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Abstract: Harmful algal blooms (HABs) are types of phytoplankton overgrowth that adversely affect
marine ecosystems and aquaculture resources. One such HAB species, Cochlodinium polykrikoides,
occurs irregularly and causes significant damage to the aquaculture industry along the coastal
regions of Korea. In this study, we developed and implemented an integrated system to detect
and predict HAB occurrences in real time. This system comprises four main components: (1) a
real-time detection system utilizing acoustic sensing, ocean weather, water temperature, salinity, and
chlorophyll, satellite images, genetic analysis, and optics; (2) a prediction model system based on
current and tidal, HAB occurrence, and HAB movement and diffusion models; (3) an additional
data based on HAB information of sampling data and HAB information of GPS data, and (4) an
integrated information system utilizing data storage servers and a visualization platform. We applied
and assessed the efficiency of this integrated system in the South Sea of Korea from 2017 to 2019.
Particularly, HABs occurred significantly in 2019, and the system demonstrated the feasibility of
detection and prediction under field conditions. Implementing a more advanced integrated detection
and prediction system in the field is anticipated to minimize the damage caused by irregular HAB
occurrences every year.

Keywords: integrated system; detection and prediction; harmful algal bloom; Cochlodinium polykrikoides

1. Introduction

Harmful algal blooms (HABs) are one of the primary causes of the degradation of
living marine resources [1]. Such blooms continue to occur irregularly and cause severe
damage, particularly in the coastal oceans of Korea, Japan, Taiwan, and other southeast
Asian countries [2,3]. HABs can directly or indirectly affect the fishing industry, marine
ecosystems, local economies, and tourism through the loss of observation personnel and
costs [4,5]. The ichthyotoxic, unarmored dinoflagellate Cochlodinium polykrikoides is one of
the most common HABs implicated in mass fish mortality events worldwide [1,2,6].

Tidal effects can elicit unexpected, rapid HAB growth and accumulation. Therefore,
efforts have been made to develop monitoring tools and techniques to provide early
warnings for HAB formation. To minimize HAB-induced damage, early observation of their

J. Mar. Sci. Eng. 2023, 11, 2207. https://doi.org/10.3390/jmse11122207 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse11122207
https://doi.org/10.3390/jmse11122207
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-7473-7924
https://orcid.org/0000-0002-5402-2518
https://orcid.org/0000-0001-7410-5305
https://orcid.org/0000-0002-4169-4403
https://orcid.org/0000-0002-0886-583X
https://doi.org/10.3390/jmse11122207
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11122207?type=check_update&version=1


J. Mar. Sci. Eng. 2023, 11, 2207 2 of 16

formation is necessary [4,7,8]. Therefore, methods for HAB observation and monitoring are
actively being explored.

Research on HAB detection in Korea has traditionally relied on in-situ observations.
Water sampling is conducted using ships and researchers, with daily results made pub-
licly available. Alternatively, remote sensing techniques employing satellites to measure
chlorophyll-a (Chl-a) concentrations have been employed. This method allows for rapid
monitoring over a wide area and provides scientific data essential for efficient control [9–12].
In Korea, HAB detection using Chl-a concentration images primarily relies on ocean color
sensors such as the Geostationary Ocean Color Imager (GOCI), SeaWiFS, MERIS, MODIS,
and OLCI. These sensors are designed to assess ocean quality [13–16]. However, this
method has a low spatial resolution (250–1000 m) and is affected by weather conditions
(e.g., typhoons, clouds, rain). Molecular tools, such as real-time qPCR gene analysis,
have also been proposed as rapid HAB detection methods [17]; qPCR can detect low
concentrations of HAB species. However, this method requires specialists trained in lab-
oratory settings. Several devices have been developed and deployed to overcome these
methodological shortcomings for real-time HAB detection and monitoring. Two of these
instruments include the environmental sample processor, which automatically collects
and analyzes water samples for the DNA of HAB, and the imaging FlowCytobot. This
automated underwater microscope generates high-resolution micrographs of particles sus-
pended in water [18,19]. However, these instruments are expensive to install and maintain.
Recently, hydroacoustic technology has been demonstrated to be a low-cost and highly
efficient method for continuously measuring HABs [20,21].

HAB occurrence prediction depends mainly on numerical models, which forecast
the spatiotemporal extent of HAB events. Some models developed for numerical ocean
modeling include the finite volume coastal ocean model (FVCOM), environmental fluid
dynamics code (EFDC), and Princeton Ocean Model (POM) [22,23]. Despite their increasing
accuracy of HAB forecasts, these models introduce uncertainty in all predictions owing to
the oceanic environment and ecological characteristics of phytoplankton. The accuracy of
methods for predicting HAB movement and spread needs improvement [24].

Ocean observation data and modeling results are typically large-volume, multi-source,
and multi-dimensional. Generally, understanding, analysis, and utilization of these com-
plex datasets are difficult for end users. Collecting these datasets into a single system and
visualizing them in a geospatial context would significantly improve the understanding
and management of HABs. Recent progress in the web-based geographic information
system (GIS) technology has provided excellent opportunities to achieve this goal. Recently,
Tian and Huang developed a HAB monitoring and forecasting system using a web-based
GIS that provides a graphic interface for users and managers to view real-time in-situ
measurements and remote sensing maps to explore and obtain numerical model forecasts
and early warning information [25].

HABs have occurred irregularly in Korean coastal oceans since the 1990s [26,27]. In
Korea, economic losses due to HABs were estimated to be USD 70 million in 1995, USD 4–
18.6 million per year in 2000–2003 and 2007, and USD 24.7 million in 2013 [28–30]. Research
on their detection and prediction is necessary to minimize damage caused by HAB on the
Korean coastal oceans.

In this study, we aimed to establish an integrated detection and prediction system
for HABs to provide advanced information on such blooms and minimize the ecological
damage they irregularly cause yearly. To this end, various real-time detection tools, such as
acoustics, ocean weather and environment, and satellites that detect HABs, were operated.
HAB movement and diffusion prediction models were developed and applied based on the
oceanographic numerical model (Korea Operational Oceanographic System, KOOS). Finally,
an integrated system for obtaining real-time information was developed by combining
technologies for detecting and predicting HAB occurrence. This paper presents the results
of establishing and operating an integrated system in the South Sea of Korea.
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2. Methodology
2.1. Study Area

In Korea, C. polykrikoides predominantly appears along the southern coast during the
summer [2,3]. This region, particularly the South Sea coast, hosts numerous commercial
fish farms, leading to annual economic losses due to HABs [26–30]. Before selecting the
measurement area, we analyzed data on HAB occurrence areas obtained from Korean
public institutions, such as the National Institute of Fisheries Science (NIFS), over the
past two decades [5]. Based on this analysis, we selected the study area located on the
southern coast of Korea, encompassing Tongyeong, Yeosu, and Geoje. These areas are
consistently affected by HAB-induced damage every year (Figure 1). The study area has
depths ranging from approximately 10 m to 30 m and is densely populated with various
commercial fish farms.
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Figure 1. Installation stations of the automatic weather system (AWS), red tide acoustic sensing
system (RASS), and water temperature sensing system (WTSS) in the South Sea of Korea (red circle:
AWS; blue triangle: RASS; green circle: WTSS).

The coastal and offshore oceans where fish farms are concentrated were selected to
apply the HAB detection systems in the oceans. The automatic weather system (AWS)
was installed and operated at two stations, the red tide acoustic sensing system (RASS)
(SC-RTC100, Syscore Inc., Yongin, Korea) was installed and operated at 15 stations, and
the wireless temperature sensing system (WTSS) (SC-WT100, Syscore Inc., Yongin, Korea)
was installed and operated at nine stations. The water depth of the sites where the HAB
detection systems were installed and operated was between 10 m and 35 m. Many private
fish farms are concentrated in the oceans, as islands or bays surround them. Because
acoustics and marine environmental data must be recorded at critical stations to efficiently
observe HABs in this environment, a real-time HAB detection system was installed and
operated by conducting field surveys and selecting a specific cage farm where HABs
frequently occur.

2.2. System Framework
2.2.1. System Architecture

The developed Korea Ocean REd tide Detection and prediction (KORED) system inte-
grates various essential technologies, such as real-time detection in the ocean and predictive
analysis of HAB movement and diffusions. It aims to establish an integrated information
support system for fishermen, fishing villages, and local governments. The KORED system
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amalgamates diverse elemental technologies frequently employed in various HAB research
fields at KIOST. This integrated KORED system comprises the following four components:

(1) Real-time HAB detection systems: ocean weather (AWS), acoustic (RASS), ocean
environment (water temperature, salinity, and chlorophyll-a, RASS & WTSS), satellite
imagery (Geostationary Ocean Color Imager, GOCI), sampling, genetic analysis, and
optical data;

(2) Prediction systems based on the HAB model: KOOS, HAB occurrence, and HAB
movement and diffusion models;

(3) Additional data: HAB information of sampling data from NIFS and HAB information
of GPS data from our developed application;

(4) Integrated information system: data storage server, file transfer protocol (FTP) server,
and visualization system.

The integrated information system for the obtained detection and prediction data
was implemented to provide information to NIFS research institutes and fishing vil-
lages/fishermen. A configuration diagram of the system is shown in Figure 2, and the
variables, resolution, sites, data period, and data format of the integrated HAB detection,
prediction, and information system are shown in Table 1.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 4 of 16 
 

 

2.2. System Framework 
2.2.1. System Architecture 

The developed Korea Ocean REd tide Detection and prediction (KORED) system in-
tegrates various essential technologies, such as real-time detection in the ocean and pre-
dictive analysis of HAB movement and diffusions. It aims to establish an integrated infor-
mation support system for fishermen, fishing villages, and local governments. The 
KORED system amalgamates diverse elemental technologies frequently employed in var-
ious HAB research fields at KIOST. This integrated KORED system comprises the follow-
ing four components: 
(1) Real-time HAB detection systems: ocean weather (AWS), acoustic (RASS), ocean en-

vironment (water temperature, salinity, and chlorophyll-a, RASS & WTSS), satellite 
imagery (Geostationary Ocean Color Imager, GOCI), sampling, genetic analysis, and 
optical data; 

(2) Prediction systems based on the HAB model: KOOS, HAB occurrence, and HAB 
movement and diffusion models; 

(3) Additional data: HAB information of sampling data from NIFS and HAB information 
of GPS data from our developed application; 

(4) Integrated information system: data storage server, file transfer protocol (FTP) server, 
and visualization system. 
The integrated information system for the obtained detection and prediction data 

was implemented to provide information to NIFS research institutes and fishing vil-
lages/fishermen. A configuration diagram of the system is shown in Figure 2, and the var-
iables, resolution, sites, data period, and data format of the integrated HAB detection, 
prediction, and information system are shown in Table 1. 

 
Figure 2. Schematic of real-time HAB detection, prediction (model), and integrated information sys-
tems (called the KORED system). 

Figure 2. Schematic of real-time HAB detection, prediction (model), and integrated information
systems (called the KORED system).



J. Mar. Sci. Eng. 2023, 11, 2207 5 of 16

Table 1. Variables, resolution, sites, data period, and data format of integrated HAB detection,
prediction, sampling data, and information systems (T: Tongyeong, G: Geoje, Y: Yeosu, S: South Sea
of Korea).

System Variable Data Resolution Site Data
Period

Data
Format

Detection system

Ocean weather
(AWS)

Date, time, GPS, air temperature, solar
radiation, wind speed, and wind

direction data

Point
(Station) T, G, Y 10 min

(Continuous) csv

Acoustic and ocean
environment

(RASS, WTSS)

(1) RASS: Date, time, GPS, acoustic
intensity, water temperature, and

salinity (Some stations: Chl-a,
dissolved oxygen (DO), and pH
(2) WTSS: Date, time, GPS, water
temperature, and water pressure

Point
(Station) T, G, Y 10 min

(Continuous) csv

Satellite
(GOCI)

Date, time, GPS, and chlorophyll-a
concentration (RBR)

500 m T, G, Y 1 h
(8 times/daytime) netCDF

500 m S 1 h
(8 times/daytime) netCDF

Prediction system
(model)

Korea operational
oceanographic system

(KOOS) model

(1) Marine meteorological information:
Date, time, GPS, wind, and

atmospheric pressure
(2) Marine environmental information:
Date, time, GPS, waves, tides, currents,

ocean currents, water temperature,
and salinity per depth

150 m T, G, Y 1 time
(72 h/1 h) netCDF

300 m S 1 time
(72 h/1 h) netCDF

HAB occurrence
model

Date, time, GPS, and presence or
absence of HAB 5 km T, G, Y 1 time

(after 72 h) csv

HAB movement and
diffusion model Date, time, GPS, and level of HAB 300 m S 1 time

(72 h/1 h) netCDF

Additional data
(others)

HAB information 1
(from NIFS)

Date, time, GPS, and C. polykrikoides
population Point T, G, Y, S 1 day netCDF

HAB information 2
(from our application)

Date, time, GPS, and C. polykrikoides
population Point T, G, Y, S 1 day csv

Information
system

FTP server - Real-time

Integrated
visualization system - T, G, Y, S Real-time Web-based

2.2.2. Real-Time Detection System

The RASS, the HAB detection system, detects HABs using sound waves based on
sound scattering theory [20,21]. Real-time measurements of sound intensity and water
temperature reflected from phytoplankton once every 10 min through a long-range com-
munication system based on IoT technology (LoRa, SK Telecom Inc., Seoul, Korea) to an
FTP server to continuously operate the system for approximately 3 months in the summer
were acquired. Subsequently, the real-time data were transferred to build a database for
the system. Moreover, it was configured to obtain power steadily from a solar cell on the
exterior and the internal battery pack simultaneously (Figure 3a,b). The acoustic sensor
unit was fixed and operated on the surface because the marine characteristics of HABs are
concentrated on the surface during the daytime. To prevent noise caused by biofouling, the
sensor surface was periodically cleaned using a hydro-wiper, and copper tape was attached
to the side of the sensor.
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Figure 3. (a) Examples of real-time detection systems using the automatic weather system (AWS),
red tide acoustic sensing system (RASS), and water temperature sensing system (WTSS); and
(b) schematic of the RASS at a fish farm.

RASS detects HABs by acoustic sensing and measures the water temperature and
salinity using a CT sensor (3919A, Aanderaa Inc., Bergen, Norway); however, some RASS
stations are measured using various marine environmental data, such as water temperature,
salinity, Chl-a, dissolved oxygen (DO), and pH (percentage of hydrogen ions) using a
complex water-quality monitoring sensor (YSI EXO2; YSI Inc., Yellow Springs, OH, USA).

The AWS, which measured the air temperature, solar radiation, wind speed, and
wind direction data for real-time marine meteorological observations, and the WTSS,
which measured the water temperature and water pressure data, were simultaneously
operated. The AWS and WTSS also transmitted data every 10 min to the FTP server via
LoRa communication to build a database. The acquired data were checked in real time
with those from the visualization system (Figure 3a).

The surface layer of the Chl-a data from GOCI, provided by the Korea Institute of
Ocean Science & Technology (KIOST), was used for ocean satellite data. The Chl-a data
were generated only for the southern coast, the area of interest, using techniques such as
stray light deviation correction, atmospheric correction, and masking area minimization.
We calculated the optimal Chl-a concentration for HAB detection using the red-to-blue
ratio (RBR) technique, an algorithm optimized for HAB detection [31]. For satellite Chl-a
data limited to daytime, image data with a 500 m × 500 m resolution were generated once
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every hour and transmitted to the server. The satellite Chl-a data were acquired eight times
a day during the daytime; these were synthesized in the data once daily.

2.2.3. Prediction System

HAB occurrence prediction and migration–diffusion models have been developed
in many oceans. To improve the accuracy of HAB occurrence, movement, and diffusion
prediction, the marine environment and ocean-current information of KOOS developed by
KIOST were used as input data [32].

This prediction system predicts marine meteorological factors such as wind and
atmospheric pressure. It generates marine environmental information on waves, tides,
currents, ocean currents, water temperature, and salinity at a depth of 1 m at intervals of
1 h from the present to the next 72 h (3 days). However, building a model with a relatively
high resolution is necessary, considering the phenomena of HAB movement and diffusion
along the ocean current on the coast. Therefore, the KOOS model data were produced by
establishing resolutions of 300 m for the entire southern coast and 150 m for the Tongyeong,
Yeosu, and Geoje sites, the areas of interest. The data were predicted for 72 h (3 days),
produced once a day, and sent to the server.

The HAB occurrence prediction model used marine meteorological and environmental
data produced by the KOOS model of surface and observational data from a real-time
HAB detection system, considering the characteristics of HABs concentrated on the surface
during the daytime. In addition, long short-term memory (LSTM), a deep learning model,
was employed, and the location and population data provided daily by NIFS through
OpenAPI were used in the HAB information system (Figure 2) [5,33]. The data from
2000 to 2015 were converted into spatial data by georeferencing, using HAB occurrence
data provided by NIFS based on GIS to train the model. The central coordinates were
extracted from the converted HAB spatial data and used as HAB location information. The
coordinates of HABs that occurred after 2016 were determined at the occurrence location
using a differential global positioning system (DGPS). Among the data sampled, noise
was added to the instances of occurrence to expand and balance the data, and learning
was performed, because there are more cases of HAB non-occurrence than occurrence.
The model resolution was set to 5 km, and the presence of the final HAB was determined
based on a 50% probability. The model considered occurrence or non-occurrence if the
probability was greater or less than 50%, respectively. These data predicted HAB occurrence
after 3 days, and the data from the Tongyeong, Yeosu, and Geoje sites were produced as
individual files, one per day, and sent to the server.

The HAB movement and diffusion prediction model is considerably influenced by the
results of the marine environment and current velocity data because the model depends
on the marine environment. C. polykrikoides information was generated as spatial data
by extracting the sampling data provided daily by OpenAPI from the HAB information
system of NIFS. The occurrence of the initial HAB particles was predicted using the
concentration information provided in the HAB data. A model of movement and diffusion
along ocean currents based on the KOOS data was built by applying a growth rate model
for C. polykrikoides, a biological factor proposed by Cho et al. [34]. The resolution of the
migration and diffusion prediction models was set to 300 m. The levels were classified
according to the number of individuals, with less than 10 cells/mL classified as level
0, indicating no HAB; 10–100 cells/mL classified as level 1, indicating a preliminary
caution for HAB; 100–1000 cells/mL classified as level 2, indicating a notice for HAB;
and 1000 cells/mL or more classified as level 3, meaning a warning for HAB. The model
data included forecast data from the present day to 72 h later, which were produced once
daily and sent to the server.
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2.2.4. Additional Data

The NIFS institutions provided information on the C. polykrikoides population and
GPS coordinates of its occurrences once a day [5]. These data are available in the form of a
*.netcdf file in OpenAPI format, which is provided daily. The HAB information acquired
from NIFS is an input parameter in the occurrence model and the movement and diffusion
model. It is displayed on the visualization screen within the integrated information system.

Additionally, information on C. polykrikoides occurrences is provided once a day in the
form of a *.csv file through HAB information obtained from an in-house application. These
data are used for basic reference purposes.

2.2.5. Integrated Information System

After storing the acquired data on a server, the integrated information system provides
visual HAB detection and prediction information to public institutions such as research
institutes, fishing villages, fishermen, and public agencies. For this purpose, an integrated
HAB data storage server provided through OpenAPI, a public service capable of FTP
file transfer, was built to store and share the detected and predicted data in real time [5].
Subsequently, people accessed the information system to detect and predict data.

A web-based visualization system was developed to display real-time detection and
prediction data. An exhibition monitoring system was established based on a regional
GIS, graphs, and text for user identification and convenience. The integrated visualiza-
tion system mainly checks the data by changing to the GIS-based South Sea, Yeosu, and
Tongyeong/Geoje sites. In addition, the detected and predicted data can be confirmed
using a visualization system through various functions such as real-time detection informa-
tion, prediction information, time-variation detection information, and data searches for
each site.

2.2.6. Field Application of Integrated HAB Detection and Prediction System

The KORED system was operational in oceans to monitor HAB occurrences during
the summer seasons (July–September) from 2017 to 2019. According to the annual plan,
the system was utilized in the Tongyeong sites in 2017, both Tongyeong and Yeosu sites in
2018, and finally in the Tongyeong, Yeosu, and Geoje sites in 2019. However, in 2017, no
HABs were reported in these Korean waters, and in 2018, they occurred only on a small
scale in Tongyeong and Yeosu. This study focused solely on the data collected during the
summer of 2019 when HABs occurred multiple times in the South Sea of Korea.

3. Results and Discussion
3.1. Real-Time HAB Detection System
3.1.1. RRL Validation from C. polykrikoides Population

The measurement of HAB (C. polykrikoides) populations and relatively received level
(RRL) values in the field to calibrate the acoustic sensor indicated a good correlation,
with RRL increasing as the number of C. polykrikoides populations increased (Figure 4a).
Operating multiple RASSs at each site, most of the acoustic signals recorded were at the non-
HAB level. However, signals indicating HAB caution or warning were recorded at some
stations. The RRL values obtained from the beginning of July to the end of September at a
specific station at the Tongyeong site ranged from 0 to 9 dB, which could be interpreted as
the absence of HAB from all operating dates (Figure 4b). However, the RRL values obtained
at a specific station in the Geoje area indicated the absence of HAB from early July to mid-
August and a HAB caution or warning from late August to September (Figure 4c). The RRL
value was relatively low in the morning and relatively high in the afternoon, confirming
the effect of the vertical movement of phytoplankton. These data were consistent with
those provided by the HAB information system of NIFS.
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3.1.2. Operation of Detection System

Data obtained by installing and operating RASS, AWS, and WTSS stations (refer to
2.1 Study area) were confirmed in real time through a visualization system. In particular,
acoustic signals caused by HABs were confirmed in some waters of Tongyeong and Yeosu
during the summer. The Chl-a RBR data acquired over 3 months in summer through ocean
observation satellites indicated almost 18 clear days with some clouds. This confirmed that
the Chl-a concentrations were high values of more than 20 mg/m3 in Yeosu, Tongyeong,
and some ocean areas of Geoje, thus verifying the HAB distribution information over
a wide area. Sampling analysis, genetic analysis, and optical detection using a camera
were also performed to detect HABs rapidly. For sampling analysis, the sampling sites
were observed at the Tongyeong, Geoje, and Yeosu sites to verify the HAB prediction
models in the RASS site. The results were used to verify and evaluate the accuracy of the
HAB occurrence, migration, and diffusion prediction models. Gene-based HAB organism
real-time observation equipment using qPCR and gene observation and analysis was
deployed simultaneously upon sampling from the Tongyeong, Geoje, and Yeosu sites.
Results of the comparative study of the sampling and genetic data were similar (up to
1000 cells/mL, HAB warning level), confirming the feasibility of the rapid genetic diagnosis
of field samples. Moreover, a portable optical detection module capable of photographing
HAB species was developed and applied, and the acquired images were transmitted to
researchers to rapidly detect HABs. A method that can rapidly determine the HAB species
composition in the field in real time was applied to the integrated system.

3.2. HAB Prediction System
3.2.1. Operation of KOOS Model

Before operating the HAB prediction system to develop the KOOS model, the model
results, ocean current speed, water temperature, Chl-a values, etc., measured in the ocean
area were compared and analyzed. In particular, a comparison with the surface flowrate
value measured by the buoy of Korea Hydrographic and Oceanographic Agency (KHOA)
to verify the current or flowrate value, which is important for HAB movement and diffusion,
indicated that the ocean current and current velocity model values of KOOS reproduced
the direction well, compared with the actual values along the southern coast. However,
because the observation buoy was positioned in the open ocean rather than the coast,
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which is the focal station of HABs, verification of the conditions in the coastal region was
constrained. The observed and predicted surface ocean current speed at 1 h intervals were
compared, showing that the overall trend was reproduced but the small-scale residual
component could not be reproduced. In addition, the results were compared after harmonic
decomposition of each data, and although there was a difference in absolute size in both
east-west and south-north components, the directionality was well reproduced. However,
the overall direction was reproduced, and data assimilation was performed based on actual
data to enhance the accuracy of the KOOS model. The model data produced values for
predicting marine weather and marine environment information at 1 h intervals from the
present to 72 h later. The data produced were uploaded to the FTP server as files for the
oceanic meteorological and environmental factors for each ocean (Yeosu, Tongyeong, and
Geoje). The visualization system displayed ocean-current information at 1 h intervals.

3.2.2. Evaluation of Prediction Model

The accuracy of the HAB prediction model was evaluated to verify its effectiveness.
The accuracy was compared and analyzed using the data of 134 C. polykrikoides individuals
obtained through 10 field surveys of net sampling conducted from August to September
2019. Field surveys were conducted at 22 stations from September 2 to 4 in the Yeosu,
Tongyeong, and Geoje sites. Overall, in its early stage, HAB occurrence was predicted
only in the western coastal areas of Yeosu sites; however, the diffusion range of the grid
predicted a pattern similar to that shown by the actual diffusion range of HABs. Thus,
the accuracy obtained by comparing 134 measured and predicted data values in 2019 was
approximately 85%, confirming the usefulness and effectiveness of the model. The HAB
prediction model predicted occurrence after 72 h from the present and produced data to
predict the occurrence probability for each grid set in the sites. The visualization system
displayed the probability of occurrence at 1-day intervals.

3.2.3. Evaluation of Movement and Diffusion Model

To assess the accuracy of the HAB movement and diffusion model, the predicted
data were compared with and verified using data obtained through ocean sampling. The
accuracy was determined by comparing the predicted values from the mobile diffusion
model with the population of C. polykrikoides sampled from 22 stations across a wide area.
The evaluation method proposed by Stumpf et al. [35] was employed for this purpose. An
accurate KOOS model was utilized, and the evaluation range was limited to 10 km owing
to the presence of many small islands with a radius of less than 10 km in the study area
and the complicated coastal topography. The model was applied in a way that allowed
the spatial error for each grid to be evaluated, assigning an 80% weight to adjacent grids
within 5 km. Accordingly, the accuracy values are modified and presented as a method of
assigning weights to adjacent grids. Even if the evaluation grid was set to within 10 km,
higher accuracy is considered necessary for the effectiveness of the prediction, considering
the geographical characteristics of many small islands and complex coastlines. The accuracy
was assessed based on the model’s prediction results at 12:00 on September 2 and 12:00 on
September 4, 48 h later. The results from the sampling data are presented in Figure 5.
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In Figure 5, the yellow, orange, and red boxes represent the model’s prediction results
for each stage. The boxes indicated by black numbers contain information on the population
of C. polykrikoides at each location, as determined by microscopic analysis after sampling.
The accuracy of the HAB movement and diffusion model was determined to be 89% and
87% at HAB pre-caution and caution levels 1 and 2, respectively. Additionally, the grid
prediction accuracy at HAB warning level 3 was 40% (Figure 5a–c). Multiple accuracy
evaluations yielded an average accuracy of approximately 70%, confirming the reliability
and usefulness of the HAB movement and diffusion models within a resolution range of
5–10 km. However, the accuracy of the analysis results was compromised owing to the
infrequent occurrence of high-concentration HABs of level 3 or higher in the sampling data.
Nevertheless, the predicted locations of HABs were similar.

In particular, the prediction of the occurrence of high-density HABs caused by growth
or accumulation was insufficient. At the HAB pre-caution and caution levels, the accuracy
was mostly similar, but the warning level was sampled only twice, the prediction was less
accurate at one point, and one point occurred in the immediate area; therefore, the accuracy
was evaluated as half. The accuracy of the HAB movement and diffusion model can be
improved if HAB data are provided more precisely in the limited areas of the Tongyeong,
Geoje, and Yeosu oceans. Overall, the HAB particles moved and spread based on the
ocean-current level, according to the grid set in the movement and diffusion model. In the
visualization system, information on the location and concentration of HAB particles by
ocean areas at 1 h intervals from the present to 72 h later was shown as a model that moved
and spread along with the KOOS model.

3.3. Operation of Integrated Data Management and Visualization System

For all data acquired from the detection and prediction systems, a DB for each site/data
was built on the server, and the data were uploaded and used when exhibited in the
visualization system.

Figure 6 shows an sample screen of an HAB visualization system showing information
obtained from each subsystem based on the GIS. The readability of the visualization system
was improved by implementing a check box for each system on the left so that data
points could be selected individually, or all acquired data could be checked simultaneously.
Efficiency and usability were increased by implementing date/time so that data obtained
on a desired date and at a particular time could be viewed at a glance. Figure 6 shows the
data detected and predicted at the Tongyeong and Geoje sites using the past data search
function.
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Figure 6. Examples of the visualization system at the Tongyoung and Geoje sites: (a) ocean weather,
acoustic, and ocean environment data from AWS, RASS, and WTSS; (b) satellite chlorophyll (RBR)
image data; (c) current and tidal model data; (d) HAB occurrence prediction model based on the HAB
information (NIFS) data and the KOOS model data based on the geographic information system
(GIS); and (e) all detection and prediction data of the integrated visualization.
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Figure 6a shows the meteorological (AWS), acoustic, and marine environment (RASS);
moreover, it shows water temperature (WTSS) data observed over a 10 min real-time period.
Significantly, when a caution or warning level appears, the RASS icon is changed to yellow
or red, corresponding to Figure 4. Figure 6b shows the satellite Chl-a concentration image
data observed only during the daytime at 1 h intervals. It is updated eight times, and
during the night, the RBR Chl-a image synthesized from eight sheets is displayed. The
ocean-current model of KOOS predicted for 72 h at 1 h intervals is expressed as a current
in Figure 6c. Because the current information is updated daily, it incorporates new 72 h
current information 24 h after its initial update. The function of moving and spreading
HAB particles according to the ocean current at an interval of 1 h was implemented. On
September 16, HABs were predicted to be concentrated in the eastern area of Namhae
Island, and the actual observation results were confirmed to be similar (Figure 6d).

All data detected and predicted at the Tongyeong and Geoje sites for each system
subdivided in Figure 6e were integrated. All the data were simultaneously checked using a
visualization system. The system was implemented and piloted to display real-time HAB
detection and prediction data at the Tongyeong, Geoje, and Yeosu sites, which are wide
and empirical oceans.

The water temperature, acoustic, and Chl-a data from measuring by RASS and WTSS
are displayed as graphs for each station on the left-hand side of the fluctuation detection
screen (Figure 7). Each entry of the real-time measurement data is displayed as a numerical
value for each station in the table on the right. From August 28 to September 15, 2019, the
signals caused by C. polykrikoides were detected via acoustic and Chl-a values at specific
ocean sites. Thus, comprehensive HAB detection and prediction in real time is possible.
The practicality and effectiveness of the system were confirmed by integrating various
types of data and building a visualization system.
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4. Conclusions

In this study, we developed an integrated system that combines various methods
for HAB detection and prediction. One component of this system is the real-time HAB
detection system, which incorporates ocean weather data, ocean parameters (such as water
temperature, salinity, and Chl-a levels), satellite imagery, sampling, genetic analysis, and
optical data. Another aspect involves prediction systems based on KOOS, HAB occurrence
prediction, and HAB movement and diffusion models. Additionally, the system includes
an integrated information system consisting of a data storage server, the FTP server, and
the visualization system.

The integrated system was implemented on a trial basis from 2017 to 2019 at the
Tongyeong, Yeosu, and Geoje sites in the southern coastal ocean, where HABs frequently
occur during the summer. HAB information was compiled into a database and stored
on a server. Consequently, a visualization system was made accessible to NIFS, local
governments, fishermen, fishing villages, and relevant researchers. Notably, no HABs were
detected in 2017. However, HABs were accurately detected and predicted in 2018 and 2019,
confirming the practicality and effectiveness of the system.

While the integrated system was specifically piloted in the South Sea of Korea (Tongyeong,
Yeosu, and Geoje sites), it can be applied to other oceans where HABs occurs frequently and
the application of an integrated KORED system (HAB detection and prediction system)
is needed. In terms of the future, the system has the potential to efficiently detect HABs
in real time across a wide range, enabling more accurate predictions of HAB occurrence,
movement, and diffusions through the practical application of integrated systems. There is
also room to improve the accuracy of the HAB movement and diffusion model through
future input data refinement. Implementing a more advanced integrated detection and
prediction system in the field is anticipated in order to minimize the damage caused by
irregular HAB occurrences every year.
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