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Abstract

:

Sea surface currents observed by high-frequency (HF) radars have been widely used in ocean circulation research. In this study, hourly sea surface currents observed by the Taiwan Coastal Ocean Dynamics Applications Radar (CODAR) system from 2015 to 2019 were analyzed by the empirical orthogonal function (EOF) analysis to reveal the characteristics of the sea surface currents around Taiwan Island. The study area is divided into two regions, the Kuroshio region east of Taiwan Island and the Taiwan Strait west of Taiwan Island. In the Kuroshio region, the first EOF mode shows that the Kuroshio is characterized by higher current speeds with greater variability in summer. The second and third EOF modes present a dipole eddy pair and single eddy impingement on the Kuroshio during different periods. The seasonal variation of the dipole eddy pair indicates that the cyclonic/anticyclonic eddy on the north/south side appears more frequently in summer. Single eddy impingement occurs at multiple periods, including daily, intraseasonal, interseasonal, and annual periods. For the Taiwan Strait, the first EOF mode displays the tide signals. The tides enter the Taiwan Strait from the north and south, forming strong sea surface currents around the northern tip of Taiwan Island and the Penghu Archipelago. The second EOF mode exhibits the seasonal changes of the sea surface currents driven by the monsoon winds. The sea surface currents in the northern Taiwan Strait are relatively strong, possibly due to the narrow and shallow terrain there. The high spatiotemporal resolution of sea surface currents derived from CODAR observations provide more detailed characteristics of sea surface circulation around Taiwan Island.
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1. Introduction


Taiwan Island is located in the southwest region of the North Pacific Ocean. The sea surface currents that surround the island manifest complex spatiotemporal variability. Understanding their variations is important for navigational safety, search and rescue, and all marine resources development industries. The western boundary current, wind-driven current, tidal current, and mesoscale eddies are co-existing in the waters adjacent to Taiwan Island. In the east of Taiwan Island, the Kuroshio, as a western boundary current in the North Pacific, is featured by a width of about 200 km, seasonal flow patterns with the surface velocity in excess of 1.0 m/s, and interactions with westward-propagating mesoscale eddies originating from the Subtropical Counter Current [1,2,3,4,5]. In the Taiwan Strait, west of Taiwan Island, the current fields are mainly affected by the tidal currents coming from north and south of Taiwan Island, causing the largest tidal range in the middle strait [6]. The mean flow patterns in the middle and southern strait are generally northward for most of the year, while a southward flow pattern is dominant when the northeasterly monsoon winds intensify throughout the Taiwan Strait in winter [7].



In order to efficiently obtain the data and information about the ocean surface currents, Coastal Ocean Dynamics Application Radar (CODAR), as a kind of high-frequency radar, has the ability to operate every day, provide hourly data, and has been widely used in coastal circulation research [8], search and rescue, natural disaster prevention and early warning [9], offshore environmental governance, tracking marine oil pollution, improving the accuracy of ocean models and tide forecasts, and ensuring the safety of marine recreational activities and vessel navigation [10,11]. The Taiwan Ocean Science and Technology Research Center (TORI) of the National Laboratory built a CODAR system, Taiwan Ocean Radar Observing System (TOROS), and began to observe the offshore sea surface currents in east Taiwan Island in 2009. So far, 19 SeaSonde models have been established, as shown in Figure 1, covering 18 stations on Taiwan Island and one station on the Penghu Archipelago, and have accumulated a large amount of data.



This study aims to understand the daily and yearly characteristics of sea surface currents around Taiwan Island using the CODAR data from TOROS by the Empirical Orthogonal Function (EOF) analysis. This paper is organized as follows. The next section describes the methods used in this study. Section 3 gives data processing results and analysis. Section 4 summarizes the major results.




2. Materials and Methods


2.1. Theoretical Background


Radio echo from the sea surface contains the signals of the sea surface flow [12]. Following the theory, further high-frequency (HF) radar theory was developed [13], and two-dimensional ocean flow diagrams from HF radar data were extracted [14]. The advantages of the CODAR HF radar system used in this study include large-scale spatial coverage, near-real-time data, high spatial resolution, and all-weather and all-day operation capacities. The frequency range of HF radar is between 3 and 30 MHz, i.e., the wavelength range is between 100 and 10 m. Among them, 3–10 MHz are used by long-range radars, and 10–30 MHz by standard radars. When the radar waves reach the ocean surface, they will scatter in all directions due to the roughness of the ocean surface. When the wavelength of the sea surface wave is an integer multiple of half the wavelength of the radar waves, the Bragg resonance condition is satisfied. The backscattered radar waves from the sea surface are enhanced. The condition for Bragg scattering is:


    λ w  =  n 2   λ r    ,   n = 1 ,   2 ,   3 ,   ⋯   



(1)




where λw is the wavelength of the ocean waves, and λr is the wavelength of the radar waves. Meanwhile, the radar backscattering waves also contain a Doppler frequency shift,    f D   , induced by sea-surface wave movement:


   f D  =   2 V    λ r     



(2)




where V is the phase velocity of the deep-water waves in the radial direction. If the time difference ∆t between the transmission time and reception time of the radar waves is measured, the distance between the sea surface and the radar is calculated by:


  R =   c ∆ t  2   



(3)




where c is the speed of light. After a single HF radar station observes the radial velocity relative to the station, at least two observation systems are needed to cover the same area at the same time to obtain the sea surface current field. The wave speed observed by the radar is also affected by the surface current. Taking n = 1 in (1) as an example and substituting (1) into (2) yields:


  V =  f D   λ w   



(4)







On the other hand, the theoretical phase velocity of deep-water waves in the radial direction can be expressed as:


  V = ±     g  λ w      2 π     + U  



(5)




where U is the radial velocity of the sea surface current, g is the gravitational acceleration, and       g  λ w      2 π       is the phase velocity of the waves. If the phase velocity is positive, it means that the theoretical phase velocity of the deep-water wave in the radial direction is close to the radar station; while the phase velocity is negative, it indicates the direction away from the radar station.




2.2. Data Preprocessing


The spatial coverage of the study area is from 21°N to 27°N in latitude and from 118°E to 124°E in longitude as shown in Figure 1. The blue circles show the positions of the CODAR stations. The data covers an area of approximately 195,000 square km. The time span used in this study is from January 2015 to December 2019.



The CODAR data provided by TORI have been preprocessed before delivery to ensure data quality. The data quality control methods described on the website of TORI including (1) the radial velocity data are filtered out if they exceed three times the standard deviation of the data set in the previous month, (2) the percentage of valid data and the output rate exceed 50% within the effective observation radius, and (3) the first-order peak parameters are set according to the statistical results and SeaSonde “Spectral Analysis” is used to reprocess the Doppler spectrum information. The CODAR data after quality control were compared with the current data measured by the drifting buoys. The correlation coefficient increased from 0.754 to 0.962, and the average difference and the root mean square error reduced from 0.007 to 0.000 m/s and from 0.172 to 0.033 m/s, respectively.



Although CODAR can provide sea surface current data regardless of the weather or time-of-day, Taiwan’s CODAR system does not always provide the data because of maintenance or operation issues. Figure 2 shows the spatial distribution of the missing data rate (Figure 2a–f) and the temporal missing data rate (Figure 2g) from 2015 to 2019. The missing data have to be filled in for later analysis. To fill in the missing data, the Data Interpolating Empirical Orthogonal Function (DINEOF) method [15] was applied in this study. The advantage of DINEOF compared with conventional data filling methods is that it can significantly preserve the physical characteristics of geophysical data. Before performing the DINEOF method, the original data need to be preprocessed into a grid to facilitate subsequent processing. The original data uses hour as a time unit and averages the observation data within each hour to create an hourly sea surface current data file with longitude, latitude, zonal velocity component (positive eastward) and meridional velocity component (positive northward). The spatial resolution was set to 0.1° latitude by 0.1° longitude. The velocity components closest to the centre of each 0.1° grid point were averaged as the representative velocity of the grid point. The grids without the velocity component were set as missing values.



Based on the hourly gridded data, the analysis can be conducted point by point. After deciding the temporal range of the input data and dividing the current velocity into the zonal component U and meridional component V, we can get three-dimensional matrices    U U    and    V V    respectively. The first to the third dimension of these 3D matrices sequentially stand for the longitude ( m ), latitude ( n ), and time (k). Each element in the matrices means the eastward (   u  n m k    ) or northward (   v  n m k    ) velocity component at the grid point of longitude  m , latitude  n , and time of  k . They can be expressed as:


   U U   (  : , : , k  )  =  [       u  11 k        u  12 k      ⋯     u  1 m k          u  21 k        u  22 k      ⋯     u  2 m k        ⋮   ⋮   ⋱   ⋮       u  n 1 k        u  n 2 k      ⋯     u  n m k        ]   










   V V   (  : , : , k  )  =  [       u  11 k        u  12 k      ⋯     u  1 m k          u  21 k        u  22 k      ⋯     u  2 m k        ⋮   ⋮   ⋱   ⋮       u  n 1 k        u  n 2 k      ⋯     u  n m k        ]   











The next step is to determine the location of the data points. If the kth temporal value at a specific grid point (n, m) is missing, but at least one value of the grid point has data at other times, the grid point is recognized as a data point, and its missing data is reconstructed. Reshaping the zonal and meridional current field matrices after the missing data had been labelled, we convert the matrices into the gridding positions arranged in rows and the recorded times arranged in columns. The new matrices    D a t a U    (the zonal component of current velocity), and    D a t a V    (the meridional component of current velocity), are two-dimensional arrays in, M × N, where M is the grid point (M = 1, 2,    ⋯  , h) and N is the time (N = 1, 2,    ⋯  , k):


   D a t a U  =  [       u  11        u  12      ⋯     u  1 k          u  21        u  22      ⋯     u  2 k        ⋮   ⋮   ⋱   ⋮       u  h 1        u  h 2      ⋯     u  h k        ]   










   D a t a V  =  [       v  11        v  12      ⋯     v  1 k          v  21        v  22      ⋯     v  2 k        ⋮   ⋮   ⋱   ⋮       v  h 1        v  h 2      ⋯     v  h k        ]   








After the arrays of    D a t a U    and    D a t a V    were obtained, they can be combined from top to bottom to generate a 2-D array called X in the form 2M×N [16]:


   X  =  [       D a t a U         D a t a V       ]   








This data matrix is used for the DINEOF analysis.



DINEOF is a statistical method based on the EOF analysis [17] that can supplement incomplete data and analyze its characteristics. Because the original input data sometimes have missing values, the eigenvalues and eigenvectors are obtained through EOF analysis, and then the estimated values fill in the missing points [18]. The DINEOF method has been widely used to fill in missing data in the geophysical field, such as sea surface temperature or ocean colour images covered by clouds and missing wind or flow field components due to instrument problems. For HF radar data, the occurrence of the missing data may be due to ionosphere clutter, impulsive noise and radio frequency interference [19]. Moreover, the original data provided by TORI have excessive missing data, particularly around the outer boundary of the observation area (see Figure 2). There are many possible reasons for incorrect measurements, such as environmental conditions, antenna placement, measurement range limitations, different types of HF radar (long-range radar or standard radar), and the need for two radars to create a two-dimensional ocean current map with direction and speed. In order to effectively increase the magnitude of the explained variance, the spatial points with a missing data rate greater than 90% are deleted before executing the DINEOF. Later, when applying DINEOF to complement the value, we set the value of the missing points to 0 as an unbiased guess and keep the original values of the points without missing values. With this initial guess, if the actual is 0, these points will be replaced by the reconstructed values, which may or may not be 0. The complete data set is then decomposed using a singular value decomposition (SVD) technique to estimate the spatial and temporal EOFs. The number of retained modes can be changed and adjusted depending on the difference of a diagonal singular value matrix during each iteration [20]. In this study, the sum of explained variances larger than 90% was taken as the iteration number. Further, the convergence was set to a ratio of the root mean square error (RMSE) of missing data to the standard deviation of existing data [20,21] to be less than     10   − 2    .




2.3. Cross-Validation


In order to evaluate the accuracy of the reconstructed data, cross-validation was carried out between the original data and the reconstructed data. We randomly selected 1% of the data points from the original images and deleted their values to become missing data as a cross-validation data set [18], and then used the DINEOF method to fill in the missing point values. In the processing of DINEOF analysis iteration, the convergence threshold is set to     10   − 2    . The scatter plot of original data and reconstructed data from 2015 to 2019 is shown in Figure 3. The x- and y-axes are the original data and reconstructed data, respectively. The red straight line represents a slope of 1 and an intercept of 0. The ratio of scattering point density is calculated with respect to the maximum data point amount on the position of the coordinate, and the magnitude range of the ratio is between 0 and 1. The colour bar on the right stands for the overlapped level of the data points; the higher data overlapping makes the value tend to 1. The results of the cross-validation show that the coefficient of determination (R2) is 0.87, and the root mean square error (RMSE) is 0.13 m/s.




2.4. EOF Analysis


The EOF analysis is a statistical method to extract the main characteristics of the original data by principal component analysis (PCA), which can present the spatial-temporal variation [17]. It can reduce a data set with a large number of variables to a data set with fewer variables but still retains the main variability of the original data set. By obtaining the eigenvalues and eigenvectors, the spatial patterns and temporal amplitudes (i.e., principal component time-series) of each significant mode are obtained by the SVD technique:


   X  =  U S    V  T   



(6)




where U is the spatial EOFs, S is the diagonal matrix of singular values (the magnitude of space and time), and V is the temporal EOFs. The spatial patterns of the variance can be represented as P = US. The input data   X   can be expressed as a linear combination of the product of the spatial function and the temporal function as:


  X  (  x , y , t  )  =   ∑   i = 1  K   P i   (  x , y  )   a i   ( t )   



(7)




where    P i   (  x , y  )    is the spatial patterns of the variance of the ith mode at any given location x, y and    a i   ( t )    is the amplitude of the ith orthogonal mode at time t [22]. As the explained variance decreases with the increasing of mode number, the cumulative variance also grows up to 100%. The number of significant modes can be decided using the estimation [23]:


  e =  λ i     2 K     








where    λ i    is the eigenvalue of the ith principal component, and K is the temporal length of the input data   X  . The error range is presented by a length of the eigenvalue plus and minus the value e as an error bar. When the error range of two principal components overlapped, it means the subsequent components do not have significant physical meaning.





3. Results and Discussion


3.1. Mean State


The mean state of the five-year CODAR data is shown in Figure 4. The most obvious feature shows strong northward sea surface currents off the east coast of Taiwan Island; this is the Kuroshio. In the Taiwan Strait, the sea surface currents are relatively weak compared with that of the Kuroshio. The average sea surface current speed in the Kuroshio region is 0.62 m/s, 0.71 m/s in summer, and 0.55 m/s in winter. In the Taiwan Strait, it is 0.29 m/s on average, 0.32 m/s in summer, and 0.28 m/s in winter. The sea surface currents in the Taiwan Strait generally flow northward but are affected by the topography. For example, when the sea surface currents approach the Changyun Ridge (see Figure 1), they turn to the northwest and then turn back to the north after passing it. The sea surface currents also turn to the southeast when they encounter the Kaoping Continental Slope (see Figure 1). In order to verify the CODAR data, it was compared with the in-situ measurements of the KTV1 line in the Kuroshio region. The average maximum sea surface current velocity of CODAR along the KTV1 line is 0.9 m/s using reconstructed data and 0.93 m/s using the original data. The value is almost the same as the climatological maximum current speed of 0.90 m/s along the KTV1 line [24].




3.2. EOF Results


3.2.1. Entire Study Area


The first three EOF modes for the five-year data in the entire study area are shown in Figure 5. The first EOF mode (EOF1) accounts for 24% of the total variance. The spatial pattern is similar to the mean state. This shows that there are strong sea surface currents east of Taiwan Island. The corresponding principal components of the time series are almost all positive, implying that the flow field is dominated by northward flow, i.e., the Kuroshio. The amplitude and amplitude variation of principal components are larger in summer than that in winter, implying that the Kuroshio is stronger in summer and its variation is also larger. In the Taiwan Strait, most of the currents are northward and modulated by the topography. One can see that the Changyun Ridge (See Figure 1) located in the middle strait partially obstructs the northward currents along the western coast of Taiwan Island, forces them to turn west and then turn back after passing the ridge. In addition, parts of the northward currents along the South China Sea Continental Slope and Kaoping Continental Slope turn to the Luzon Strait.



The second EOF mode (EOF2) accounts for 11% of the total variance. It shows strong sea surface currents in the northern and southern Taiwan Strait and relatively weak in the Kuroshio region. From the time series of principal components, one can see that the frequency is mainly tide-dominant, implying that EOF2 displays the tidal currents in the study area. Strong tidal currents are presented around the Penghu Archipelago and the northern tip of Taiwan Island but are very weak in the Kuroshio region.



The third EOF mode (EOF3) accounts for 5% of the total variance. The time series of principal components show positive values in winter and negative values in summer. This seasonal current direction reversal may be caused by the monsoon winds. The spatial pattern shows strong sea surface currents in the northern Taiwan Strait. This may be due to the shallow and narrow topography there.



To understand the characteristics of sea surface currents in more detail, the study area is further divided into the Kuroshio region east of Taiwan Island and the Taiwan Strait area west of Taiwan Island, and EOF analysis is carried out year by year from 2015 to 2019.




3.2.2. Kuroshio Region


The yearly EOF1 modes of the Kuroshio area are shown in Figure 6. The explained variance values are 58.21%, 52.25%, 52.50%, 44.72%, and 55.17% from 2015 to 2019, respectively. The principal components show that almost all values are positive. This mode can represent the general state of the Kuroshio. The spatial pattern shows strong currents near the east coast of Taiwan Island, which is the core area of the Kuroshio. From the time series of principal components, one can see that the variation is greater in summer (June, July, and August) than in winter (December, January, and February). The root-mean-square (RMS) method is used to represent the variation [25]. Table 1 shows the variation of principal components in each year from 2015 to 2019. The range of variations was between 4.05 × 10−3 and 4.99 × 10−3, which is 1–2 times the range of variation in winter between 2.29 × 10−3 and 3.08 × 10−3. Combining the spatial values and the corresponding principal components, the sea surface velocities in the Kuroshio region can be calculated. From 2015 to 2019, the average sea surface current velocity in the Kuroshio core area ranged from 0.60 to 0.64 m/s in summer and 0.47 to 0.58 m/s in winter. The Kuroshio velocity is larger in summer than in winter. Table 2 shows the average sea surface velocity, maximum sea surface velocity, and variation in summer and winter from 2015 to 2019. Regardless of the maximum velocity, average velocity, or velocity, the variation in summer is greater than in winter.



Previous studies [26,27] have used satellite altimetry and in-situ measurements to report that the Kuroshio intensifies in summer and weakens in the winter. This study yields similar results but provided more detailed information about the seasonal variations of the Kuroshio. Note that these values of sea surface current velocities represent only the Kuroshio itself and do not include the effects of eddies and others, such as typhoons.



The yearly EOF2 modes are shown in Figure 7. The explained variances are 5.81%, 4.72%, 4.25%, 5.29%, and 6.02% from 2015 to 2019, respectively. The spatial pattern showed that there was a dipole eddy pair in 2015, 2018, and 2019 and a signal eddy in 2016 and 2017. A similar phenomenon is presented in the EOF3, as shown in Figure 8. There was a signal eddy in 2015, 2018, and 2019 and a dipole eddy pair in 2016 and 2017. The explained variances of EOF3 are 2.87%, 3.86%, 3.18%, 4.09% and 2.47% from 2015 to 2019, respectively. The previous study [4] has presented that dipole eddy pair and/or single eddy from the western North Pacific impinge(s) on the Kuroshio and affect(s) the Kuroshio velocity and transport. From spatial patterns of EOF2 in 2015, 2018 and 2019, one can see that the cyclonic (anticyclonic) eddy was located in the north (south) of the eddy pair, respectively. The corresponding principal components show that most values are positive in summer and negative in winter. Combined with the spatial distribution, this means that in summer, the cyclonic (anticyclonic) eddies are located on the north (south) side more frequently. This may create cross-stream flow divergence, thereby reducing the Kuroshio downstream transport. In contrast, the reversal cases, i.e., the cyclonic eddy on the south side and the anticyclonic eddy on the north side occur mostly in winter. This may form cross-stream flow convergence, thereby increase the Kuroshio downstream transport.



From the spatial patterns of EOF2 in 2016 and 2017 and EOF3 in 2015, 2018, and 2019, one can see a single eddy located at around 23°N, 122°E. Combined with the corresponding principal component, a cyclonic (an anticyclonic) eddy corresponds to a positive (negative) value. If a cyclonic (an anticyclonic) eddy approaches the Kuroshio off eastern Taiwan, it will decrease (increase) the Kuroshio northward velocity and transport [28]. Nevertheless, it is difficult to find obvious exchange regularity between the positive and negative values of the corresponding principal components. Previous studies have mentioned that eddies approaching the Kuroshio region east of Taiwan Island affected the Kuroshio at different periods, e.g., 30–70 days [29,30] and 100–200 days [4,30,31]. The above-mentioned results indicate that the various periods of the Kuroshio range from 30 to 200 days.



In order to examine the various periods of the dipole eddy pair and the single eddy, the 5-year data in the Kuroshio region were analyzed by the EOF analysis and the power spectrum of corresponding time series by the Fast Fourier Transform (FFT). The EOF results show that the dipole eddy pair pattern in EOF2 (4.68% of total variance) and the single eddy pattern in EOF3 (2.97% of total variance) as shown in Figure 9. The power spectra of both principal components are shown in Figure 10. One can see that the dominant periods of the dipole eddy pair are the daily and annual cycles, although there are some periods of small power peaks at 35, 63, 107, 130, and 182 days. For the single eddy, there are multiple periods; in addition to the daily and annual cycles, there are 55, 83, 101, and 152 days.




3.2.3. Taiwan Strait


The EOF analysis of the currents in the Taiwan Strait is only statistically significant in the first and second modes. The EOF1 modes show that the explained variances were 33.37%, 28.82%, 29.58%, 26.56%, and 32.02% from 2015 to 2019, respectively. The time series of the principal components seem to be of the tidal periods (Figure 11). Performing the FFT analysis on the time series of the principal components year by year yields the most significant period was 12.42 hours, which corresponds to the M2 semi-diurnal tide period as shown in Figure 12. In addition to the M2 tide, the other two peaks can also be found at 12.00 hours and 12.66 hours, corresponding to the S2 and N2 semi-diurnal tide periods, respectively. There are two smaller peaks near the daily period, 23.93 hours and 25.76 hours, belonging to the diurnal tide of K1 and O1, respectively. The tide enters the Taiwan Strait from the north and south of the Taiwan Strait. The spatial patterns from 2015 to 2018 show the formation of strong tidal currents around the northern tip of Taiwan Island and the Penghu Archipelago. The results are similar to the positions of faster elliptical tidal currents in the Taiwan Strait, as shown in the work [6]. However, the spatial pattern in 2019 did not show the same strong tidal currents at the northern tip of Taiwan Island. This may be due to a large number of missing values in the CODAR data in that year (see Figure 2). Although the DINEOF method is used to fill the missing data in this study, the grid points with a missing data rate exceeding 90% are eliminated. As a result, the tidal currents in this area become smaller in 2019.



The sea surface current velocity of the tidal component can be calculated by combining the spatial and temporal values of the EOF1 modes. Table 3 shows the occurrence time and velocity of the maximum tidal current from 2015 to 2019 near the northern tip of the Taiwan Island and around the Penghu Archipelago. They almost all occurred during the spring tide, except in 2019. The maximum tidal current velocity occurred in 2017. These values are relatively stable except for the values in 2019. This is probably because of the long-term lack of data near the northern tip of Taiwan Island that year. The previous study [8] used a harmonic analysis on the measured surface currents from two Ocean State Monitoring and Analyzing Radars (OSMAR) in a small proportion of the Taiwan Strait near the coast of Fujian, China. Its results showed that the M2 tidal constituent is dominant in that study area. In this study, not only the M2 tide but also other major tidal constituents were observed.



The explained variances of EOF2 modes are 14.24%, 16.06%, 12.98%, 15.40%, and 15.34% from 2015 to 2019, respectively. One can see a seasonal signal on its corresponding principal components, with the most positive values in summer and negative values in winter, as shown in Figure 13. Combined with the spatial patterns, it clearly shows that the current directions in the Taiwan Strait are northward in summer while reversing southward in winter. This current direction reversal is mainly controlled by the monsoon winds, i.e., the southwesterly winds prevail in summer and the northeasterly winds in winter. It is found from the spatial distribution that the sea surface currents in the northern Taiwan Strait are relatively strong due to its narrowing horizontal width and shoaling bottom topography. The maximum five-year average velocity reaches 1.22 m/s northward in summer and the same velocity but southward in winter.






4. Summary


This study aims to analyze the sea surface currents around Taiwan Island, using hourly CODAR current data and the EOF analysis method. The high spatiotemporal resolution data set provides more details and comprehensive characteristics of the sea surface circulation. Before performing the EOF analysis, the DINEOF method was applied to fill in the missing CODAR data to obtain a complete data set. The results reveal the major characteristics of the sea surface currents around Taiwan Island, which are summarized as follows.




	
The Kuroshio surface currents have remarkable seasonal variation. In summer, it is stronger with a mean current velocity as high as 0.62 m/s and a larger variation of 0.19 m/s. In winter, the mean current velocity decreases to 0.54 m/s and a variation of 0.14 m/s. It has to be noted that these values of sea surface current velocities are only the Kuroshio itself and do not include the effects of eddies or others.



	
It is a frequently occurring phenomenon that the dipole eddy pairs impinge on the Kuroshio. In most cases, the cyclonic/anticyclonic eddy occurs on the north/south side in summer, and the polarity reverses in winter. These characteristics result in the Kuroshio downstream transport decreasing in summer and increasing in winter.



	
The single eddy impinging on the Kuroshio occurs at different periods, including daily, intraseasonal (55 and 83 days), interseasonal (101 and 152 days), and annual periods.



	
The tidal currents are dominant components of the surface circulation in the Taiwan Strait. The maximum tidal current velocity reaches as high as 1.75 m/s around the northern tip of Taiwan Island and 1.50 m/s around the Penghu Archipelago.



	
The monsoon winds are an important driven forcing for sea surface currents in the Taiwan Strait, which are characterized by strong currents as high as 1.22 m/s in the northern strait due to the narrowing and shoaling topography.
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Figure 1. The study area and locations of Taiwan’s CODAR system (blue dots). 
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Figure 2. The spatial missing data rate in year of (a) 2015, (b) 2016, (c) 2017, (d) 2018, (e) 2019, and (f) 2015–2019, and (g) the temporal missing data rate in 2015–2019. 
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Figure 3. A scatter plot of the 1% missing data between original data and reconstructed data. The red line is the alignment. The colour bar stands for the overlapped level of the data points. 






Figure 3. A scatter plot of the 1% missing data between original data and reconstructed data. The red line is the alignment. The colour bar stands for the overlapped level of the data points.
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Figure 4. Mean current field of reconstructed data and the KTV1 line (red line). The blue parallelogram stands for the area of core current. 
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Figure 5. The spatial distribution of the EOF results, (a) the first EOF mode (EOF1), (b) the second EOF mode (EOF2) and (c) the third EOF mode (EOF3) of five-year data in the whole area around Taiwan and the corresponding time series of principal components, (d) EOF1, (e) EOF2 and (f) EOF3. 
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Figure 6. The EOF1 of Kuroshio region. (a–e) The spatial modes from 2015 to 2019. (f–j) The time series of principal components from 2015 to 2019. 
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Figure 7. Same as Figure 6, but for EOF2. 
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Figure 8. Same as Figure 6, but for EOF3. 
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Figure 9. EOF results of 5-year data. Spatial pattern of (a) mode 2, (b) mode 3, and corresponding time series of principal components of (c) mode 2, (d) mode 3. 
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Figure 10. FFT power spectra of (a) Figure 9c and (b) Figure 9d. 
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Figure 11. EOF1 results of the Taiwan Strait. 
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Figure 12. Power spectra of EOF1 principal components of the Taiwan Strait. 
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Figure 13. Same as Figure 11, but for EOF2. 
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Table 1. Variations of EOF1 principal components.
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	Year
	Summer (×10−3)
	Winter (×10−3)
	Ratio (Summer/Winter)





	2015
	4.20
	2.29
	1.83



	2016
	4.89
	3.08
	1.59



	2017
	4.76
	3.54
	1.34



	2018
	4.99
	2.95
	1.69



	2019
	4.05
	2.46
	1.65
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Table 2. Average sea surface velocity, maximum sea surface velocity, and variation in summer and winter (unit: m/s).
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Average Velocity

	
Maximum Velocity

	
Velocity Variation




	
Year

	
Summer

	
Winter

	
Ratio

(Summer/Winter)

	
Summer

	
Winter

	
Ratio

(Summer/Winter)

	
Summer

	
Winter

	
Ratio

(Summer/Winter)






	
2015

	
0.64

	
0.55

	
1.16

	
1.44

	
1.20

	
1.20

	
0.20

	
0.14

	
1.43




	
2016

	
0.62

	
0.55

	
1.13

	
1.75

	
1.43

	
1.22

	
0.20

	
0.16

	
1.25




	
2017

	
0.62

	
0.54

	
1.15

	
1.75

	
1.11

	
1.58

	
0.20

	
0.14

	
1.43




	
2018

	
0.60

	
0.47

	
1.28

	
1.46

	
0.95

	
1.54

	
0.18

	
0.10

	
1.80




	
2019

	
0.61

	
0.58

	
1.05

	
1.63

	
1.19

	
1.37

	
0.19

	
0.15

	
1.27




	
mean

	
0.62

	
0.54

	
1.15

	
1.61

	
1.18

	
1.38

	
0.19

	
0.14

	
1.43
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Table 3. The maximum tidal velocity during the ebb tide and flood tide periods.
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Northern Tip

	
Penghu Archipelago




	

	
Ebb Current

(Northward)

	
Flood Current

(Southward)

	
Flood Current

(Northward)

	
Ebb Current

(Southward)




	
Year

	
Speed

(m/s)

	
Date 1

	
Speed

(m/s)

	
Date

	
Speed

(m/s)

	
Date

	
Speed

(m/s)

	
Date






	
2015

	
1.70

	
29 August

(16 June)

	
1.55

	
20 February

(2 January)

	
1.02

	
20 February

(2 January)

	
1.12

	
29 August

(16 June)




	
2016

	
1.54

	
18 September

(18 August)

	
1.58

	
25 February

(18 January)

	
1.14

	
25 February

(18 January)

	
1.11

	
18 September

(18 August)




	
2017

	
1.71

	
25 June

(2 June)

	
1.75

	
28 February

(3 February)

	
1.19

	
28 February

(3 February)

	
1.16

	
25 June

(2 June)




	
2018

	
1.22

	
17 May

(3 April)

	
1.31

	
16 June

(3 May)

	
1.20

	
16 June

(3 May)

	
1.13

	
17 May

(3 April)




	
2019

	
1.14

	
25 November

(29 October)

	
1.15

	
16 November

(20 October)

	
1.50

	
16 November

(20 October)

	
1.49

	
25 November

(29 October)




	
Mean 2

	
1.46

(1.54)

	

	
1.47

(1.55)

	

	
1.21

(1.14)

	

	
1.20

(1.13)

	








1 The parentheses at date are the lunar date. 2 The parentheses at mean are the value excluding 2019.
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