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Despite the increasing numbers of red tide events in the pristine subtropical ocean, a paucity of previous observations has limited understanding of harmful algae in the seas around the Korean Peninsula. Therefore, using six years (2012–2017) of Geostationary Ocean Color Imager (GOCI) satellite data, we characterized the red tides around Jeju Island, a volcanic island located near the paths of the Jeju Warm Current and Tsushima Warm Current, using the Normalized Red Tide Index (NRTI) method. The seawater around Jeju Island has for a long time been considered to be very clear, with relatively low suspended particulate matter concentrations and few harmful algae. Nonetheless, the satellite-based NRTI detection method used in this study detected and supported the existence of red tides in the coastal region around Jeju Island. Analysis of the red tide distribution showed that red tide first began to appear near the western coast of Jeju Island, then developed in the northern and eastern coastal regions, and finally vanished in the eastern coastal region. The monthly averages of the NRTI demonstrated a bloom event from April to May in every year. Additional fall blooms were detected in August–September, particularly in 2013 and 2016. The NRTI revealed strong interannual variations. The longest blooms occurred in 2015, and the most comprehensive and strongest event occurred in the spring of 2016. The latter three years (2015–2017) had much higher NRTI than the former three years (2012–2014). The probability of red tide occurrence at a given point during the 6-year study period revealed spatial differences. Relatively high probability of 0.3–0.5 was determined along the northern coastal region, whereas low probability of less than 0.2 was found along the southern region. Ground truth data also showed more frequent observations and higher red tide cell densities along the northern coast. Changes in NRTI in spring are positively correlated with changes in ENSO indices in winter. This study is the first to use a satellite-based approach with a vast long-term satellite database to elucidate the existence and probability of red tides near Jeju Island. We anticipate that this study will provide a useful strategy for remote monitoring of harmful algal blooms over wide regions using optical data.
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1 Introduction

Red tides are natural oceanic disasters that affect coastal ecosystems, fisheries, and marine leisure activities (Kahru and Mitchell, 1998; Walsh et al., 2006; He et al., 2008; Jessup et al., 2009; Lee et al., 2020). They are the most common type of harmful algal bloom (HAB), caused by the proliferation of phytoplankton (mostly dinoflagellates and some diatoms), producing a red or brown color in the ocean (Schantz, 1975; Anderson, 1989; Hallegraeff, 1993; Lu and Hodgkiss, 2004). Some HABs produce toxins that poison shellfish, fish, and marine mammals. However, even without production of toxins, red tides can be harmful in many ways, such as causing hypothermia in sea birds by neutralizing their natural water repellency and insulation and suffocation of fish by physically attaching to gills (Kim et al., 1999; Jessup et al., 2009). In addition, oxygen depletion attributable to the decomposition of vast amounts of dead cells sometimes leads to mortality of benthic organisms, such as abalone and kelp forest (Anderson et al., 2002; Cosper et al., 2012; Gravinese et al., 2020; Low et al., 2021). In this case, it takes a long time for the ecosystem to recover.

The occurrence of HABs has been increasing globally (Anderson et al., 2012; Wells et al., 2015; Gobler et al., 2017; McKibben et al., 2017; Brunson et al., 2018). Potential causes of the increasing red tide events are climate change, other anthropogenic impacts, and rapid changes in the marine environment. For example, a Karenia brevis bloom occurred to the west of Florida in 2017 and persisted for more than a year. Such persistent red tide, which had not occurred before, resulted in massive mortality of marine wildlife and a ban on marine leisure activities. A recent study reported that anthropogenic forcing (N-enriched discharge) was the key factor in the red tide west of Florida (Medina et al., 2022). In addition, Tasmania in Australia has suffered from shellfish toxin-producing red tides. A recent study revealed a link between climate change and the occurrence of red tides in pelagic areas (Trainer et al., 2020). In Chile, the most damaging aquaculture lethality occurred during two sequential red tides in 2016. The first was a Pseudochattonella verruculosa bloom induced by abnormally warm water temperature and strong water column stratification. Furthermore, an enormous amount (40,000 tons) of salmon died due to the occurrence of the red tide. Disposal of dead salmon provoked the second Alexandrium catenella bloom, which produced paralytic shellfish toxins. These red tides spread 2,000 km along the coast, killing more salmon and many bivalves. The economic loss due to salmon death was severe enough to reach 800 million USD (Armijo et al., 2020; Mardones et al., 2021). Such devastating damage has been observed and reported continuously worldwide.

Satellite remote sensing has been actively utilized to monitor red tide events globally. There are three different types of approaches in this field: 1) detecting the presence/absence of red tides, 2) inferring intensity or spatial pattern from proxy parameters such as chlorophyll-a, fluorescence line height, and sea surface temperature, and 3) quantifying red tide intensity as an index. A previous study using the Geostationary Ocean Color Imager (GOCI) revealed the limitations of the first two approaches in Korean water and suggested a new index called the Normalized Red Tide Index (NRTI) (Lee et al., 2021). The NRTI method was developed based on the spectral characteristics of red tides, showing two peaks over the visible wavelengths (550 nm and 680 nm). This red tide index showed a highly positive relationship with red tide cell density (major species: Margalefidinium polykrikoides) irrespective of environment, such as highly turbid coastal water or optically clear offshore water.

Recently, red tides have occurred frequently in the southern coastal region of the Korean Peninsula. Jeju Island, located southwest of the Korean Peninsula with a zonal width of 73 km and meridional length of 31 km, is a representative volcanic island in East Asia (Kim et al., 2003; Brenna et al., 2012). The seawater properties around Jeju Island have been affected by the Tsushima Warm Current (Moriyasu, 1972; Park et al., 2018) and by diluted water from the Yangtze River (Changjiang River) (Figure 1). The seawater around Jeju Island, with low suspended particulate matter (SPM), is known to have relatively clear optical properties, as evidenced by numerous satellite images. The environment of Jeju Island, as a pristine area in the seas around Korea over the past decades, has been considered a region free from red tides. However, red tides have recently become an urgent issue on Jeju Island because of a growing number of red tide observations according to the public news in 2020. The red tide surrounding Jeju Island has not been observed intensively, and only a few observations, rather than regular monitoring, have been made. With the paucity of observations in this area, satellite remote sensing with long-term accumulated data can be very useful for tracking temporal changes and spatial characteristics. Jeju Island is mostly cloudy, making it difficult to obtain clear satellite images. However, GOCI, scanning eight times a day over the area, has consistently provided high-resolution ocean color data (Ryu et al., 2012). According to a report of the National Institute of Fisheries Science, 2019 (Yoon et al., 1991), previous observations have shown that red tide species (e.g., Mesodinium rubrum, red Noctilluca sp.) are occasionally found in the coastal waters around Jeju Island. These species show two typical spectral peaks, as with M. polykrikoides species (Stæhr and Cullen, 2003; Guzmán et al., 2016; Shaju et al., 2018). The NRTI method based on spectral peaks has the potential to be a suitable tool for studying red tides around Jeju Island.




Figure 1 | (A) A schematic diagram of oceanic currents over bathymetry (m) in the seas around Korean peninsula (Park et al., 2019), where JWC inside the yellow box stands for the Jeju Warm Current and (B) the study area around Jeju Island enlarged from (A).



This study aimed to investigate whether red tides occur in the seas around Jeju Island using satellite data and understand their temporal variability. To achieve these goals, we conducted analyses to 1) comprehend the coastal environment of Jeju Island by analyzing SPM, 2) apply the NRTI method to GOCI data, 3) understand the temporal and spatial characteristics of red tide index variations, 4) estimate the probability of red tide occurrence from space, and 5) compare spatial patterns with previous observation results.




2 Data and methods



2.1 Satellite data

GOCI, onboard the Communication, Ocean, and Meteorological Satellite (COMS), observed the seas around the Korean Peninsula (24.75–47.25° N, 113.40–146.60° E), including the seas adjacent to China, Japan, Taiwan, and Russia with 500 m × 500 m spatial resolution and a high temporal sampling capability of 8 times per day from 9:00 AM to 4:00 PM (KST, Korean Standard Time) from June 2010 to March 2021 (Figure 1A). It had six visible (412, 443, 490, 555, 660, and 680 nm) and two near-infrared (745 and 865 nm) channels with a bandwidth of 20 nm (Ryu et al., 2012). This study utilized 2,190 images of the level-2 atmospherically corrected remote sensing reflectance (Rrs) (version 2.0) product from the Korea Ocean Satellite Center (KOSC) from 2012 to 2017. The focus of the research area was centered on Jeju Island within 33.0–33.8° N, 125.8–127.3° E (Figure 1B).




2.2 In situ data

The NIFS has made numerous observations of red tides over the past few decades and has reported detailed information on the locations, times, and spatial extents of the red tides, as well as the red tide cell density. The NIFS has reported red tide species and cell densities along the coast of the Korean Peninsula over the two decades since 2006 (https://www.nifs.go.kr/board/actionRedtideInfoList.do). The record contains information on red tides acquired from ship cruises, aircraft, and land observations (Figure 2). Because Jeju Island is known for its clear seawater, in situ observations of red tide phenomena offshore from Jeju Island have hardly been made. Therefore, previous studies did not cover all areas off the coast of Jeju Island, and only seven red tides were observed by the NIFS. We surveyed previous literature containing red tide observations on the Jeju Island coast to confirm the results of this study.




Figure 2 | Occurrence days of red tides over the decade from 2006 to 2016. The colors represent the observation numbers in days.



To determine whether the results of this satellite-based study are appropriate, we collected as much literature as possible on the red tides in the study area for comparison. We collected three different types of red tide observation records of Jeju University (Yoon et al., 1991), the NIFS, and interviews (Jeju University and NIFS) in a public television documentary (Table 1). Most recently, Jeju University and the NIFS reported red tide events caused by Mesodinium rubrum (>3000 cells/ml), Noctiluca scintillans, and Gymnodinium mikimotoi. According to a 1991 Jeju University report, many different species of red tide organisms were observed in 1989. The species included M. rubrum, N. scintillans, and G. mikimotoi, as well as species of Ceratium, Prorocentrum, Skeletonema, Heterosigma, and others, which were frequently observed on the southern coast of the Korean Peninsula.


Table 1 | Information of red tide occurrences (date, place, species, taxa, and cell density) near the coast of Jeju Island reported in previous studies https://www.nifs.go.kr/board/actionRedtideInfoList.do).






2.3 Normalized red tide index

The NRTI is a proxy for red tide intensity developed for GOCI data based on in situ spectral measurements (Lee et al., 2021). The in situ spectral measurements indicated unique spectral shapes with bimodal peaks at 550 nm and 680 nm during the red tide bloom period (Figure 3). As red tide density increases, the height of each peak also increases (Kahru and Mitchell, 1998; Cannizzaro et al., 2008; Kim et al., 2016). The index is composed of the product of the heights of the two spectral peaks. The red and blue lines in Figure 3A show how the peak heights are defined. The peak height is calculated as follows:




Figure 3 | (A) Remote sensing reflectance at GOCI spectral bands during red tide bloom in the southern coastal region of the Korean Peninsula. The result shows bimodality with specific two peaks. Red and blue lines show the peak heights used in the red tide index algorithm. (B) Absorption spectrum of CDOM along 33°N at 124-127°E during the GEO-CAPE GOCI Cruise in April 2011, with color representing the longitude of each station near Jeju Island.



 

 

 

where P555 (P680) represents the height of the first (second) peak in the spectrum (Figure 3A).

Prior to implementing the NRTI method on the GOCI data, a meticulous preprocessing step was conducted. Specifically, the GOCI SPM data was employed to identify and exclude pixel locations exhibiting abnormally high SPM values resulting from diverse factors, including moisture, cloud edges, thin clouds, sensor peculiarities, failures in atmospheric correction, and other potential sources (Lee et al., 2019). A negative   was regarded as a failure of atmospheric correction and was removed before the following procedure. At each step of the peak height calculation, the   values of three consecutive channels were used, as shown in (1) and (2). Negative P555 and P680 values were regarded as indicating no red tide. To equalize the impact of the peaks on the NRTI value, the peak heights were normalized by dividing them by the   of the shortest wavelength among the three channels in each peak. In the case of clear water, the values of P555 and P680 can potentially be extremely high after dividing them by extremely low  . In this case, we followed the modification by implementing thresholds (Th1=0.001 and Th2=0.001) (Figure 4). Additional normalization with spectral differences between Rrs555 and Rrs745 was performed to consider different   ranges by different atmospheric correction schemes and satellite sensors (4). Further details are provided by Lee et al. (2021).




Figure 4 | Flow chart of red tide detection procedure including preprocessing of Rrs (remote sensing reflectance) data, quality control, calculation of each peak (P555 and P680), and making the decision of red tide bloom, where Th1 and Th2 are thresholds (Lee et al., 2021). Th3 is a threshold to decide strong or weak bloom.



 

Investigating the influence of the Colored Dissolved Organic Matter (CDOM) in seawater on the calculation of red tide index, we analyzed the absorption coefficient spectra of CDOM across different wavelengths. Figure 3B illustrates the CDOM absorption coefficient spectra obtained during the GEO-CAPE GOCI observation period in April 2011, covering the observation points from 33°N to 124-127°E with colors indicating longitude values. From west (blue line) to east (red line), i.e. closer to Jeju Island, CDOM absorption dramatically decreases, indicating reduced CDOM influence. Our findings indicate that the majority of CDOM absorption occurred at shorter wavelengths (300-400 nm), whereas absorption at longer wavelengths (greater than 490 nm), which are relevant for NRTI, was nearly absent (Figure 3B). These observed CDOM absorption spectra exhibit a typical spectral shape. Consequently, the influence of CDOM on NRTI is expected to be negligible.




2.4 Suspended particulate matter

The Jeju region is characterized by consistently low SPM concentrations throughout the year. Figure 5A presents a GOCI RGB composite image on 5 April 2011, where the area around the Yangtze River exhibits high turbidity due to river discharge, and the southwestern coast of the Korean Peninsula appears turbid due to strong tidal currents. To estimate SPM from reflectance data, the GOCI Data Processing System (GDPS) suggests two types of SPM algorithms: the Yellow Sea Large Marine Ecosystem Ocean Color Work Group (YOC) algorithm and the Case II algorithm, based on three bands at 490 nm, 555 nm, and 660 nm (Siswanto et al., 2011; Min et al., 2012). Detailed validation results of the SPM retrievals are presented in Siswanto et al. (2011). The coefficients of the YOC SPM in Equation (5) were derived empirically using in situ measurements in the GOCI region in the seas around the Korean Peninsula, as follows:




Figure 5 | (A) An example of true color image of GOCI on a clear day (April 5, 2011) and (B) one-day composite of SPM estimated by YOC SPM algorithm (Siswanto et al., 2011) on October 2, 2015. The white color indicates an extremely turbid area or cloud-masked area.









3 Results



3.1 Suspended particulate matter distribution

The annual mean SPM was calculated to examine whether the seawater around Jeju Island was clear or turbid. The overall SPM concentration values in the offshore regions were relatively low, less than 1 g m-3 (Figure 5B). As evident in Figure 5B of the SPM concentration image, the sea waters surrounding Jeju Island exhibit markedly lower SPM concentrations compared to the southwestern coast of the Korean Peninsula and the Yangtze River estuary.

In the vicinity of Jeju Island, the SPM values exhibit significantly lower levels (SPM< 0.8 g m-3) compared to the adjacent areas near the Yangtze River, coastal regions of China, and the southwestern coast of the Korean Peninsula, where SPM ranges from 10 to 20 g m-3. The spatial distribution of SPM variations near the coastal areas of Jeju Island demonstrates remarkably subtle differences even at very small SPM concentrations (Figure 6). The SPM of the northern coast was higher than the SPM of the southern coast in most years. The interannual variations showed that the SPM values of the northern onshore regions were higher than those in the southern coastal area (~0.5 g m-3) in 2014 and 2017. The SPM concentration in the onshore region surrounding Jeju Island reached its highest level in 2016. The spatial distribution revealed that SPM values in the coastal region around Jeju Island were very small compared to those in the highly turbid waters from the Yangtze River and near the southwestern coast of the Korean Peninsula. Therefore, the environment surrounding Jeju Island has clear optical conditions with relatively low SPM values (~0.5 g m-3), distinguishing it from the turbid areas.




Figure 6 | Spatial distribution of annually averaged suspended particulate matter (g m-3) around Jeju Island from 2012 to 2017.






3.2 Red tides in 2016

Using the calculated NRTI, we examined the variation of red tides around Jeju Island. We investigated the NRTI data for the six years from 2012 to 2017 and found an extreme case of red tide in 2016. The red tide in 2016 was the only case with a wide distribution that extended even to the south. Therefore, we selected the red tide events that occurred in 2016 to investigate the spatial distribution and temporal evolution of the red tide. Figure 7 shows the daily NRTI for the two most distinctive cases of red tide, which occurred in the spring and late summer of 2016. The daily representative NRTI was taken as the median of the NRTI values for eight daytime observations at every hour. The colors in Figure 7 indicate the NRTI values on the logarithmic scale of NRTI+1, by which we avoided zeros in the log by adding the number 1. Figure 7A shows the daily NRTI distributions, except for some days with high cloud cover, in April and May 2016. In spring, a high NRTI of more than 100 was observed in the northern and eastern areas for more than 20 days (Figure 7A). These high signals first appeared in the western offshore region in late April, congregated along the northern coast, and then appeared at the eastern coast from May 12. The duration of the red tide from appearance to disappearance was approximately 20 days. The highest NRTI, corresponding to >7,000 cells/ml according to the density retrieval algorithm (Lee et al., 2021), appeared in the image for May 17. However, red tides were barely visible on May 16, and there were no remarkable NRTI values. This seems to have been caused by the passing of many clouds on that day and the abundant water vapor near the clouds, which might have increased the uncertainty of the atmospheric correction procedure. The GOCI cloud removal algorithm tends to be strong enough to remove shoreline regions during the data processing of a series of atmospheric or land-proximal calibrations. This case suggests that both offshore and onshore regions around Jeju Island are vulnerable to red tides in spring and have a high possibility of harmful algal blooms.




Figure 7 | Spatial distribution of red tide index in (A) spring and (B) summer of 2016. Colors represent the red tide index in logarithmic scale (log10NRTI+1).



Specific red tide events were observed during the summer of 2016 (Figure 7B). In this case, the NRTI values were lower than 100, much smaller than those in spring. However, the red tide spatial coverage extended widely along the western and northern coastal regions of Jeju Island. According to Lee et al. (2021), the cell intensity of the red tide at this time was approximately 6,000 cells/ml. This bloom lasted approximately 15 days, a duration similar to that of the first case in spring (Figure 7A). During this period, the high signal of the red tide appeared and persisted along the western coast (Figure 7B). The temporal phase lag between the western and northern regions indicates the possibility of red tide advection from the northwestern coastal region to the northeastern coastal region. Most of the southeastern area showed the lowest NRTI values during the entire time, as was also the case in spring. The spatial patterns are likely parallel to the iso-depth lines along the island. As mentioned in Lee et al. (2021), a strong red tide bloom occurred along the southern and eastern coastal regions of the Korean Peninsula in 2013. However, there were no dominant red tides in the coastal region surrounding the Korean Peninsula in 2016, despite the high red tide blooms in the coastal region of Jeju Island. This implies the possibility that the red tide of Jeju Island was not directly linked to the mainland of the Korean Peninsula because of the large separating distance of approximately 50 km. In 2016, red tide blooms appeared more strongly and clearly in spring than in summer.




3.3 Interannual variations of red tide index distribution

To comprehend the interannual variation of red tides in the region, fundamental features at a given location, such as the annual mean, standard deviation (STD), and maximum daily median NRTI, were derived for each year from 2012 to 2017 (Figure 8). All of the variables exhibited dominant year-to-year variations, which were most apparent in the northern coastal region and the northwestern offshore region. The signal in the northwestern offshore was strong, but it did not occur commonly. In 2013, a red tide appeared along the northern side of Jeju Island, as shown by the mean pattern of the NRTI. However, the highest red tide signal was observed in 2016 when a red tide bloom appeared on the eastern coast. The spatial distribution of the maximum NRTI values demonstrated that red tide events were concentrated along the northern and eastern coastal regions nearest to the shoreline in 2013 and 2016.




Figure 8 | Spatial distribution of annual mean, standard deviation (STD), and maximum values of red tide index (NRTI) in each year from 2012 to 2017.



The earliest three years (2012–2014) had lower NRTI values than the latest three years (2015–2017) and high values occurred only on the northern coast. The latest three years had high STD and maximum values. In 2015 and 2017, high NRTI values appeared in the far-offshore regions, which was very different from the pattern in other years. The offshore high-red-tide patterns appeared similar in both years, but the pattern connected to the coast in only 2015.




3.4 Monthly and interannual variation of red tide index

To investigate any seasonality and interannual variability, we calculated the monthly variation in the NRTI for the study period (Figure 9). Overall, red tide intensity tended to appear strongly, with a high NRTI (>10), in April. In 2013, NRTI began to appear near the northern coast in April and reached its peak in May. The NRTI values were mostly low (approximately 5) in April 2014. In 2015, NRTI values were much higher than 12 in the western region, and the extent was the greatest among all other years. Red tide encircled the entire island in May and persisted until June, particularly in the northern and northeastern regions. As mentioned earlier, the NRTI values were strongest in May 2016. Most of the NRTI values peaked in April. However, in 2016, they appeared to be highest (~15) in May instead of April, which was typical of the other years. The northern red tide appeared to advect to the eastern coast of the island. The red tides were relatively weak during summer. However, in 2016, the NRTI values were higher (approximately 8) than those in the other years.




Figure 9 | Monthly distribution of red tide index of each year from 2012 to 2017.



The common patterns throughout all years were characterized by high NRTI values concentrated at the northern coast with some partial linkage in the offshore region in April and no particular relation in other months. In winter and early spring (December to March), the NRTIs were the lowest annually, implying no red tide events in winter. The highest red tide blooms began in April to May, mostly in offshore regions, as shown in the latest three years, followed by onshore red tide blooms in May to June. May 2016 had the strongest coastal blooms, and the peak area was located on the northeastern coast. Although the NRTI magnitudes were much smaller than those in spring, late summer blooms were observed in August to September 2013 and 2016, but there were distinct differences in their spatial patterns. The 2016 late summer bloom pattern was not observed again during 2012–2017. The spatial patterns of August 2016 are likely associated with iso-depth, which is one of the most controlling factors of marine environments, similar to daily variation.




3.5 Probability of red tide

In the previous section, we presented the monthly and interannual variations of red tides around Jeju Island. To check where red tide has occurred frequently around Jeju Island, we obtained the red tide probability P based on the NRTI values for the six years using GOCI data from a simple formula:

	

where Ni is the number of days without cloud (Figure 10A) and M is the number of days with high NRTI values greater than a given threshold (Th3 = 0, 1, 10, 30, 100). A relatively smaller number of observations along the near-coastal region than in the offshore region is associated with the strong cloud-masking procedure of GDPS near land (Park et al., 2014). GOCI sea surface observations without clouds were constant along the coast. Figures 10B–F shows the probability (P) of red tide occurrence based on GOCI observations for the six years with NRTI values greater than 0, 1, 10, 30, and 100, respectively. High NRTIs (>10) in the study area were most frequently observed on the northern coast, where they reached up to 30 days. According to Lee et al. (2021), an NRTI of 10 (30) may indicate a cell density of more than 10,000 (15,000) cells/ml if the species is C. polykrikoides.




Figure 10 | (A) Number of days during the 6 years (2012–2017) when GOCI captured the sea surface, (B–F) probability of NRTI being greater than (B) 0, (C) 1, (D) 10, (E) 30, and (F) 100.



As indicated in Figures 10B–F, the northern coastal regions showed a much higher probability than the southern coastal regions throughout the thresholds. In contrast to the northern and eastern regions with high probability, the southern region had very weak probability. As a result of the statistical analysis of a vast amount of satellite data, this study revealed that the seawaters around Jeju Island were not free from red tides but rather had frequent occurrences of them.




3.6 Survey of previous red tide concentration observations

Because the waters around Jeju Island are relatively deep and optically clear, remarkable NRTI values were an unexpected result and could arouse some doubt. Most of the extremely devastating red tide events have been concentrated in the southern coastal region of the Korean Peninsula, far from Jeju Island. To ensure that such red tides have occurred before, we searched all literature and records on red tides near Jeju Island and summarized the reported red tide events, as shown in Table 1 (https://www.nifs.go.kr/board/actionRedtideInfoList.do). According to the literature survey, previous red tides occurred seven times from 1990 to 2020. The most frequent species were Mesodinium, but other species such as Noctiluca spp. and Karenia mikimotoi were observed sporadically. In a television documentary on water quality produced and broadcast in 2021, a researcher at Jeju National University reported red tide blooms caused by Mesodinium sp. The researcher reported several red tide events in the coastal area of Jeju Island. However, this has not been mentioned in NIFS red tide reports released over the past decades.

To visualize the locations and magnitudes of the red tide occurrences, we constructed a plot of all observations, shown as Figure 11. The colors represent the red tide cell density on a logarithmic scale, and the white circle indicates no density information. The four red tide events in the northern coastal regions had densities of 1,360–20,000 cells/ml. Additionally, two events occurred on the southern coast and one event was observed in the southwestern coastal region. An interesting red tide observation was made in the far-offshore southwestern region in 2018, as marked by the black circle in Figure 11A. This implies that the red tide phenomenon was not limited to onshore or near-coastal regions, but extended to regions far offshore. In addition, we digitized monthly red tide observations from 1990 along the coast of Jeju, as shown in Figure 11B (Yoon et al., 1991). The northwestern coastal regions showed the highest cell density, with different dominant species according to the NIFS report, including Chaetoceros spp. In this monthly observation, red tide cell density was generally higher along the northern coast than along the southern coast. Dominant species included Chaetoceros spp., Skeletonema costatum, and Heterosigma akashiwo, which were abundant on the northern coast. In addition to these species, other species, such as Prorocentrum triestinum, Karenia spp., Gyrodinium spp., Eutreptiella spp., and Mesodinium rubrum were observed during this period.




Figure 11 | (A) Scatter plot of red tide density values observed in previous studies for the period from 1990 to 2020 and (B) the mean red tide density in summer and fall in 1990 (Yoon et al., 1991).







4 Discussion



4.1 Red tide species and North-South difference of NRTI

In this study, we constructed an hourly satellite red tide index database for six years and characterized the spatial pattern and temporal variability of red tides around Jeju Island. Red tide blooms appeared sporadically in late spring (April–June) of every year during the study period and in late summer (August–September) in 2013 and 2016. Strong year-to-year variations of the red tides were detected, with the longest bloom in 2015 and the most extensive bloom in the spring of 2016. Red tides were more intensive in the later three years (2015–2017) than in the earlier three years (2012–2014). Additionally, the northern coast of Jeju showed higher probability of red tide than the southern coast. Red tide bloom tended to start in the northwest, develop toward the northeast, and disappear in the east. According to the ground red tide observations, more events were observed on the northern coast than on the southern coast. The dominant species were Mesodinium spp. and Chaetoceros spp., which are known to show a spectral reflectance by multispectral satellites similar to that of M. polykrikoides. Analyses of the previous literature on red tides near Jeju Island revealed several species of red tides around the coast of the Island, as shown in Figure 12. Although there were no available GOCI data to compare with the measurements made before the launch of GOCI, the observational differences between the regions north and south of Jeju Island were consistent with our results based on the satellite approach.




Figure 12 | Scatter plots of red tide density values along the coast of Jeju Island reported in the previous literature (Yoon et al., 1991). The words within Jeju Island represent red tide species, and the final plot represents the red tide density of all species in logarithmic scale.






4.2 Response to change in atmospheric and oceanic environment

the northern coast of Jeju Island showed higher red tide probabilities than the southern coast. Thus, one of the other causes of difference could be a north–south distinction between oceanic and atmospheric environments. For example, annual precipitation in the northern and southern coastal regions of Jeju Island is 1,459.9 mm and 2,154.5 mm, respectively. In addition, the difference in number of groundwater spring sites between the northern coast and the southern coast (387 versus 269, respectively) could be related to the more dominant red tide in the northern region.

In addition, the oceanic environment associated with warm currents could be related to the occurrence of red tides. The low-salinity water from the Yangtze River along the coast of China moves to the east between the northern coast of Jeju Island and the southern coast of the Korean Peninsula, which affects the seawater environment in the coastal region of Jeju Island (Figure 1A). Moreover, the Jeju Warm Current flow near the northern coastal regions of Jeju. The effects of these two factors should be studied further to understand the north–south difference in red tide events. The waters around Jeju Island are exposed to a rapidly changing marine environment. Even in the offshore regions, the retrieved red tide index data demonstrated obvious blooms. These red tides around Jeju Island seem to be affected by various ocean–atmosphere–land interactions. Climate change and extreme weather events are likely to cause unexpected red tides.

Red tide intensity showed significantly different characteristics by year. Especially later three year (2015-2017) showed higher annual mean NRTI than prior three years (2012-2014). This tendency might be consistent with the case of Tasmania, Australia, which had weak dinoflagellates bloom (Alexandrium catenella) in 2013–2014 and strong ones in 2015–2017 (Trainer et al., 2020; Xie et al., 2021; Wakamatsu et al., 2022). In addition, red tide caused by extreme weather occurred in Chile in 2016 (Armijo et al., 2020; Mardones et al., 2021), and an unusual case (2016 late summer, Figure 7B) occurred on Jeju Island in the same year. Although it is not simple to reveal the linkage between the extreme events, 2015-2016 coincids with the strongest El Nino years since 2000. There are many imprints of climate variability on the marine environment, and satellite-observed phytoplankton growth data in the seas around Korea during extreme Arctic Oscillation (AO) and El Niño Southern Oscillation (ENSO) periods are required to study whether the red tide fluctuations at Jeju are also affected by climate change, as mentioned by Park et al. (2022).

Figure 13 shows NRTI and ENSO index (Niño 3.4, Rayner et al, 2003) variability for the Jeju Island region over the study period from 2011-2017 (Figures 13A, B). The year-to-year variabilities of both the NRTI in spring (May) (Figure 13C) and the annually averaged NRTI (Figure 13D) are strongly correlated to the January ENSO index variability from 2011-2017 (R2 = 0.9696, R2 = 0.9323, respectively). It is noted that the highest NRTI (~4) in May coincided with an extreme ENSO event (ENSO index~2.5) in 2016. ENSO intensity may influence oceanic and atmospheric processes, such as the warm water supply by the Jeju Warm Current, precipitation amount, and wind speed. Additional in-depth studies are needed in order to understand these physio-biogeochemical interactions.




Figure 13 | Interannual variations by month of (A) Jeju Island red tide index (NRTI) and (B) ENSO index (Nino 3.4), (C) May NRTI variability with respect to ENSO index variations in winter (January) from 2011-2017 and (D) annually averaged NRTI values with respect to ENSO index variations in winter (January) from 2011-2017. Dashed lines in (C, D) represent linearly least-squared fitted lines.






4.3 Other potential causes and further study

Various types of garbage and floating debris used by humans and discharged into the sea can also contribute to the occurrence of red tides. The population of the northern part of Jeju Island is 2.6 times larger than the population of the southern area (507,000 versus 190,000). Anthropogenic effects on the long-term statistics of red tide appearances are expected to be worthy of further study.

Researchers as well as local mass media are focusing on changes in red tide events and their sources. One potential cause of change is change in the groundwater that provides nutrients to the coastal area, because of the volcanic geological structure of Jeju Island (Hwang et al., 2005; Koh et al., 2006). The researchers and mass media considered that overuse of groundwater could effect change. Thus, it is necessary to understand the Jeju coastal water system in order to investigate the potential causes of red tides. Jeju Island is located in oligotrophic Kuroshio-branch water, in which nutrient concentrations are generally lower than 2 μM (Cho et al., 2019). However, the coastal waters of Jeju Island, which depend greatly on the nutrient supply from submarine groundwater discharge (Kim et al., 2011), are productive. Because Jeju Island is composed mainly of volcanic rocks, the seepage rates of groundwater (50–300 m yr-1) at the coast are among the highest in the world (Kim et al., 2003). Moreover, because of increases in human activities, including agriculture, aquaculture, livestock, and sewage, the concentration of dissolved inorganic nitrate (DIN) commonly exceeds 300 μM (Kim et al., 2011; Cho et al., 2019). Thus, mixing of coastal seawater with a small amount of fresh groundwater can cause coastal eutrophication in this DIN-limited environment. Along the shallow eastern coast of Jeju Island, green tides of Ulva spp., amounting to approximately 10,000 tons, have occurred every year since the early 2000s (Hwang et al., 2005; Kwon et al., 2017; Cho et al., 2019). Although the discharge of nutrients from the other coastlines is similar (Kim et al., 2011; Cho et al., 2019), these discharges are diluted rapidly by the deeper and more open geomorphologic characteristics that exist there. However, as observed in this study, all coastal areas of Jeju Island are potentially vulnerable to eutrophication, and thus red tides, depending on the environmental and ecological conditions.

The approach of this study is the first that characterizes red tide events in space and time using an enormous amount of long-term satellite data. In addition, we presented a method for monitoring harmful algal blooms in a pristine coastal region using a satellite remote sensing approach. Satellite red tide data will be useful for understanding the basic characteristics of the increasing red tide events. Although the dominant species are different from the target species of the NRTI, this study showed that NRTI variability could reflect variations in red tide intensity. NRTI-based red tide cell density can be practically useful for planning future proactive strategies to prevent possible harmful algal effects in advance. It is expected that satellite NRTI-based approach could inform the community earlier than extreme red tide bloom in some area and would be helpful for coastal management. As the number of channels of satellite ocean color sensors increases in the future, research on red tides will become more vigorous including diurnal variations of the red tide. Therefore, the fundamental concept of the NRTI in this study can be one potential method applicable to other satellite data and regions.
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