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Abstract

:

The upwelling zone off northeastern Taiwan (UZONT) is one of the hot spots with mesoscale ocean eddies (MOEs) and eddy-induced transports in the north Pacific Ocean. We start from the temporal and spatial variations in MOEs in the UZONT, based on the Himawari-8 SST product and the GOCI chlorophyll-a product time series, respectively. Their relationship with three major factors, including the Kuroshio, typhoon, and El Niño/La Niña events, are then investigated. The spatiotemporal variations in MOEs serve as ideal indicators by which to understand the influences on the UZONT due to interannual environmental factors and climate change.
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1. Introduction


Mesoscale ocean eddies (MOEs) range in diameter from 10 to 500 km and can persist for periods of days to months [1]. They are characterized by currents that flow in a roughly circular motion and transport anomalously warm or cold water as they move. The emergence of MOEs modifies the direction of sea surface transportation in their vicinity, such as the dynamic distribution of organic, inorganic, and pollutent materials originating from terrestrial materials [2,3]. They are also one of the mechanisms leading to vertical movement in the ocean. Many studies have been conducted in the past demonstrating the important influences of MOEs on marine biology [4], physics [5], chemistry [6], and geology [7]. For example, MOEs change the sea surface temperature (SST) [8], modulate the amount of air-sea flux [9,10], and play a significant role in local [11] or even regional [12] precipitation. Consequently, spatiotemporal variations in MOEs provide useful information for regional weather forecasting [13]. Also, cold MOEs typically pump up the nutrient-rich water from the subsurface of the ocean to the sea surface, nourish phytoplankton, reduce the amount of carbon dioxide in the atmosphere [14], and increase primary productivity [15,16]. Therefore, the frequency and distribution of cold MOEs is also an ideal, important index by which to search for fishery locations [17].



Traditional approaches used to track MOEs rely on point measurements collected from the buoy array, research vessels, or autonomous underwater vehicles. Such measurements include sea water temperature, chlorophyll-a, and currents, etc. However, these approaches are intrinsically limited in terms of both spatial and temporal resolutions. Spaceborne observations, by contrast, can provide two-dimensional synoptic viewing, high spatial resolution, and low-frequency time series over long periods, even in very isolated ocean locations. Since the successful mission of the Coastal Zone Color Scanner that took place from 1978 to 1986, spectral reflectances detected in the visible and near-infrared portion of the electromagnetic spectrum have been employed to provide the products of chlorophyll-a [18], total suspended sediment [19], color dissolved organic matter (CDOM), [20] and particle size distribution [21]. Together with the other sensors used to measure SST [22], sea surface wind [23], sea suface salinity [24], and sea current flow [25], remote sensing imagery acquired from space indeed makes it possible to study the ocean with a greatly enhanced spatiotemoporal resolution. The Geostationary Ocean Color Imager (GOCI), in operation since 2011 on board the Communication, Ocean, and Meteorological Satellite (COMS), and the Advanced Himawari Imager (AHI) onboard the Himawari-8 since 2015 achieved milestones that have advanced the quality of temporal resolution. The GOCI acquires eight images per day in eight spectral bands (six visible, two NIR), with a spatial resolution of approximately 500 m covering 2500 km × 2500 km of the Northwestern Pacific Ocean [26]. The AHI provides full disk observations every 10 min and images of Japan every 2.5 min in 16 spectral bands (six visible, two NIR), with spatial resolutions ranging from 500 m to 2 km covering the Asia-Pacific region. These two unpresedented datasets with high temporal resolutions have been applied to monitor temporal variability in coastal water turbidity [27,28], to study diurnal changes in harmful algal bloom [29,30], estimate ocean surface currents [31,32], and to evaluate the spatial scale of MOEs [33]. It should be noted that all GOCI and AHI data are made freely available for use. They make it possible to gain a better understanding of some long-term, large-scale, dynamic features of the Earth, and more particularly, spatiotemporal variations in MOEs.



The mechanism for and hot spots of MOEs have been attracting a lot of research interest for decades, such as works focused on the north Atlantic Ocean [34], the northwestern subtropical Pacific Ocean [35], the eastern South Pacific Ocean [36], the northern South China Sea [37], the western Mediterranean [38], the Arabian Sea [39], and the Luzon Strait [40], among others. Among all of the reported regions, the upwelling zone off northeastern Taiwan (UZONT) is one of the hot spots with eddy-induced transports in the north Pacific Ocean. With the amount of MOEs modulating on the interannual and decadal time scales, eddy-induced zonal transport is likely to fluctuate as well [41]. Because the MOEs in the UZONT originate from the Kuroshio impinging on the continental shelf [42], the intrusion and meandering of the Kuroshio also fluctuate due to typhoons and El Niño/La Niña events, so spatiotemporal variations in MOEs serve as ideal indicators by which to understand the influences on the UZONT from interannual environmental factors and climate change. In this research, more than 24,000 GOCI images from 2011 to 2019 are collected and processed. All images are compiled in a web-based portal powered by the Open Access Satellite Image Service (OASIS, http://oasis.ncku.edu.tw/goci/), which facilitates the screening of the study area and identification of the MOEs in the UZONT. The standard product of chlorophyll-a consentrations is produced and analyzed using the GOCI Data Processing System (GDPS) released by the Korea Ocean Satellite Center (KOSC). Together with the SST Himawari-8 imagery time series with a high temporal resolution (10 min) collected from 2015 to 2019, we investigate the influences of the Kuroshio, typhoons, and El Niño/La Niña events on spatiotemporal variations of MOEs in the UZONT.



The results indicate that MOEs are frequently found in the UZONT during the summer and autumn, rather than in the winter and spring. The general size of the patches with higher chlorophyll-a concentrations in the UZONT is around 50 km, yet a large bloom with an extraordinarily size of 100 km can be found in some exceptional cases. In the case of MOEs found after the pass of a major tyhoon, the typhoon-triggered phytoplankton bloom in the river plume gradually expands and merges with the cold dome. This is therefore posited to be the main influence of a typhoon on MOEs in the UZONT. Although only one El Niño and one La Niña event have been observed by Himawari-8 thus far, the results suggest that the La Niña event provides favorable conditions for the Kuroshio current to flow along the edge of the China Continental Shelf and the development of an eddy structure. More observations are required to clarify the detailed relationship between El Niño and La Niña events and the MOEs in the UZONT. Spatiotemporal variations in MOEs serve as ideal indicators by which to understand the influences on the UZONT due to interannual environmental factors and climate change.




2. Materials and Methods


2.1. Study Area: The Upwelling Zone off Northeastern Taiwan


Taiwan is located in the center of the East-Asian island arc formed by the slow collision of the Asian continental plate and the Philippine plate. The basin topography of the UZONT is therefore rather complicated and comprises the China Continental Shelf, the Okinawa Trough [43], the Ryukyu Arc, and the Volcanic Islands. As illustrated in Figure 1a, three major current systems, including the Kuroshio Current, the China Coastal Current and the Taiwan Strait Warm Current [44], all flow through this region and interact with the complicated basin topography. As a result, a few branches of the current have developed and have induced upwelling currents. In some cases, the MOEs may be found and persist for a long period of time. Taking the geostrophic, tidal, and seasonal effects into consideration, the spatiotemporal variations in MOEs are even more complicated.



The mechanism by which MOEs form in the UZONT was described in the pioneering work of Tang et al. [42] using hydrographic observations and current measurements taken with a shipboard acoustic doppler current profiler. The mechanism is mainly related to the seasonal oscillation of the Kuroshio axis and its impingement on the continental shelf. The Kuroshio axis is drawn away from Taiwan in the summer. After flowing across the Ilan ridge, the northward current turns northeast and impinges on the China Continental Shelf near the Diaoyu Islands. As a result, three branches of the currents are divided from the main Kuroshio current, as illustrated in Figure 1b. The first branch continues to flow northeast toward Japan along the edge of the China Continental Shelf. The second branch moves to the north and enters the shelf where the water is shallower. It gradually turns toward the east and eventually rejoins the first branch to go to Japan. The third branch flows along the edge of the China Continental Shelf in a southwestern direction. This counterclockwise flow becomes an eddy structure, pumps up the cold, nutrient-rich water from the subsurface to the sea surface, and triggers the regional bloom of phytoplankton. This shed eddy spreads across the UZONT and exhibits a clear ocean color signature with a diameter that ranges from tens to a hundred kilometers that can be detected from space. In winter, by contrast, the Kuroshio axis moves much closer to Taiwan. After flowing across the Ilan Ridge, the northward current soon enters a small basin off of northeastern Taiwan. Under this circumstance, it seldom develops into an eddy structure in the winter. The spatiotemporal characteristics of remote sensing imagery, particularly the abundant GOCI and Himawari-8 images in their datasets, are ideal to gain a better understanding of some of the long-term, large-scale, dynamic features of MOEs in the UZONT.




2.2. Satellite Observations


To observe MOEs from space, the hot/cold patch of SST and the high/low core of the sea surface height (SSH) are two apparent features that can be measured remotely. Among various SST sensors, such as its former version: the Multifunction Transport Satellite (MTSAT) [45], the AHI onboard Himawari-8 is superior as compared to other sensors in terms of both spectral and spatial resolution. Table 1 lists the wavelength, spatial resolution [46], and primary use of longwave AHI channels (Band 7–16).



Note that another unprecedented advantage of AHI/Himawari-8 is its temporal resolution and the fact that a full disk of observations at the center of the Pacific Ocean (0° N, 140.7° E) can be made every ten minutes. Apart from the standard products, including clouds, the atmosphere, and the SST, tracking features/objects from the Himawari-8 imagery time series provides other crucial information related to dynamic changes. In this work, the SST products from Himawari-8 imagery are employed to track MOEs in the UZONT. As for the SSH, even though the measurements made from satellite altimetry can achieve accuracy within a few centimeters or less, the narrow swath of the satellites (e.g., 5.1 km for Jason-3) and long revisit period (e.g., 10 day for Jason-3) limit their ability to track and study applications related to MOEs in the UZONT. Note that the MOEs in the UZONT are patches with cold SST and high SSH that usually come with nutrient-rich waters from the subsurface of the ocean. After a short lag, the regional blooms of phytoplankton can be clearly observed from the satellite ocean color imagery of such patches. Therefore, detecting these patches of phytoplankton provides an indirect way to identify MOEs in the UZONT.



Lifting up from a Sun-synchronous orbit (several hundred kilometers) to a geosynchronous orbit (35,786 km), the successful launch in 2010 and continued operation of GOCI has not only increased the temporal resolution from a few days to every hour, eight hours per day, but the spatial resolution has been enhanced to 500 m [33], compared to the widely used SeaWiFS, MODIS, or MERIS data. A map of the GOCI coverage is shown in Figure 1 [49], which covers an area of 2500 km × 2500 km centered at 36° N/130° E that includes the Bohai Sea, Yellow Sea, East China Sea, Japan/East Sea, and part of the South China Sea. With a clear mission statement for detecting, monitoring, and predicting short-term biophysical phenomena as well as noxious/toxic and extensive algal blooms, GOCI provides an unprecedented set of ocean color observations that makes it possible to provide improved marine fishery information to fishing communities and benefits related to coastal zone and resource management. The spectral characteristics of GOCI are listed in Table 2. The real-time GOCI Data Processing System (GDPS) was developed by the Korea Ocean Satellite Centre (KOSC) with the primary mission of calculating the Level-1B total radiance product at the top of the atmosphere on an hourly basis by applying standard radiometric and geometric corrections to every compressed GOCI raw file. The Level-1B product results are used as input data for the interactive GDPS that allows users to generate higher level products, such as the normalized water-leaving radiance Lw, chlorophyll-a, colored dissolved organic matter, total suspended sediments, and the Rayleigh corrected reflectance [33]. In this research, the standard product of chlorophyll-a is used to identify the MOEs in the UZONT.




2.3. Data Processing


The standard Himawari-8 SST products are downloaded from the JAXA Himawari Monitor P-Tree system (https://www.eorc.jaxa.jp/ptree/index.html) at its highest temporal resolution (every ten minutes), while the standard GOCI products of chlorophyll-a are downloaded from KOSC (http://kosc.kiost.ac.kr/eng/) at its highest temporal resolution (every hour, eight hours per day). A rectangular region of interest (ROI) (24° N–27.5° N, 119° E–124° E) is specified to cover UZONT, the China coastal current, the Taiwan coastal current, and the Kuroshio current, as shown as the white box in Figure 1a. To investigate the relationship between spatiotemporal variations in the MOEs in the UZONT and other various factors, the Himawari-8 SST data is averaged at intervals of 10 min, as well as for the hour, day, month, and season. It should be noted that only those pixels with valid values are taken into consideration when averaging.





3. Results and Discussion


We start from the temporal and spatial variations in MOEs in the UZONT, revealed from the Himawari-8 SST product and the GOCI chlorophyll-a product, respectively. Their relationship with three major factors (the Kuroshio, typhoon, and El Niño/La Niña events) are then investigated.



3.1. Temporal Variation


All Himawari-8 SST imagery taken from July 2015 to August 2019 are processed, and their seasonal averages in the UZONT are shown in Figure 2 (spring: March to May), Figure 3 (summer: June to August), Figure 4 (autumn: September to November) and Figure 5 (winter: December to February).



A patch of cold water is indeed found in the UZONT during summer and autumn. Note that the boundary of the cold-water patch is clear in 2015, 2016, and 2017, yet weak in 2018 and 2019, suggesting that another factor might cause the annual variations. The location of cold-water patch matches well with the hydrographic observations and current measurements made by Tang et al. [50]. They proposed that cold, nutrient-rich water is pumped up from the subsurface of the ocean to the sea surface by an eddy structure evolved from a counterclockwise flow of one Kuroshio branch, the cold dome. If the Kuroshio axis moves too close to Taiwan, the northward current will enter a small basin in the UZONT and will not develop into an eddy structure. The distance of the Kuroshio axis to Taiwan, therefore, plays a crucial role in the shedding of cold domes in the UZONT.



According to the numerical simulations made by Wu et al. [51], upwelling in the UZONT lasts approximately 12 days in the summer and 6 days in the winter. Therefore, the actual date when the cold dome emerges and the period during which the cold dome lasts cannot be seen or identified from the seasonal composites. The daily averages of Himawari-8 SST data in the UZONT, by contrast, provide more detailed information related to cold domes, such as the example given in Figure 6. From the 10th to the 21th of December 2016, one large cold dome persisted at least ten days in the UZONT, even though there was no observation made on the 14th and the 15th of December when the sky was overcast with clouds. This set of SST images indicates that the cold dome still can be found in the UZONT when the warmer Kuroshio current dominates in this region in winter [52].



Note that the available Himawari-8 SST data were acquired from July 2015 to August 2019, the seasonal averages for spring (March to May) and summer (June to August) were calculated from 2016 to 2019; while autumn (September to November) and winter (December to February) were calculated from 2015 to 2018. Another issue is that the observation frequency varies in different seasons. To clarify this influence, the maps of observation frequency of Himawari-8 SST data in the UZONT are calculated at each pixel as the percentage of cloudless days and observed days during each season from autumn 2015 to summer 2019, as shown in Figure 7. The results show that the percentage of cloudless days and observed days in the region of interest are generally higher during the summer and autumn, yet lower during the winter and spring. Nevertheless, our results indicating more upwelling are found during the summer and autumn rather than during the winter and spring, which concurs with the results reported in all earlier studies on this topic.




3.2. Spatial Variations


The cold dome in the UZONT is a patch of cold, nutrient-rich water pumped up from the subsurface of the ocean, which usually triggers a regional bloom of phytoplankton. Therefore, satellite ocean color imagery provides an indirect way to map the coverage of cold domes. From the full archive of GOCI imagery collected from 2011 to 2019, the general size of the patches with higher chlorophyll-a concentrations in the UZONT was around 50 km. In some cases, an extraordinarily large bloom can be found in this region as well, such as the case of a large ellipsoid with a long axis of 100 km detected from the GOCI image taken at 8:16 on 3 August 2015 (Figure 8a). After carefully examining the coverage of the bloom, the water with higher chlorophyll-a was found to be extended to the Lanyang River mouth. Thanks to the high temporal resolution of the GOCI imagery, the series of images taken from 8:16 (Figure 8a) to 15:16 (Figure 8h) confirms that the bloom is indeed mixed with the Lanyang River plume. This suggests that the terrestrial materials transported to the Lanyang River plume can be enhanced and diverted by the emergence of cold domes. In this case, the movement of the Lanyang River plume turns from the north-west to the north-east and eventually merges into the Kuroshio current.



Yin and Huang [53] have also pointed out the difficulty associated with using only a few observations to identify whether the cold dome in the UZONT is formed purely by the local upwelling flow or is a mixture of China and/or Taiwan coastal currents. They suggested that, judging from the time series of observations of the cold domes formed purely by the local upwelling flow, they exhibit an enhancing stage followed by a decaying stage. Cold domes mixed with China’s and/or Taiwan’s coastal currents exhibit only the decaying stage. We examined and plotted the time series for the GOCI chlorophyll-a data collected at the same time (Figure 9) as the Himawari-8 SST data (18–28 July 2016) time series presented in Figure 2 from Yin and Huang [53] and compared them. Although optical observation from space is typically blocked by clouds, the GOCI operating in a geostationary orbit can make eight observations every day and collect more valid images. The results show that the cold dome in the UZONT indeed exhibited an enhancing stage followed by a decaying stage from the 18th of July to the 3rd of August 2016. However, this cold dome was not formed purely by the local upwelling flow. According to the map of the GOCI chlorophyll-a collected from the 22nd of July to the 25th of July 2016 (Figure 9d–g), this cold dome was indeed mixed with the Lanyang River plume.




3.3. Influence from Kuroshio


As mentioned earlier, the mechanism of the MOEs in the UZONT were first described by the pioneering work of Tang et al. [42]. They attributed the shedding of cold domes to the seasonal oscillation of the Kuroshio axis and its impingement on the continental shelf. Analogous to the Gulf Stream in the North Atlantic, the Kuroshio Current is part of the North Pacific Ocean gyre that begins off the east coast of Luzon, Philippines and Taiwan and flows in a north-eastward direction past Japan [54,55]. It is a north-flowing ocean current that transports heat and organic matter on the west side of the North Pacific Ocean and eventually merges with the easterly drift of the North Pacific Current. Therefore, the Kuroshio current plays a significant role in transporting and exchanging of heat and organic matter in the East China Sea and the northern part of the South China Sea [56,57,58]. For example, a strong mixing of the Kuroshio current and coastal waters has been reported in the China Continental Shelf of the East China Sea where the water is deeper than 50 m [59].



To verify the relationship between the seasonal oscillation of the Kuroshio axis and the MOEs in the UZONT, we overlay the in situ velocity measurements made by Tang, Tai, and Yang [50] with the satellite observations in the winter and summer, respectively. Figure 10a shows the map of chlorophyll-a derived from the GOCI image taken at 10:16 on 25th March 2012 overlaid with the Sb-ADCP velocity measurements at a depth of 16m in the winter (white arrows) [42]. This is exactly the case of the second branch illustrated in Figure 1b, which moves in a northerly direction, enters the shelf where the water is shallower, and gradually turns toward the east. It is difficult for it to develop into an eddy structure in the winter, and there is no sign of phytoplankton bloom on the GOCI chlorophyll-a map either. Figure 10b shows the map of chlorophyll-a derived from the GOCI image taken at 13:16 on 26 July 2014 overlaid with the Sb-ADCP measurements of velocity at a depth of 16m in the summer (white arrows) [42]. This is the case of the third branch illustrated in Figure 1b, which flows along the edge of the China Continental Shelf but in a southwesterly direction. It does develop into an eddy structure, and there is clear signal of bloom that can be seen on the GOCI chlorophyll-a map.



The dynamics of the MOEs in the UZONT are revealed by the GOCI chlorophyll-a map time series collected from 8:16 on 26 July 2014 to 15:16 on 28 July 2014, as shown in Figure 11. Since most of the optical imagery acquired from space is typically contaminated by clouds, this is indeed a rare case of continuous observation for three days. Tracking this cold dome provides new insight into the evolution of the MOEs in the UZONT. Starting from 8:16 on 26 July 2014 (Figure 11a), a significant amount of chlorophyll-a was found to have originated from the Lanyang River mouth (Figure 11b–d), which gradually expanded to the northeast (Figure 11e,f), merged with the cold dome (Figure 11g,h), and covered the largest area during the three day observation period (Figure 11g). Later, starting at 8:16 on 27 July 2014 (Figure 11i), the source of chlorophyll-a from the Lanyang River mouth was gradually cut (Figure 11i–p), resulting in an isolated cold dome spinning alone in the UZONT on 28 July 2014 (Figure 11q–x).



To summarize, the relationship between the seasonal oscillation of the Kuroshio axis and the MOEs in the UZONT is verified by overlaying the in situ velocity measurements made by Tang, Tai, and Yang [50] with the GOCI chlorophyll-a maps in the winter and summer, respectively. The evolution of the MOEs in the UZONT is clarified using the GOCI chlorophyll-a map time series, which clearly shows the expansion and transportation of the Lanyang River plume to merge with the cold dome. This indicates a strong interaction and close correlation between the river plume and the cold dome in the UZONT, which has not been observed or discussed previously.




3.4. Influence of Typhoons


A typhoon is a tropical cyclone with a low-pressure center that pumps up the nutrient-rich water from the subsurface of the ocean to the sea surface along its passage. Depending on its intensity and duration, as well as the depth of the mixing layer it overpasses, a typhoon is also an important mechanism for boosting the short-term productivity of a river–sea system, such as the case reported in the Gaoping River, shelf, and canyon system off southwestern Taiwan [60]. Since the UZONT is also a region with frequent passage of typhoons, it is worthwhile to investigate the influence of typhoons on MOEs. Unfortunately, most typhoons are accompanied by rains and clouds that block satellite observations and limit the number of useful images. We searched the full archive of the GOCI imagery collected from 2011 to 2019 and compared the images with the time and paths of all typhoons in the UZONT. The chlorophyll-a map time series derived from the GOCI images taken on 16 July 2013 is another rare case of continuous observation that leads to an understanding the influence of typhoons on MOEs, as shown in Figure 12.



Typhoon Soulik originated northeast of Guam on 6 July 2013 and reached its peak strength four days later. It passed over the warm waters of the Kuroshio Current the following day and later made landfall on 12 July 2013 in northern Taiwan with torrential rains of 900 mm (35 in) in Bailan, destructive winds of 190 km/h (120 mph), and gusts as high as 220 km/h (140 mph). As a result, the low-lying areas of Ilan City were seriously flooded [61], and a significant amount of terrestrial materials were flushed from the watersheds of mountainous areas through the Lanyang River to the Lanyang River plume. Since this is one of the major agriculture areas of Taiwan, a lot of fertilizer with ingredients such as nitrogen and phosphorous was also exported to the coast off northeastern Taiwan. This free fast food provided enough fuel to trigger a large scale, yet short-term bloom of phytoplankton, which can be clearly seen from the chlorophyll-a map time series derived from the GOCI images taken four days later (Figure 12).



Remember that the UZONT in the summer is a cold dome nursery that is also a result of cold, nutrient-rich waters upwelled from the subsurface of the ocean. It is reasonable to expect that the overpass of Typhoon Soulik would amplify the pumping effect and reinforce the development of the cold dome. Based on its path and duration in the UZONT, however, the direct contribution to the cold dome from Typhoon Soulik was found to be minimal. This was confirmed by the SST map from GOES (Geostationary Operational Environmental Satellites) taken at 8:42 on 16 July 2013, four days after Typhoon Soulik made landfall. The patch of cold water in the UZONT shown in Figure 12i indicates that the pumping of cold water from beneath was rather steady even four days after Typhoon Soulik had passed. The chlorophyll-a map time series derived from the GOCI images (Figure 12a–h) suggests that the typhoon-triggered phytoplankton bloom in the river plume gradually expanded and merged with the cold dome. This is therefore posited to be the main influence of Typhoon Soulik on the MOEs in the UZONT.



One difficulty related to studying the sea surface after the passage of a major typhoon is that the regions of interest are often covered by clouds. Apart from the case of the river plume and cold dome interaction with the discussion and conclusions from one event of Typhoon Soulik (Figure 12), the first cloudless GOCI images taken within two weeks of all 18 typhoon events between 2011 to 2019 are shown in Figure 13, with the intention of providing stronger support using more cases and examples. Table 3 lists the date and warning of every first cloudless GOCI image for all 18 typhoon events between 2011 to 2019. For those MOEs found after the passage of a major tyhoon, the typhoon-triggered phytoplankton bloom in the river plume all gradually expanded and merged with the cold dome.




3.5. Suggestions for Future Work: Influence from El Niño and La Niña Events


El Niño and La Niña events have occurred at two-to seven-year intervals for at least the past 300 years [62,63]. They affect the global climate and disrupt normal weather patterns. Consequently, they might have some influence on the MOEs in the UZONT as well. Since the operation of Himawari-8 began in 2015, there has been only one El Niño event (February 2015 to June 2016) and one La Niña event (July 2016 to January 2017). The autumn averages of Himawari-8 SST data in the UZONT in the year of the La Niña event (2016) and in normal years (2017 and 2018) are shown in Figure 14. A clear cold dome signal was found in the autumn of 2016 during the La Niña event, while no sign of a cold dome at all can be seen in the autumn of the normal years (2017 and 2018). Since the main mechanism of the MOEs in the UZONT is the oscillation of the Kuroshio axis, Figure 14 suggests that a La Niña event provides favorable conditions for the Kuroshio current to flow along the edge of the China Continental Shelf and the development of an eddy structure. More observations are required to clarify the detailed relationship between El Niño and La Niña events and the MOEs in the UZONT.





4. Conclusions


The UZONT is one of the hot spots with MOEs and eddy-induced transports in the north Pacific Ocean. We started from the temporal and spatial variations in MOEs in the UZONT revealed from the Himawari-8 SST product and the GOCI chlorophyll-a product, respectively. Their relationship with three major factors, the Kuroshio, typhoon, and El Niño/La Niña events, were then investigated.



Seasonal averages of Himawari-8 SST data in the UZONT in 2016, 2017, 2018, and 2019 confirmed that the distance from the Kuroshio axis to Taiwan plays a crucial role in the shedding of cold domes in the UZONT. The daily averages of Himawari-8 SST data acquired from the 10th to the 21th of December 2016 show that a large cold dome could persist at least ten days in the UZONT, even when the warmer Kuroshio current dominates in this region in the winter.



An extraordinarily large bloom ellipsoid mixed with the Lanyang River plume with a long axis of 100 km was detected from the GOCI hourly chlorophyll-a map time series taken on 3 August 2015. This suggests that the terrestrial materials transported to the Lanyang River plume can be enhanced and diverted by the emergence of cold domes. In this case, the Lanyang River plume turns from a northwestern direction to a northeastern direction and eventually merges into the Kuroshio current.



A rare case of continuous observation of a GOCI chlorophyll-a map made from 8:16 on 26 July 2014 to 15:16 on 28 July 2014 provides new insight into the evolution of the MOEs in the UZONT. The results showed that the cold dome in the UZONT indeed exhibited an enhancing stage followed by a decaying stage from the 18th of July to the 3rd of August 2016. However, this cold dome was not formed purely by the local upwelling flow. According to the GOCI map of chlorophyll-a collected from the 22nd of July to the 25th of July 2016, this cold dome was indeed mixed with the Lanyang River plume. This indicates a strong interaction and close correlation between the river plume and the cold dome in the UZONT, which has not been observed or discussed previously.



The overpassing of a typhoon in the UZONT is expected to amplify the pumping effect and reinforce the cold dome. However, the contribution depends on the intensity and duration of the typhoon, as well as the depth of the mixing layer it overpasses. For a typical case of Typhoon Soulik, the GOCI hourly chlorophyll-a map time series taken on 16 July 2013 shows that the main influence of Typhoon Soulik on the MOEs in the UZONT was a result of the expansion and merging of the typhoon-triggered phytoplankton bloom in the river plume with the cold dome.



Averages of Himawari-8 SST data in the UZONT in the autumn of 2016 suggest that a La Niña event provides a preferable condition for the Kuroshio current flows along the edge of the China Continental Shelf that leads to the development of an eddy structure. More observations are required to clarify the detailed relationship between El Niño and La Niña events and the MOEs in the UZONT.



Because the MOEs in the UZONT originate from the Kuroshio impinging on the continental shelf, while the intrusion and meandering of the Kuroshio also fluctuate due to typhoons and El Niño/La Niña events, the spatiotemporal variations in the MOEs serve as ideal indicators by which to understand these influences on the UZONT based on interannual environmental factors and climate change. The high temporal resolution of the Himawari-8 SST product and the GOCI chlorophyll-a product acquired from geostationary satellites makes it possible to gain a better understanding of some long-term, large-scale, dynamic features of the MOEs in the UZONT.
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Figure 1. (a) The basin topography of the upwelling zone off northeastern Taiwan overlaid with three major current systems. (b) Illustration of the mechanism by which MOEs are formed in the UZONT. Three branches of the Kuroshio after passing the Ryukyu Arc. The first branch continues to flow northeastwardly towards Japan along the edge of the China Continental Shelf (red line). The second branch moves in a northly direction and enters the shelf where the water is shallower. It gradually turns toward the east and eventually rejoins the first branch to go to Japan (yellow line). The third branch flows along the edge of the China Continental Shelf but in a southwesterly direction. This counterclockwise flow turns into an eddy structure, pumps up the cold, nutrient-rich water from the subsurface to the sea surface, and triggers the regional bloom of phytoplankton (blue line). 






Figure 1. (a) The basin topography of the upwelling zone off northeastern Taiwan overlaid with three major current systems. (b) Illustration of the mechanism by which MOEs are formed in the UZONT. Three branches of the Kuroshio after passing the Ryukyu Arc. The first branch continues to flow northeastwardly towards Japan along the edge of the China Continental Shelf (red line). The second branch moves in a northly direction and enters the shelf where the water is shallower. It gradually turns toward the east and eventually rejoins the first branch to go to Japan (yellow line). The third branch flows along the edge of the China Continental Shelf but in a southwesterly direction. This counterclockwise flow turns into an eddy structure, pumps up the cold, nutrient-rich water from the subsurface to the sea surface, and triggers the regional bloom of phytoplankton (blue line).



[image: Sustainability 11 06979 g001]







[image: Sustainability 11 06979 g002 550] 





Figure 2. Averages of Himawari-8 SST data in the UZONT in the spring (March to May) of (a) 2016, (b) 2017, (c) 2018, and (d) 2019. The region of interest is denoted by the white box. 
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Figure 3. Seasonal averages of Himawari-8 SST data in the UZONT in the summer (June to August) of (a) 2016, (b) 2017, (c) 2018, and (d) 2019. The region of interest is denoted by the white box. 
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Figure 4. Seasonal averages of Himawari-8 SST data in the UZONT in the autumn (September to November) of (a) 2015, (b) 2016, (c) 2017, and (d) 2018. The region of interest is denoted by the white box. 
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Figure 5. Seasonal averages of Himawari-8 SST data in the UZONT in the winter (December to February) of (a) 2015, (b) 2016, (c) 2017, and (d) 2018. The region of interest is denoted by the white box. 
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Figure 6. One large cold dome persisted at least ten days in the UZONT, as revealed by the daily averages of Himawari-8 SST data in the UZONT on (a) 10, (b) 11, (c) 12, (d) 13, (e) 14, (f) 15, (g) 16, (h) 17, (i) 18, (j) 19, (k) 20, and (l) 21 December 2016. The region of interest is denoted by the white box. 
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Figure 7. Maps of observation frequency of Himawari-8 SST data in the UZONT calculated at each pixel as the percentage of cloudless days and observed days during (a) autumn 2015, (b) winter 2015, (c) spring 2016, (d) summer 2016, (e) autumn 2016, (f) winter 2016, (g) spring 2017, (h) summer 2017, (i) autumn 2017, (j) winter 2017, (k) spring 2018, (l) summer 2018, (m) autumn 2018, (n) winter 2018, (o) spring 2019, and (p) summer 2019. The region of interest is denoted by the white box. 
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Figure 8. An extraordinarily large ellipsoid of bloom with a long axis of 100 km detected from the GOCI imagery taken at (a) 8:16, (b) 9:16, (c) 10:16, (d) 11:16, (e) 12:16, (f) 13:16, (g) 14:16 and (h) 15:16 on 3 August 2015. The location of Lanyang River mouth is denoted as a yellow star. The region of interest is denoted by the white box. 
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Figure 9. Time series of the GOCI chlorophyll-a map collected at (a) 9:16 a.m. on 18 July, (b) 10:16 a.m. on 20 July, (c) 11:16 a.m. on 21 July, (d) 3:16 p.m. on 22 July, (e) 10:16 a.m. on 23 July, (f) 11:16 a.m. on 24 July, (g) 12:16 p.m. on 25 July, (h) 10:16 a.m. on 26 July, (i) 10:16 a.m. on 27 July, (j) 10:16 a.m. on 28 July 2016. The region of interest is denoted by the white box. 
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Figure 10. Maps of chlorophyll-a derived from the GOCI images taken at (a) 10:16 on 25 March 2012, overlaid with the Sb-ADCP measurements of velocity at a depth of 16m in the winter, and (b) at 13:16 on 26 July 2014, overlaid with the Sb-ADCP measurements of velocity at a depth of 16 m in the summer [42]. 
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Figure 11. Dynamics of the MOEs in the UZONT revealed by the GOCI chlorophyll-a map time series collected from 8:16 on 26 July 2014 to 15:16 on 28 July 2014. The region of interest is denoted by the white box. 
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Figure 12. The chlorophyll-a map time series derived from the GOCI images taken at (a) 8:16, (b) 9:16, (c) 10:16, (d) 11:16, (e) 12:16, (f) 13:16, (g) 14:16, and (h) 15:16 on 16 July 2013, after the passage of Typhoon Soulik. (i) The SST from GOES (Geostationary Operational Environmental Satellites) taken at 8:42 on the same day. The region of interest is denoted by the white box. 
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Figure 13. The first cloudless GOCI image taken within two weeks of all 18 typhoon events between 2011 to 2019 (a) 2011 Muifa, (b) 2011 Nanmadol, (c) 2012 Doksuri, (d) 2012 Tembin, (e) 2013 Soulik, (f) 2013 Cimaron, (g) 2013 Trami, (h) 2013 Usagi, (i) 2014 Matmo, (j) 2014 Fung-Wong, (k) 2015 Dujuan, (l) 2016 Nepartak, (m) 2017 Hato, (n) 2017 Guchol, (o) 2018 Maria, (p) 2018 Mangkhut, (q) 2019 Bailu, (r) 2019 Mitag. The region of interest is denoted by the white box. 
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Figure 14. Averages of Himawari-8 SST data in the UZONT in the autumn of (a) the 2016 La Niña event, and in normal years (b) 2017 and (c) 2018. The region of interest is denoted by the white box. 
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Table 1. The longwave channel of Himawari-8 [47,48].






Table 1. The longwave channel of Himawari-8 [47,48].





	Band
	Center
	Resolution
	Primary Use





	B1
	0.47 μm
	1 km
	Aerosol over land, coastal water, composite imaging



	B2
	0.51 μm
	1 km
	Composite imaging



	B3
	0.64 μm
	0.5 km
	Vegetation, burn scars, aerosol over water, winds, composite imaging



	B4
	0.86 μm
	1 km
	Daytime cirrus clouds



	B5
	1.61 μm
	2 km
	Daytime cloud-top phase & particle size, snow



	B6
	2.25 μm
	2 km
	Daytime land/cloud properties, particle size, vegetation, snow



	B7
	3.89 μm
	2 km
	Surface and cloud, fog at night, fire, and winds



	B8
	6.24 μm
	2 km
	High-level atmospheric water vapor, winds, and rainfall



	B9
	6.94 μm
	2 km
	Mid-level atmospheric water vapor, winds, and rainfall



	B10
	7.35 μm
	2 km
	Lower-level atmospheric water vapor, winds, and SO2



	B11
	8.59 μm
	2 km
	Total water for stability, cloud phase, dust, SO2, and rainfall



	B12
	9.64 μm
	2 km
	Total ozone, turbulence, and winds



	B13
	10.41 μm
	2 km
	Surface and cloud



	B14
	11.24 μm
	2 km
	Imagery, sea surface temperature, clouds, and rainfall



	B15
	12.38 μm
	2 km
	Total water, ash, and sea surface temperature



	B16
	13.28 μm
	2 km
	Air temperature, cloud heights and amounts
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Table 2. The spectral characteristics of GOCI [27].
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	Band
	Center
	Width
	SNR
	Primary Use





	B1
	412 nm
	20 nm
	1077
	Yellow substance and turbidity



	B2
	443 nm
	20 nm
	1199
	Chlorophyll absorption maximum



	B3
	490 nm
	20 nm
	1316
	Chlorophyll and other pigments



	B4
	555 nm
	20 nm
	1223
	Turbidity, suspended sediment



	B5
	660 nm
	20 nm
	1192
	Baseline of fluorescence signal, chlorophyll, suspended sediment



	B6
	680 nm
	10 nm
	1093
	Atmospheric correction and fluorescence signal



	B7
	745 nm
	20 nm
	1107
	Atmospheric correction and baseline of fluorescence signal



	B8
	865 nm
	40 nm
	1009
	Aerosol optical thickness, vegetation, water vapor reference over the ocean










[image: Table] 





Table 3. List of the date and warning for every first cloudless GOCI image for all 18 typhoon events between 2011 to 2019.






Table 3. List of the date and warning for every first cloudless GOCI image for all 18 typhoon events between 2011 to 2019.





	Typhoon
	Warnings
	Image Date
	Corresponding Figure Number in Figure 13





	2011 Muifa
	4 to 6 August
	15:16 on 18 August 2011
	(a)



	2011 Nanmadol
	27 to 31 August
	15:16 on 15 September 2011
	(b)



	2012 Doksuri
	28 to 29 June
	12:16 on 7 July 2012
	(c)



	2012 Tembin
	21 to 28 August
	15:16 on 8 September 2012
	(d)



	2013 Soulik
	11 to 13 July
	15:16 on 16 July 2013
	(e)



	2013 Cimaron
	17 to 18 July
	13:16 on 25 July 2013
	(f)



	2013 Trami
	20 to 22 August
	8:16 on 25 August 2013
	(g)



	2013 Usagi
	19 to 22 September
	9:16 on 25 September 2013
	(h)



	2014 Matmo
	21 to 23 July
	13: 16 on 26 July 2014
	(i)



	2014 Fung-Wong
	19 to 22 September
	8:16 on 27 September 2014
	(j)



	2015 Dujuan
	27 to 29 September
	14:16 on 1 October 2015
	(k)



	2016 Nepartak
	6 to 9 July
	11:16 on 23 July 2016
	(l)



	2017 Hato
	20 to 22 August
	15:16 on 24 August 2017
	(m)



	2017 Guchol
	6 to 7 September
	15:16 on 11 September 2017
	(n)



	2018 Maria
	9 to 11 July
	9:16 on 13 July 2018
	(o)



	2018 Mangkhut
	14 to 15 September
	12:16 on 17 September 2018
	(p)



	2019 Bailu
	23 to 25 August
	12:16 on 27 August 2019
	(q)



	2019 Mitag
	29 September to 1 October
	11:16 on 4 October 2019
	(r)











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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