[P:C] - PHYC + SQP
. (SQPMAX - %{W/(SQPMAX —1) |- PHYC

Bs2n, Bagp: Resuspended from the seabed See SQN_B, SQP_B section in this table

[SQN on the seabed: SQN_B] dSQN_B
ot = Bgn = B26n — Baan
Bg,: Deposition of SQN on seabed Bgn = [N: Clpuyc- Bs
Bygn: Natural mortality Bygn =m - exp(Bpy, * Tg) - PHY_B - [N: Clpyyc
B3,,: Resuspention from the seabed Bion = SQNB -%
[SQP on the seabed: SQP_B] dSQP_B
at = B8p - B26p - Bszp
Bgp: Deposition of SQP on seabed Bgp = [P: Clpuyc - Bs
Basp: Natural mortality Byep = m - exp(Byy * Tg) - PHY_B - [P: Clppyc
Bs,p: Resuspention from the seabed B3z, = SQP_B -%
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Table 5.6 (continued).

Processes

Formulations Parameters (Table B)

[Zooplankton: ZOO]

By: Grazing of PHYC

By: Grazing of POC

B,: Faces

B, 1: Excretion

B,,: Natural mortality
B: Diel vertical migration

[Particulate organic carbon: POC]

B,4: Mineralization

B, 5: Decomposition surplus

By: Sinking

B,s5: Resuspended from the seabed
[POC on the seabed: POC_B]

By¢: Sinking in the lowest o layer
B,s: Resuspended from the seabed
B,7: Decomposition

[Dissolved organic carbon: DOC]

B,7: Mineralization
[Dissolved inorganic phosphorus: DIP]

B,g: Release from bottom sediment

[Dissolved inorganic nitrogen: DIN]

B, g: Nitrification of ammonia

B,g: Release from bottom sediment
B, q: Nitrification of nitrite

B,: Denitrification (DO < DO4)

Bs3: Uptake of nutrients from seaweed

0700
ot =B, +Bg—Bjy—Bi;—Bi;—Bj3
PHYC
B4 = Ez200 prvc 3 poc % 200 Ezoo, 03, B3, A, IT*

V, = ag-exp(B3- T) - [1 —exp{A(IT"— PHYC — POC)}]
POC

By = E200 " pyc + poC

Bjo = (1 Ezo0) - (B +By)

-V, -Z00

By = (04 - exp(By - T) +n - V,) - Z0O

0y, Ba, M
By, = 8, - exp(8y - T) - Z0O dz, 81
4200

77 Wpown: Wup

s
Day Time : Wyoo = Wpowy - Sin (D—L -t)

Night Time : Wgoo = Wyp - sin ﬁ (- DL))
dPOC

T=B7+B10+B12_B9_B14_B15_B16+B25+QP0C

Bi3 = Wyo0-

Qroc:Load from rivers
DO
poo+po O¢ as, B5, DOO

Bjs =k Byy K
aPOC
9z Weoc
See POC_B section in this table
dPOC_B
at

By, = ag-exp(Bs - T) -

Big = Wpoc*

= B1g+ Bys — Bys — By

See POC section in this table
RBS

Bys = POCB <

By, = as - exp(Bs * Tg) +
aDOoC

ot T B; +By5— By7 + Qpoc

DOy
Doo+po, FOC-B DOg: DO in the lowest o layer (mg 1)

Qpoc: Load from rivers

DO
B”:ote-exp(Bf,-T)-—D01+D0'D0C 0, Pg, DO1

dpPO
WA{ = =B} % + [P:Clz00 - Bys + [P:Clpoc - B
sqp
+[P:Clpoc " Byy + (B, +B,) - o+ Bag + Qro, [P:Clz00: [PClroc: [PClooc

Qpo4: Load from rivers
EXP(Se' (T3 - TEXP,P))
- n. 0, Yp, Por Texp

IL: Ignition loss of bottom sediment

hg: Thickness of lowest o layer

Texp_p: Temperature at experimental time for phosphorus (°C)

Byg = - ILY? -

aNH,
5 - —BY"* + [N:Clz00 * Byg + [N:Clpoc - Byy
SQN
+[N:Clpoc By + (By +B7) - 5ve — Bug + Bag — BLNnwg + Quie [N:Clzo0, [NClpoc, [NClooc
aNo,
0 T Big = Big+ Qno,
aNO,
P —B3%3+ By — Bz — BLNyo3 + Qnos

QnH4,Quo2,Qnoa: Load from rivers
exp (Bm‘ (Ts - TEXP,N))

Bao = g ILYN - W 041, 11, DO2
Texe_n: Temperature at experimental time for NH, (°C)
DO -
Byg =y - exp(By; - T) "“Doz+po VHe 010, YN> P10s Tave
DO
Big = ay; - exp(Brp- T ‘D03 + DO NO, 02, Ber DO3
Byo = ag3-exp(By3-T) - NO; 03, B13r DO4

See SB section in this table
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Table 5.6 (continued).

Processes Formulations Parameters (Table B)
[Dissolved oxygen: DO] oDo

St = D17 Dz = D3—Dy—Ds5—Dg—D; = Dg+Dy— Dy
D; : Production by photosynthesis Dy = [TOD: Clppyc- By [TODClpuyc
D,: Respiration by phytoplankton D, = [TOD: Clpyyc - Bs
Ds: Respiration by zooplankton D3 = [TOD: Cl00 By [TOD:Clz00
D,: Decomposition of POC D, = [TOD:Clpoc " By [TODClpoc
Ds: Decomposition of DOC Dg = [TOD: Clpoc - By [TODClpoc
Dg: Ammonia nitrification Dg = 0.048- Byq
D;: Nitrite nitrification D, =0.016-Byy

. (B, - IL) DO

Dg: Bottom sediment Dy =ap - ?[()%(SﬁD—'D(g)B - 280) -% “DoS+D0- ap, Po, B, DOS
Dq: Reaeration at sea surface Dy = Kp-——— Kr

DOS = 32%021_ hs: Thickness of surface ¢ layer

224- (1 + 2—753) DOS: Saturated concentration of DO (mg I't)

02=10291—0.2809 - Tg +0.006009- Ts* — 0.000063 - Ts*
—C1-(0.1161 - 0.003922- Tg + 0.0000631 - Tg?)

CL: Chlorinity
[Seaweed: SB] Not consider the change of seaweed density
because of the steady state calculation
BSN: Uptake of nutrients

Nitrate  BSNyoa = afioa- ifins - uS - SB SB: Seaweed density (mg m?)
0‘15\103 = 10*32,464X2+227‘45X*401‘35
WS = NO3

NO3 T kS 05+ NOs

K1§[03 = 10—37.051XZ+257 5X—445.69

AMMONIA BSNypg = @l uima 1 - SB
af\lHAt = 10729v642X2+206 93X-363.23
NH,

S
KNns + NHy
o > 3
K]%[Hq, =10 39.556X2%+276.17X-479.77

X= -1 x 10%
“\Tg+273.15

s 33.01 —2(sg —2898)°
us =0.013 + exp 7
2673 | T 26.73
' 2 Ts: Water temperature in the surface o layer (°C)
Ss: Salinity in the surface o layer

S
HNH4 =
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Table 5.7 Parameters of the present ecosystem model excluding phytoplankton.

Parameters Definitions Unit Value
[Zooplankton]

Ezoo Assimilation efficiency 0.7

g Maxmum growth rate day™ 0.18

By Temperature coefficient for growth 0.0693

A Ivlev's constant 0.01

I1* Threshold value for food concentration mgC m? 50

oy Resporation rate day™ 0.0214
B4 Temperature coefficient for respiration 0.0637

n Energy consumption for respiration 0.4

87 Death rate day™ 0.02

St Temperature coefficient for death 0.0693
Wy Velocity of diurnal vertical movement (upward) m day™ 0
Wpown Velocity of diurnal vertical movement (downward) m day* 0
[P:Clzo0 Carbon:Phosphorus ratio 0.02857
[N:Clz00 Carbon:Nitrogen ratio 0.22222
[TOD:C],00 Carbon:DO ratio 0.00351
[Particulate organic carbon]

Os Decomposition rate of POC at 0 “C day* 0.0453
Bs Temperature coefficient for POC decomposition 0.07
DOO0 Half saturation constant of DO for POC decomposition mg I 1

K DOC release ratio from POC decomposition 0.25
Weoc Sinking velocity of POC m day* 0.432
[P:Clpoc Carbon:Phosphorus ratio in POC 0.0005048
[N:Clroc Carbon:Nitrogen ratio in POC 0.009921
[TOD:Clpoc Carbon:DO ratio in POC 0.0033
[Dissolved organic carbon]

g Decomposition rate of DOC at 0 C day™ 0.00434
Bs Temperature coefficient for DOC decomposition 0.0693
DO1 Half saturation constant of DO for DOC decomposition mg I 1
[P:Clooc Carbon:Phosphorus ratio in DOC 0.0002581
[N:Clpoc Carbon:Nitrogen ratio in DOC 0.007143
[TOD:Clpoe Carbon:DO ratio in DOC 0.00312
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Table 5.7 (continued).

Parameters Definitions Unit Value

[Dissolved inorganic phosphorus]

0 Release rate of phosphorus from the seabed at 28 °C mgP-m?-day® 0.0453
Bg Temperature coefficient for phosphorus release from the seabed 0.1353
Yp Coefficient of ignition loss for phosphorus release from the seabed 1.8434
Texe p Temperature at the time of experiment for phosphorus 21.6

[Dissolved inorganic nitrogen]

0y Release rate of NH,-N from the seabed at 28 C mgN-m?-day® 0.3372
B1o Temperature coefficient for NH,-N release from the seabed 0.0392
N Coefficient of ignition loss for NH,-N release from the seabed 2.3749
Texe N Temperature at the time of experiment for NH,-N 26

0yqq Nitrification rate of NH,-N at 0 °C day™ 0.003
B11 Temperature coefficient for NH,-N nitrification 0.0693
DO2 Half saturation constant of DO for NH,-N nitrification mg I'* 0.5

0o Nitrification rate of NO,-N at 0 °C day™ 0.0035
P12 Temperature coefficient for NO,-N nitrification 0.0693
DO3 Half saturation constant of DO for NO,-N nitrification mg It 0.5

O3 Denitrification rate of NO5-N at 0 °C day™ 0.00155
Bis Temperature coefficient for denitrification 0.0932
DO4 Threshold of DO for denitrification mg It 25
[Dissolved oxygen]

op DO consumption rate of bottom sediment at 28 °C day'l 0.00155
Bo Temperature coefficient for DO consumption of bottom sediment 0.0932
B Temperature coefficient for ignition loss 0.1794
DO5 Half saturation constant of DO for DO consumption by seabed 0.0377
Kgr Reaeration rate constant day‘l 0.7
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Chapter 6

Summary and Conclusions

The purpose of this study was to reveal the mechanism of phytoplankton outbreaks in the
western part of the inner Ariake Sea by using both of field observations and numerical
simulations. In order to clarify the mechanism, we established a new observation approach to
grasp the detailed spatial distribution of phytoplankton outbreaks, and developed a numerical
ecosystem model to estimate such phenomena accurately. The results and findings obtained
from this study are summarized as follows:

In Chapter 1, we described the background, purpose and outline of this thesis. We also
stated the importance of revealing the mechanism of phytoplankton outbreaks, and the contents
in the respective chapters in this thesis.

In Chapter 2, we investigated the mechanism of phytoplankton outbreaks which occurred
at the first neap tide after the annual minimum water temperature by continuous mooring
observation in the western part of the inner Ariake Sea during winter. The formation of two
physical environmental factors favorable for phytoplankton proliferation was found to play a
trigger role in the outbreaks. The first factor was the stabilization of water column due to net
heat flux transition at the sea surface from cooling to heating in mid-winter. After mid-January,
the atmosphere stabilized as the air temperature exceeded the water temperature, and the sea
surface cooling due to the latent heat weakened. In addition, with the increase in the solar
radiation, the sea surface heat flux changed from negative to positive, and their actions made
the water column stabilized. The second factor was the improvement of light condition by

deepening of euphotic layer up to or exceeding the water depth with the decrease in suspended
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sediment concentration at the neap tide.

In Chapter 3, a high spatial resolution observation for sea surface chlorophyll-a
concentration was newly established by the use of a Fixed-wing type Unmanned Aerial Vehicles
(FUAV) equipped with two multi-spectral radiometer sensors capable of being on board for
detection of upward radiance and downward irradiance in an estuary under high human
influence. It can grasp the detailed spatial information about phytoplankton outbreaks in the
western part of the inner Ariake Sea during winter. As a result, a robust FUAV-based remote
sensing technology of retrieving sea-surface chlorophyll-a concentration based on the spectral
reflectance at three wave-lengths from red to near infrared was successfully developed and
validated under different hydro-meteorological conditions and different phytoplankton specie
dominance for two years. We found out the patchy distribution of high chlorophyll-a
concentration in the seaweed aquaculture field by the spatially high-resolution observation due
to FUAV. The spatial distributions of chlorophyll-a concentration taken for two years showed
that the phytoplankton proliferated locally in the central region of the western part of the inner
Ariake Sea in the early stage, and then it expanded further along the northern coast.

In Chapter 4, we investigated the physical environment for chronical high concentration
of phytoplankton cell in the western part of the inner Ariake Sea through the numerical
simulation. The field observation data from 2000 to 2017 during autumn and winter indicated
that three phytoplankton species of diatom, i.e., Skeletonem spp., Eucampia zodiacus and
Asteroplanus karianus, were chronically high in the western area. The numerical simulation
showed that the favorable environment for these species resulted from weakness of the water
exchange in the western area due to low buoyancy flux.

In Chapter 5, an ecosystem model was applied to investigate the chemical-biological
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environments favorable for the phytoplankton growth in the western part of the inner Ariake
Sea during winter. In order to develop the ecosystem model, we incorporated the effects of the
seaweed aquaculture on the surrounding environment into the model. The numerical simulation
reproduced accurately the coastal biochemical environment during winter. The results
concluded that the favorable conditions for phytoplankton growth in the western part were
caused firstly by optimal photosynthesis environment in terms of light conditions and secondly
by supply due to horizontal advection in the lower layer from offshore area.

The results from this thesis revealed that the mechanism of phytoplankton outbreaks in the
western part of the inner Ariake Sea during winter was caused by two significant conditions.
First, the western part of the inner Ariake Sea was the chronical high concentration of
phytoplankton cell due to the weakening the strength of water exchange, optimal photosynthesis
environment in terms of light conditions and supply due to horizontal advection in the lower
layer from offshore area. Second, in the western area during first neap tide just after reaching
the minimum water temperature, phytoplankton outbreaks occurred by stabilization of the water
column due to conversion from cooling to heating in the sea surface and improvement of the
underwater light condition. Therefore, this thesis suggests that phytoplankton outbreaks in the
western part of the inner Ariake Sea during winter is caused by stabilization of the water column
and improvement of the underwater light condition under the conditions that phytoplankton

concentration is chronically high in this area.
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