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Abstract

:

Yilan Bay is in the northeast corner of Taiwan at the junction of the East China Sea (ECS) and the Pacific Ocean. This study clarified the composition of water masses adjacent to Yilan Bay. The upper seawater in the bay is characterized by Kuroshio surface water, Taiwan warm current water, and shelf mixed water masses. The flow field in this area is mainly determined by the inter-actions among the northeastern Taiwan countercurrent, Kuroshio Current (KC), and tidal currents. The fall season is the main rainfall period in Yilan Bay, which causes a large amount of river runoff and a further increase in chlorophyll concentration, and the salinity of the upper water layer is observed much lower than other seasons. Water with a high chlorophyll concentration can flow into the ECS with ebb currents and the KC with ebb and flood currents. Combining hourly geosynchronous ocean color imager data and numerical simulation flow field helps us understand short-term changes of chlorophyll concentration. The trajectories of the drifters and virtual particle simulations help us understand the sources and movement of ocean currents in Yilan Bay. The seasonal swing of the KC path outside the bay is an important factor affecting the flow field and hydrological characteristics.
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1. Introduction


Yilan Bay, located in northeastern Taiwan, is affected by the interaction of the Kuroshio Current (KC), coastal current, tidal current and surface runoff (Figure 1). The Lanyang River discharges into the bay and is the only river in northeastern Taiwan, gathering runoff from the Yilan River, Luodong River, and Dongshan river. The diluted water and high concentration of chlorophyll brought by the river have considerable impacts on the marine biogeochemical cycle in the KC region and southern East China Sea (ECS). A volcanic island, Guishan Island, is in the bay; there are hydrothermal vents near the island [1,2], which discharge hydrothermal fluid containing sulfur particles [3], cause carbonate chemical changes in shallow water areas [4,5,6], and affect the habitat of crabs [7], shrimps [8], and fish [9]. In addition, the flow field in the bay also affect the pathways of eels [10,11].



Due to the rich marine biodiversity in this area, researchers in recent years have begun to pay attention to ocean physical phenomena and dynamic processes. Systematic ocean current measurements in the waters adjacent to Yilan Bay were carried out during the world ocean circulation experiment from 1994–1996 [12,13], which mainly measured the discharge of the KC in the southern part of the bay. Then, the tidal pattern in the waters adjacent to Yilan Bay was determined to be a mixed semidiurnal tide [14]. Through high-frequency radar measurements, a current that flows in the opposite direction to the KC was discovered in northeastern Taiwan [15]; it was recently confirmed by satellite observations [16] and is called the northeastern Taiwan countercurrent (NETCC). The NETCC has subsequently been measured by researchers using in situ observation instruments [17,18]. There are two main sources and dynamic mechanisms of the NETCC: counterclockwise flow in the cold dome off northeastern Taiwan and southward invasion of the coastal current in northern Taiwan. The flow field in Yilan Bay is also affected by the meandering and seasonal deviations of the KC [19,20].



Analyzing the tidal current and chlorophyll concentration variations can not only help in understanding the flow field at hourly temporal resolution but can also be of great value to investigate the dynamic characteristics of the flow field on the hydrological characteristics over a short time. In another important bay at the southern tip of Taiwan, researchers have discovered that counterclockwise eddies are generated by the influence of seabed topography and capes during tidal currents, and upwelling cold water is helpful to slow coral bleaching [21]. In addition, tidal currents transfer high concentrations of chlorophyll outside the estuary into the ocean current; thus, the chlorophyll concentration in coastal areas changes greatly over a few minutes to hours [22]. Rainfall will increase the flow of rivers, and runoff will be discharged into the water to form a river plume protruding toward the sea. In northwestern Taiwan, researchers have found that ocean currents transmit water with low salinity and high chlorophyll concentrations to the ECS [23]. Figure 2 shows an example of SPOT-6 images and geosynchronous ocean color imager (GOCI) chlorophyll concentrations in Yilan Bay. The images clearly show that the river plume produced by river runoff carries high concentrations of chlorophyll and other substances along with the flow field. Figure 2c,f shows that high river flow (169.76 cms) causes the chlorophyll concentration to extend to the boundary between Yilan Bay and the KC, forming an important chlorophyll front, which continues to extend to the ECS. Currently, researchers still do not understand the impacts of tidal movement, river runoff, coastal mixing, and the KC path in Yilan Bay. Therefore, we combined a variety of observational data to explore the influence of the KC and tidal currents on the hydrological characteristics of Yilan Bay in this study. The data include SPOT satellite images, sea surface temperature (SST) from AQUA and TERRA satellite, GOCI chlorophyll concentrations, Lagrangian drifter, historical hydrological observation data, river streamflow, and meteorological stations. Four scientific objectives are clarified and discussed: (1) temporal and spatial distributions of chlorophyll concentration; (2) effects of rainfall and river runoff on chlorophyll concentration; (3) tidal current and virtual particle drift paths adjacent to the bay; and (4) characteristics of water masses in the bay. The results of this study in physical oceanography are helpful to clarify the source of the water mass in the southern ECS and the interaction between the KC and the nearshore region and to understand the background flow field of marine chemical transfer and marine species distribution in the bay and Guishan Island in terms of biogeochemical cycles.




2. Data


2.1. Sea Surface Temperature and Chlorophyll Concentration


Day and night spatially gridded (4 km) skin SST products from the Moderate-resolution Imaging Spectroradiometer (MODIS) onboard the Aqua and Terra satellite were used in this study. The level-3 thermal infrared monthly data were obtained from the physical oceanography distributed active archive center, National Aeronautics and Space Administration (NASA). The level-2 GOCI chlorophyll concentrations in sea water based on the O’Reilly band ratio OC3 algorithm [24] with 500 m spatial resolution and hourly temporal resolution were obtained from the NASA ocean color web. The observation time in Yilan Bay was 0:00–7:00 (UTC), and the local time was 8:00–15:00 (UTC + 8). Herein, the SST and chlorophyll concentration data from April 2011 to December 2020 were selected.




2.2. In Situ Observations


2.2.1. River Runoff


The hourly streamflow data of Lanyang River was measured by the equipment setup at Lanyang bridge (121.772°E, 24.716°N) by the Water Resources Agency (WRA), Ministry of Economic Affairs, Taiwan. Streamflow refers to the volume of water flow passing through a section of a river per unit of time. The water level data are converted into streamflow data by establishing a relationship between the water level and stream flow rate.




2.2.2. Tidal Station


The 6-min tidal gauge data from the Wushi tidal station (121.8375°E, 24.8672°N) were observed by Aquatrak’s liquid-level sensor established by the Marine Disaster Prevention Information System of Taiwan, Central Weather Bureau (CWB). Tides are measured in centimeters from the instrument reference level of a tidal station.




2.2.3. Meteorological Station


The hourly rainfall data observed from three meteorological stations (Yilan, Sansing, and Wujie) were obtained from the observation data inquire System operated by the CWB. Precipitation, which is usually expressed in millimeters, refers to the accumulated water level height of liquid or solid precipitation falling from clouds to the horizontal ground at an observation instrument within a fixed time.




2.2.4. Historical Hydrological Observations


The temperature and salinity data in the seas surrounding Taiwan (117°E–125°E, 18°N–27°N) with a 1/4° grid from the year of 1985–2020 were observed by a conductivity-temperature-depth profiler and obtained from the Ocean Data Bank (ODB) of the Ministry of Science and Technology, Taiwan. The temperature sensor measured the seawater temperature, and the conductivity sensor measured the conductivity and converted it into a further calculated salinity value. Data quality control referred to the global temperature-salinity profile program (GTSPP) of the National Oceanographic Data Center (NODC).




2.2.5. Surface Drifter


Thirteen Global Drifter Program (GDP) surface drifters, including ID numbers 39136, 41436, 71337, 82003, 82005, 82031, 91679, 91681, 107613, 114866, 115006, 63942870, 63943550 were used in this study. The hourly interpolated dataset was provided by the Atlantic Oceanographic and Meteorological Laboratory Physical Oceanography Division of the National Oceanic and Atmospheric Administration (NOAA). The interpolation methods for drifter trajectories tracked by the Argos system and global positioning system were described in [25].





2.3. Ocean Currents


Two ocean current databases were used in this study, including historical shipboard acoustic Doppler current profiler (ADCP) and CWB surface current model simulation. The ocean surveyor vessel-mounted ADCP manufactured by Teledyne RD Instruments was carried aboard the research voyager. The measured ocean current data referred to NODC’s GTSPP quality control label and underwent a series of tests to remove unreasonable data. The spatial resolution of the grid data was 1/4°, and the observation time of the data was from 1991–2020. The CWB operational forecast current model was constructed using a 3D unstructured-grid model [26], and the output included ocean current velocity, sea surface elevation, temperature, and salinity with a 1/40° grid and an hourly temporal resolution. The simulation time of the data was from 2019–2020.





3. SST and Chlorophyll Concentration Variations Adjacent to Yilan Bay


The interaction between the periodically oscillating KC [19] and the coastal current of northeastern Taiwan [16] significantly affects the seasonal variation in SST in Yilan Bay. The isotherms in Yilan Bay extend northward from the cape in the southern part of the bay and parallel to the coast (Figure 3). A large SST gradient can be seen in winter (December to February), and the SST variation within 10 km is approximately 1–1.5 °C. The average SST difference between the warm KC and the nearshore water in winter can reach 3 °C, but only 0.5–1 °C in summer. The main axis location of the KC has a seasonal variation of nearly 10 km in this area [19]. In winter, the KC axis is closer to the coast of Taiwan than in summer. However, the axis is still 50 km away from the shore, so its impact on the bay is difficult to judge. The west boundary of KC near Yilan Bay would also change with the main axis of KC in each month. Considering the difference between nearshore water (high chlorophyll concentration) and the KC (low chlorophyll concentration), we present the influence of seasonal variation in the nearshore KC with an equal chlorophyll concentration line of 0.4 mg/m3.



The gray shading in Figure 4 is the climatological chlorophyll concentration average over ten years. There are two main sources of high chlorophyll concentration in the bay: coastal currents from northeastern Taiwan [16] and runoff from the Lanyang River. The difference in chlorophyll concentrations inside and outside the bay can be up to a factor of two. The solid-colored lines represent the position of the 0.4 mg/m3 chlorophyll concentration contour in each month. The isoline in February is closest to the bay, which indicates that the KC is close to the coast, compressing the high concentration of chlorophyll into the bay; The isoline in July is farthest away from Taiwan; therefore, the water with high chlorophyll concentration extends eastward into the Pacific. The KC and coastal water have a seasonal shift of approximately 10 km south of the bay and nearly 20 km east of Guishan Island.




4. The Cause of Variations in Chlorophyll Concentration in Yilan Bay


4.1. Rainfall and Streamflow


The Lanyang River is the only source of river runoff into Yilan Bay (Figure 5a), and we measured the streamflow into Yilan Bay according to the instruments on Lanyang bridge (blue box in Figure 5). Rainfall is an important factor affecting river streamflow. There are three main rainfall periods in northeastern Taiwan: plume rain (May), typhoon (summer), and orographic rain (winter). The relationship between the rainfall on Lanyang Plain (brown dot in Figure 5) and the streamflow of the Lanyang River is shown in Figure 5b. We calculated two different type of rainfall: the dark blue bar is the average rainfall at Yilan and Sansing stations, and the light blue bar is the average of all stations; this is made because we found that the rainfall observed at Wujie station was much greater than the amounts measured at the other two stations from November–January, and the average rainfall difference in December even exceeded 200 mm; however, the factors causing this difference are not clear. An increase in rainfall indeed increases the streamflow into Yilan Bay, and the correlation coefficient is 0.87. Figure 5c shows the relationship between streamflow and chlorophyll concentration in Yilan Bay (dotted line range in Figure 5a), and the correlation coefficient is 0.82. The chlorophyll concentration in the bay is higher in the flood season (October, >1 mg/m3), and lower in the dry season (February, 0.53 mg/m3); the sudden onset of high chlorophyll concentrations in March and April may be due to the high concentration of nutrients produced by Asian dust storms [27,28] after settling in the adjacent sea area and flowing along the coast into the bay. The conclusions are that the changes in chlorophyll concentration in Yilan Bay mainly come from the flow of the Lanyang River and that the streamflow depends on the amount of rainfall. This result also presented one reason of the chlorophyll concentration in the waters of northeastern Taiwan in the autumn and winter increase suddenly and sharply.




4.2. Flow Field


In order to understand the flow field in Yilan Bay, this section analyzes the path of the surface drifter and presents numerical simulations of the tidal currents in the bay, which could help in understanding the transfer of high chlorophyll concentration into the bay and the interaction of the flow field in the bay and the nearshore boundary of the KC.



4.2.1. Surface Drifter Trajectories


We collected a total of 154 GDP surface drifters that traveled adjacent to Yilan Bay and the KC region (Figure 6). The trajectories are divided into four categories: (1) drifting from northward outside the bay (Figure 6a); (2) drifting southward from the ECS to outside of the bay and turning to the KC (Figure 6b); (3) drifting southward from the ECS into the bay (Figure 6c), and (4) drifting northward into the bay and turning to the KC (Figure 6d). We are mainly interested in the Type-3 and Type-4 drifter trajectories entering the bay. Type-3 occurs in April, July, August, October, and November, while Type-4 occurs from February to March. Figure 7 shows the trajectories of these two types and their corresponding velocities.



Next, let us look at the movement trajectories of these drifters in detail. Drifter 39136 (Figure 7a) entered ECS at 0.56 m/s northward along 122.6°E in the KC in eastern Taiwan; it suddenly turned south at 25.8°N, 122.3°E, drifted at 0.64 m/s to the cape northern part of Yilan Bay, and hit the coast after revolving at 0.34 m/s for eight days. Please note that this drifter did not carry a drogue during this period, so its drift speed was close to the surface speed. The reason why the drifter could not move farther south may have been due to the obstruction of the northward KC, which was located nearshore in November. Drifter 71337 (Figure 7b) entered Yilan Bay southward from western Taiwan and along the northern coast in July. It continued southward along the coast to 23.95°N at a speed of 0.31 m/s, and then entered the KC and moved northeastward at a speed of 0.91 m/s. In the process of floating, the drifter stayed near the capes in the northern and southern parts of the bay for 1 and 2 days, respectively, and drifted back and forth from north to south along the coast (~24°N) for one week. The drifter was equipped with a drogue; therefore, the flow speed represents conditions at approximately 15 m depth. This case reveals that the coastal current situation in eastern Taiwan is complex and that there is indeed a frontal junction between the southward coastal current and the northward KC adjacent to Yilan Bay. Drifter 82003 is an interesting example; it was deployed with a drogue at 25.19°N, 122.19°E in August, drifted southward to 24.6°N at 0.7 m/s, then turned westward into Yilan Bay. Clearly, the drifter was deployed in the NETCC instead of the KC. The trajectory of the drifter is divided into two sections. Figure 7c,d shows the trajectories of entering and leaving the bay, respectively. The drifter entered the bay and left after approximately one day and was obviously affected by the tidal current with significant variations in the velocity range of 0.2 to 1.2 m/s. Drifter 82005 (Figure 7e) was deployed several hours later than Drifter 82003 at 25.77°N, 122.25°E, farther to the northeast; this drifter also turned southward and then westward at 0.61 m/s along the NETCC into the bay due to the similar deployment time. The drifter did not travel to the coast of the bay but was taken away by the KC to the west after drifting around Guishan Island. Note that the drifter passed 25°N, 121°E twice, but the trajectory results differed. The time difference between the two passes was 3 days, which also implies that the flow field at the boundary between the bay and the KC is not in a stable state. Drifter 82031 (Figure 7f) was released at the same time as drifter 82005, but the deployment position was farther westward (25.78°N, 122.08°E); the trajectory showed that it was affected by the tidal current along the northern coast of Taiwan and continued to drift in the east-west direction for six days before moving south to the bay, the velocity in the bay was 0.24 m/s, and the drifter finally lost contact at 24.3°N, 121.8°E. After drifter 91681 (Figure 7g) was released in the ECS, it drifted southward along the NETCC at 0.58 m/s. Notably, it is still drifting southward 30 km offshore (24.4°N, 122.1°E), which is quite rare because the KC usually flows rapidly northward here. However, if the cold dome at northeastern Taiwan is large and extends to the south, it may cause this phenomenon. Drifter 63942870 (Figure 7h) moved southward (0.31 m/s) along the northern coast of Taiwan and the NETCC in April, entered Yilan Bay, then turned northeastward at the southern end of the bay and was carried away by the KC (0.78 m/s). The last example is drifter 63943550 (Figure 7i), which is the only case among 142 drifters that entered Yilan Bay from south to north. In March, it drifted along the eastern coast of Taiwan and turned westward at the southern end of Guishan Island into the bay, and it swayed and circled (<0.1 m/s) at the mouth of the Lanyang River. After 10 days, it drifted out of the bay and followed the KC (>1 m/s).



We summarize the pathways of surface drifters in the sea area adjacent to Yilan Bay. There are two routes into the bay: southward along the northeastern coast of Taiwan following the NETCC or northward along the eastern coast of Taiwan. The average speed in the bay is approximately half that in the KC, but tidal current in the bay has a significant impact where the speed changes greatly. An obvious interface appears between the bay and the KC, which is close to the chlorophyll concentration contour in Figure 4. There is a large difference in current speed between the eastern and western sides, and the flow directions are opposite.




4.2.2. Simulation of Tidal Currents


Tidal currents are an important physical factor in Yilan Bay. Therefore, we used numerical simulation to discuss the possible transport of high chlorophyll concentration in the bay and used the Wushi tidal station (black dot in Figure 8) along the coast of the bay to judge the times of flood and ebb tides. The tidal current in northern Taiwan flows westward in the flood period and eastward in the ebb period [22], but the water level variation in Yilan Bay in northeastern Taiwan is significantly different from that along the northern coast of Taiwan. The variation in the water level in Yilan Bay occurs four to five hours earlier than that in northern Taiwan. The sea area is dominated by a mixed semidiurnal tidal pattern, which means that the tidal characteristics of Yilan Bay and northern Taiwan are not synchronized. Figure 8 shows the flow field results in Yilan Bay during the ebb and flood tidal periods from the CWB model simulation. In annual average terms, the tidal current characteristics in the ebb period are divided by Guishan Island and flow out of the bay to the south and the north; in the flood period, the flow direction across the whole bay is southward.



To understand the influence of KC variation on coastal currents, the monthly flow field is shown in Figure 9 (ebb period) and Figure 10 (flood period). Regardless of the tidal period, the KC begins to migrate eastward in May and then migrates back westward in October. Due to the gradual eastward migration of the KC, the effect of strong northward currents on the flow field in Yilan Bay gradually decreases, and the space is mainly dominated by tidal currents. In the ebb period, the westward nearshore current in summer appears at 24.95°N, 122.1°E, which is more easterly than that in winter (near Guishan Island). The ebb currents in the bay are bounded by the island; these currents flow northward into the ECS north of the island and southward into the KC south of the island. The flow field in the flood period is also affected by the KC seasonal migration. In winter, the nearshore position of the KC may block the tidal currents from flowing southward in the northern part of the bay. From May to October, obvious southward tidal currents pass through the whole bay and finally turn toward the KC at the southern cape of the bay, forming a northeast-southwest U-shaped flow field and thus showing a significant oceanic front; this situation explains why the drifter (Figure 7b) in July had an obvious reversal in flow field drift over such a short distance. In addition, this flow field may also lead to the formation of a chlorophyll concentration front (Figure 4), which is consistent with the position of the flow front; therefore, an obvious interface appears between the coastal water and the KC.



Based on the results of the hourly flow field simulation, we selected two months (February and July) with the largest difference in flow field characteristics adjacent to Yilan Bay to analyze the possible movement path of high chlorophyll concentration by using virtual particle trajectories. The selected particles were in the bay (24.8°N, 121.9°E), in the southern part of the bay (24.6°N, 121.95°E; 24.6°N, 122°E; and 24.6°N, 122.05°E), and in the northern part of the bay (25°N, 122.05°E; 25°N, 122.1°E; and 25°N, 122.15°E). These virtual particles could be regarded as near-surface flows, which are affected by wind fields, tides, and ocean currents. Figure 11 shows the probability density distribution of particle trajectories in July and February, and the blue and green lines in Figure 11a are examples of trajectories. For the drift track of particles in the bay (Figure 11a,h), in July, in addition to being affected by the tides in the bay, the particles can drift northward to the ECS or follow the KC after southward leaving the bay; in February, the particles are mainly affected by tidal currents in the bay, and most of the particles reach the coast of the bay. The drift trajectories of particles in the southern part of the bay are obviously different in these two months. In July (Figure 11b–d), both the ebb and flood currents in the bay are southward; as a result, the particles can hardly enter the bay and are directly taken away by the KC. In February (Figure 11i–k), the position of the KC near the shore can cause the particles to follow the northward currents, turn into the bay under the influence of the tidal currents near the bay, and then follow the tidal currents around the bay and return to the KC path. That factors are jointly affected by tidal currents and the KC can also be seen from the particle trajectories in the northern part of the bay. The major difference is that the diffusion range of particles in July (Figure 11e–g) is larger than that in February (Figure 11l–n). The reason for the different diffusion ranges can be seen in Figure 9 and Figure 10. The key is that the nearshore and offshore parts of the KC expand or compress the influence range of tidal currents and lead to significant seasonal differences in the diffusion range of high chlorophyll concentrations with the flow field.





4.3. A Case Study of the Variation in the Chlorophyll Concentration with the Flow Field


In the previous two sections, we analyze the tidal current and the KC influence in Yilan Bay. In this section, we provide an example of the variation in chlorophyll concentration with the flow field on 4 October 2019. Yilan Bay has the highest streamflow in October (Figure 5b) and has a high chlorophyll concentration. Figure 12a,b shows snapshots of chlorophyll concentration and SST, which are near-real-time data from the Second-generation GLobal Imager (SGLI) onboard the Global Change Observation Mission (GCOM-C) with 250-m grid resolution. At this time, the streamflow of the Lanyang River was 137.56 cms. The seawater along the northeastern coast of Taiwan had low SST and high chlorophyll concentration, the KC water had high SST and low chlorophyll concentration, while Yilan Bay water was mixed by tidal currents and the nearshore KC and was characterized by high chlorophyll concentration. The river plume caused by the Lanyang River diffused eastward with the tidal currents. The SST of the river plume was 1–2 °C lower than that of the KC. Although the diffusion of chlorophyll to the KC area increased the concentration, it did not significantly reduce the SST at this location. Figure 12c–j show how high chlorophyll concentration diffused with the tidal currents and KC at 08:00–15:00 (UTC + 8) on 4 October 2019. The flood period was from 08:00–12:00, when the southward tidal currents pushed the chlorophyll concentration to the southern tip of the bay and the boundary of the KC; thus, the chlorophyll concentration was carried northeastward and intruded into the surface KC. From 12:00 to 15:00, the tide pattern changed to the ebb period, and the ebb current in southern Yilan Bay was still southward. Therefore, chlorophyll continued to flow southward and was taken away by KC. Figure 12c–j clearly show that the high chlorophyll concentration in the southern part of the bay continued to extend northeastward out of the bay with an increased diffusion range. The ebb current flowed northward into the ECS in the northern part of the bay, and the high concentration of chlorophyll was also transported northward. Unfortunately, from 14:00 to 15:00, the northern part of the bay was affected by clouds, resulting in a lack of data, but we can expect that the whole bay should have been covered with high chlorophyll concentration. From this case, we know that the hydrological characteristics of Yilan Bay are significantly affected by tidal currents and the KC, and the variation over time is quite rapid.





5. Hydrological Characteristics of Yilan Bay


In this study, we analyzed the significant seasonal variations in chlorophyll concentration in Yilan Bay, found the impact of rainfall and Lanyang River runoff on the increase in chlorophyll concentration, and used drifter data and virtual particle simulations to analyze the possible transport trajectories of sea surface materials inside and outside the bay. The most important point is to understand that the interaction between tidal currents and the seasonal offset of the KC are two of the major factors affecting biogeochemical cycles in Yilan Bay. After clarifying the physical movements process of seawater in the bay, this section assesses whether the historical hydrological data are in line with our new findings.



The ODB database provides data on 12 areas in the waters adjacent to Yilan Bay, as shown in Figure 13a. Figure 13b shows the T-S diagram of these 12 areas, which can be used to help us analyze the characteristics of seawater temperature and salinity to track the sources of water and qualitatively estimate the directions of ocean currents. There is a dark brown solid line segment in Figure 13b, which is the reference line segment along the KC axis in eastern Taiwan, representing the typical T-S curve of KC water, which is a left-right symmetrical S-shape. The upper curve represents Kuroshio surface water (KSW), and the salinity maximum at the right convex point in the upper direction represents North Pacific tropical waters (NPTW); a salinity minimum at the left convex point in the lower direction represents North Pacific intermediate waters (NPIW), and water with a salinity of approximately 34.4 psu and the lowest SST on the curve is called North Pacific deep water (NPDW). Area C4 is located on the KC axis, so it has the same water mass characteristics as the KC. A1 is on the continental shelf of northern Taiwan, and its water mass characteristics are composed of Taiwan warm current water (TWCW) in the upper layer and shelf mixed water (SMW) in the lower layer. The Taiwan warm current in the Taiwan Strait and the continental shelf of the ECS can be reasonably said to combine into a mixed water mass due to the swash and backwash tidal currents. The characteristics of the water masses at B1 and C1 are similar and which are mainly composed of TWCW, SMW, and NPTW. However, C1 is located in the KC path, so the upper layer water also displays the characteristics of KSW. The B1 area is likely to be affected by KC invasion only in winter, so the annual characteristics of water masses may not distinguish KSW. The characteristics of the water masses at A4 and B4 are similar in the middle and lower water layers but different in the near-surface layer. Figure 7 and Figure 11 show that coastal water can move down from the ECS shelf to A4; therefore, the upper layer of water masses at A4 has TWCW characteristics, while B4 consists mainly of KSW. Half of the areas of C2 and C3 are located in the KC path, and half are within the influence of tidal currents; therefore, the water mass has the characteristics of TWCW, KSW, NPTW and NPIW.



Next, we discuss the water masses and seasonal variations in Yilan Bay (A3, B2, and B3). A3 (Figure 13c) is located in the estuary of the Lanyang River, where the water depth is shallow (<100 m), and the water mass is characterized by TWCW and SMW. The salinity-depth profile clearly shows the influence of rainfall and river runoff in Yilan Bay. In fall (September–November), the salinity of the whole water layer is much lower than that in other seasons, and the salinity of the upper 20 m is lower than 34 psu. In summer, this feature appears because typhoons can strike this area, bringing heavy precipitation and diluting the salinity. The upper layer (<120 m) in B2 also has obvious seasonal differences. In spring, summer, and fall, it is affected by a significant tidal current cycle and has the characteristics of TWCW. However, rainfall and river runoff may dilute the salinity in summer and fall. In winter, the water type tends to SMW due to the nearshore position of the KC. The tidal currents characteristic of B3 flow southward, and this area can be affected by the KC. Therefore, the characteristics of water masses mostly include the five water masses mentioned in Figure 13b. The seasonal characteristics are obviously divided into two categories: they are greatly affected by tidal currents in summer and fall and by the nearshore KC in winter and spring. Therefore, the upper water (~100 m) has two seasonal components: TWCW and KSW.



Based on the analysis of chlorophyll concentration and tidal current characteristics in Yilan Bay, the seasonal hydrological variations adjacent to Yilan Bay are successfully explained. In the future, we can further study the topic of nearshore water flow and estuarine circulation. The surface runoff of the Lanyang River causes the formation of a river plume in the estuary, where the collection of driftwood and marine garbage caused by brackish water and coastal currents is worth studying. In addition, because the tidal currents in Yilan Bay are slow and the water depths are shallow, this area is suitable for future investigation of the vertical mixing process between the near-, mid-, and far-field plume and the KC water.




6. Conclusions


In this study, we used a variety of satellite and drifter data and numerical simulations to analyze the effects of tidal currents and the KC on chlorophyll concentrations and hydrological characteristics adjacent to Yilan Bay. We found that the chlorophyll concentration in Yilan Bay is mainly affected by rainfall and the runoff from Lanyang River. The fall season is the main rainfall period in Yilan Bay, which also causes a large increase in chlorophyll concentration. The movement of tidal currents in the bay transports these high concentrations of chlorophyll to the ECS and KC, which helps to increase marine primary productivity. Using GOCI data and tidal current simulation, we successfully present the hourly process of increase in chlorophyll concentration and inflow into the KC caused by a large amount of river runoff. The tidal currents in Yilan Bay flow out of the bay toward the north and the south with Guishan Island as the boundary in the ebb period and flows mainly to the south throughout the bay during the flood period. The spatial distribution of chlorophyll concentration in Yilan Bay is mainly affected by the seasonal shift in the position of the KC. If the KC is offshore, the ocean flow in the bay is dominated by tidal currents. If the KC is nearshore, the impact of tidal currents decreases, and there is a rapid northward current on the eastern boundary of the bay. The trajectories of the drifters help us understand the sources of ocean currents in Yilan Bay, and virtual particle simulations allow us to determine the diffusion direction of material with tidal currents. Most importantly, this study uses historical hydrological data for many years to clarify for the first time the characteristics of water masses in the waters adjacent to Yilan Bay, which not only improves our understanding of physical oceanography but also provides biochemists with sufficient knowledge of ocean physics for future studies in this sea area.
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Appendix A


The statistics of chlorophyll concentration and streamflow in Figure 5c.
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Table A1. The statistics of chlorophyll concentration (mg/m3) (Figure 5c). STD represents the standard deviation.
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	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec





	Mean
	0.82
	0.65
	0.67
	0.80
	0.65
	0.67
	0.81
	0.84
	0.90
	1.18
	1.19
	0.97



	STD
	0.21
	0.07
	0.16
	0.23
	0.08
	0.11
	0.15
	0.15
	0.15
	0.49
	0.29
	0.29










[image: Table] 





Table A2. The statistics of streamflow (cms) (Figure 5c). STD represents the standard deviation.
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	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec





	Mean
	40.6
	28.6
	24.7
	21.4
	39.2
	55.4
	45.7
	74.9
	77.1
	154.3
	85.5
	76.9



	STD
	17.5
	11.0
	7.9
	6.7
	15.5
	37.4
	20.9
	74.3
	43.6
	145.5
	39.0
	51.8
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Figure 1. The seabed topography, rivers, and major ocean currents in the study area and adjacent to Yilan Bay. The two arrows show the main ocean currents: the northeastern Taiwan countercurrent (NETCC) and the Kuroshio Current (KC). The four blue lines in the right panel show the main river adjacent to Yilan Bay. 
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Figure 2. SPOT-6 level-3 precision corrected images and corresponding GOCI chlorophyll concentrations (mg/m3). (a,d) 8 February 2016 02:00 (UTC), (b,e) 14 August 2019 01:00 (UTC), (c,f) 22 November 2020 02:00 (UTC). SPOT images were provided by the Centre National d’Etudes Spatiales and Center for Space and Remote Sensing Research, National Central University. 
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Figure 3. Climatological monthly SST averaged over the period of April 2011–December 2020. 
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Figure 4. Climatological chlorophyll concentration averaged over the period of April 2011–December 2020. The colored solid line represents the position of 0.4 mg/m3 chlorophyll concentration contour in each month. 
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Figure 5. (a) Climatological chlorophyll averaged over the period of April 2011–December 2020. The brown dots are the rainfall stations, the blue square is the streamflow station, and the dotted line indicates the range used to calculate the chlorophyll concentration. (b) Seasonal variations in rainfall and streamflow from 2011–2020. The dark blue bars are rainfall at stations Yilan and Sansing, and the light blue bars show rainfall at all stations; (c) Seasonal variation in streamflow and chlorophyll concentration from 2011–2020. Detailed results for the streamflow and chlorophyll concentration can be found in Table A1 and Table A2 of Appendix A. 
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Figure 6. Four types of drifter trajectory cases. (a) Type-1: northward outside the bay (n = 141); (b) Type-2: southward outside the bay (n = 5); (c) Type-3: southward into the bay (n = 7), and (d) Type-4: northward into the bay (n = 1). 
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Figure 7. Drifters that entered the Yilan Bay: (a) ID: 39136; (b) ID: 71337; (c) ID: 82003-1; (d) ID: 82003-2; (e) ID: 82005; (f) ID: 82031; (g) ID: 91681; (h) ID: 63942870, and (i) ID: 63943550. 






Figure 7. Drifters that entered the Yilan Bay: (a) ID: 39136; (b) ID: 71337; (c) ID: 82003-1; (d) ID: 82003-2; (e) ID: 82005; (f) ID: 82031; (g) ID: 91681; (h) ID: 63942870, and (i) ID: 63943550.



[image: Remotesensing 13 04340 g007]







[image: Remotesensing 13 04340 g008 550] 





Figure 8. Flow field adjacent to Yilan Bay from 2019–2020: (a) ebb period and (b) flood period. The black dot is Wushi tidal station. The black line is the river. 
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Figure 9. Flow field adjacent to Yilan Bay from 2019 to 2020 in the ebb tide period. The yellow line is 0.4 mg/m3 chlorophyll concentration contour in each month from Figure 4. 
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Figure 10. Flow field adjacent to Yilan Bay from 2019 to 2020 in the flood tide period. The yellow line is 0.4 mg/m3 chlorophyll concentration contour in each month from Figure 4. 
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Figure 11. Probability density distributions (%) of the virtual particle drift trajectories in July (a–g) and February (h–n). The green and black lines in panel (a) are examples of drift trajectories. 






Figure 11. Probability density distributions (%) of the virtual particle drift trajectories in July (a–g) and February (h–n). The green and black lines in panel (a) are examples of drift trajectories.



[image: Remotesensing 13 04340 g011]







[image: Remotesensing 13 04340 g012 550] 





Figure 12. GCOM-C SGLI snapshots of (a) chlorophyll concentration (mg/m3) and (b) SST (°C) at 10:23 (UTC + 8) on 4 October 2019. (c–j) GOCI chlorophyll concentration from 08:00–15:00 (UTC + 8) on 4 October 2019 with flow field simulation from the CWB model. 
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Figure 13. Historical hydrological database grid points of the (a) 12 areas adjacent to Yilan Bay and (b) climatological annual T-S diagram. Climatological seasonal T-S diagrams and temperature-depth and salinity-depth profile of areas (c) A3, (d) B2, and (e) B3. The definitions of the water masses are based on previous studies [29,30,31,32,33]. 
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