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Abstract

:

The processes of ocean dynamics are complex near the Pearl River Estuary and are not clear due to a lack of abundant observations. The spatial characteristics of the spring sea surface currents in the adjacent waters of the Pearl River Estuary were analyzed using the current data observed by a three-station high-frequency surface wave radar system (HFSWRS). Compared with the two-station HFSWRS, the deviation of current velocity and direction observed by the three-station HFSWRS from the underway measurements decreased by 42.86% and 38.30%, respectively. The analyzed results show that the M2 tidal current is the dominant current among all the tidal constituents, followed by K1, with angles of inclination ranging from 130° to 150°. The tidal flow is dominated by northwest–southeast back-and-forth flow. In the southern part of the observed area, which is far from the coastline, the tidal current ellipses exhibit a circular pattern. The prevalent tidal current type in this region is irregularly semi-diurnal, and the shallow water constituents also have a significant effect. The tidal energy in the adjacent waters of the Pearl River Estuary is affected by potential energy flux and kinetic energy flux. As the water depth and currents velocity increase in the southeast direction, the tidal energy flux increases. In the nearshore zone, the direction of tidal energy flux varies along the coastline. The changes in the residual current within the observed area are correlated with the sea surface wind field. Based on the high-precision sea surface current observed by the three-station HFSWRS, the characteristics of the ocean dynamic processes near the Pearl River Estuary are analyzed comprehensively, which provides important reference and confidence for the application of the developing new radar observing network with about 10 radar stations near the Pearl River Estuary.
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1. Introduction


Surface currents play a key role in transporting [1] and redistributing ocean energy and matter [2]. Tidal currents are the main components of surface currents in coastal waters and play a crucial role in the generation of internal tides [3,4]. They are directly associated with dynamic processes such as storm surges and nearshore material transport [5,6]. Tides also constitute a significant part of the oceanic energy cascade, providing substantial energy for turbulent mixing in global oceanic thermohaline circulation [7]. Furthermore, tides and tidal currents are important for vessel operations and navigation. Activities such as offshore fishing, resource development, bridge construction, and port design also depend on tidal information. Therefore, studying nearshore surface currents, particularly tidal currents, is of great importance.



There are many methods to observe and analyze surface currents, including buoy-based observations, shipboard measurements, and remote sensing techniques. Buoy-based observation is widely used in monitoring sea surface currents. It employs instruments such as GPS and current meters mounted on buoys to record and transmit real-time data of surface current velocity and direction [8] with high accuracy [9]. Buoy-based measurements are simple to conduct, cost-effective, and suitable for studying ocean current within a small spatial range. However, there are limitations of buoy-based observation, such as the number of buoys available and their coverage range, making it impossible to monitor ocean currents comprehensively and continuously in a large spatial range. To address these limitations, shipboard measurements are utilized to observe sea currents [10]. Shipboard measurement, such as shipboard Acoustic Doppler Current Profiler (ADCP) measurement, involves using instruments installed on ships to conduct observations along predefined routes [11,12]. Compared to buoy-based observation, shipboard measurement offers broader coverage and more detailed information on flow velocity distribution. It allows for continuous collection of current data, revealing complex surface flow characteristics. However, shipboard measurements require a significant investment in vessels and equipment, and the observation process is time-consuming. Therefore, the high time and economic costs associated with shipboard measurement are a common concern. Additionally, challenges still exist for obtaining large-scale continuous observational data. Satellite remote sensing observation technology can overcome the problem of scattered observation points [13] and offer continuous, high-resolution observation over a long period. However, the observation accuracy is low in complex near-shore waters [14], and subject to weather conditions, such as clouds and fog.



The high-frequency surface wave radar system (HFSWRS) is an emerging ocean current observation technology that has the advantages of wide coverage and high resolution. It is not limited by weather conditions and can acquire long-term observations. HFSWRS utilizes vertically polarized high-frequency electromagnetic waves for detection [15,16,17]. HFSWRS operates on the principle of Bragg scattering, where electromagnetic waves from the transmitting antenna scatter back towards the antenna when the wavelength of the waves is half the radar wavelength upon reaching the sea surface [18,19,20]. The accuracy and practicality of HFSWRS have been verified. Through the comparison of the surface current measured by HFSWRS with in situ current velocity data, drifters, or satellite observations, it has been widely acknowledged that HFSWRS demonstrates strong agreement with other current-measuring instruments [21,22,23]. Zhu et al. [24] validated sea surface current data observed by a two-station HFSWRS at the Pearl River Estuary by comparing it with data from surface buoys, ADCP measurements, and model simulations. Barrick [25] demonstrated that utilizing observations from multiple radar stations not only expands the coverage, but also provides multiple observations at the same point, improving the accuracy of the total vector.



The northern South China Sea is rich in resources such as fishery, minerals, natural gas, oil, tourism, and nature reserves [26,27,28], and plays a pivotal role in China’s economic and social development. Situated in the northern part of the South China Sea, the city cluster around the Pearl River shapes the Greater Bay Area of Guangdong–Hong Kong–Macau, representing one of the most advanced regions in China [29,30]. Complex tidal phenomena within the South China Sea have captured the interest of multiple researchers. Cai et al. [31] utilized a three-dimensional baroclinic shelf sea model to replicate the residual current within the South China Sea. Zhu et al. [32] estimated the harmonic constants for five primary tidal currents and the residual current by utilizing 33 sets of repeated shipboard ADCP data gathered in the Qiongzhou Strait. Fu et al. [28] utilized a geophysical correction model to derive tidal constituents from satellite altimetry data in the South China Sea. The findings indicate that satellite-derived tidal components exhibit greater precision in the majority of shallow water regions, although there are inevitably still some areas with large errors and limited predictability. Lei et al. [33] used two-station HFSWRS data to study the characteristics of tides in the Guangdong–Hong Kong–Macao Greater Bay Area. Hu et al. [34] compared the tidal current results obtained from the Himawari-8 geostationary satellite with high-frequency radar observations of the northern South China Sea and model results from Oregon State University. The study successfully captured the M2 tidal constituent in the region and provided the spatial distribution of the Guangdong coastal current.



Although previous studies on the tidal phenomena in the northern South China Sea have provided useful information based on observations, the distribution of tidal currents in the region exhibits significant spatial variations due to the complex coastal features and numerous islands. As mentioned above, multi-station synthesized HFSWRS data are more accurate, and therefore they could be used to study the characteristics of surface currents, especially the characteristics of principal tides and shallow water constituents, in the adjacent sea of the pearl river estuary in the northern South China Sea. Section 2 of this paper outlines the data and analysis method, while Section 3 delves into the analysis of surface current characteristics. Section 4 is dedicated to discussions and conclusions.




2. Data and Analysis Method


2.1. HFSWRS Observation Data


The three-station HFSWRS, including Shangchuan Island Radar Station (21.6733°N, 112.8067°E), Dawanshan Radar Station (21.9261°N, 113.7183°E) and Gaolan Island Radar Station (21.9208°N, 113.2304°E), is located at the adjacent waters of the Pearl River Estuary (Figure 1a) and used to observe the sea surface currents.



Gaolan Island Radar Station was constructed in 2018. Gaolan Island Radar Station is equipped with the OSMAR071G all-digital HFSWRS, featuring a single transmitting antenna. It employs eight receiving antennas arranged in a dual-row setup: six in the front row along the breakwater guardrail and two in the rear row. Operating at a center frequency of 8.115 MHz, the radar system covers a 200° sector with a maximum detection range of 250 km. The Dawanshan and Shangchuan stations were also equipped with OSMAR071G all-digital HFSWRS, and are operated at a nominal frequency of 9 MHz. Each station formed an antenna array, consisting of a minimum of three transmitting antennas and eight or more receiving antennas. The details on the equipment parameters and observation principles for the Dawanshan and Shangchuan stations are described in Zhu et al. [24]. The three-station HFSWRS collectively spans an extensive marine area of approximately 20,000 square kilometers. The radar data acquisition involves transmitting electromagnetic waves towards the sea surface. The backscattered ocean echoes are received by the antenna array, with the receiving module performing filtering, amplification, and digitalization. Processed data, obtained through computer terminal sampling software, undergoes further analysis using the SeaMonitor software with the MUSIC algorithm [35]. The data from the Gaolan Island Radar Station is uploaded to a synthesis station, where it merges with data from the other two radar stations. This synthesis process yields comprehensive vector flow field and wind-wave field data for the monitored sea area, enhancing the accuracy and reliability of observations. The HFSWRS methodology ensures real-time detection of the flow field over a large sea area, providing valuable insights into oceanic processes.



The period of the three-station HFSWRS observation used in this study spans from 5 March 2019 to 13 April 2019. The data were collected with a sampling interval of 20 min and a spatial resolution of 0.05° × 0.05°. Theoretically, there are 2819 spatial points. However, gaps exist in both spatial and temporal coverage. The temporal coverage percentage at spatial points ranges from 25% to 90% (Figure 1b). We selected spatial points where the observation covers over 60% of the period, resulting in 1085 spatial points available for analysis.



The three-station HFSWRS observation was first validated by the underway measurements of the sea surface currents obtained by using an ADCP installed on a moving ship in the spring of 2019. The trajectories of the underway measurements are shown in Figure 1b. Compared to the commonly used two-station HFSWRS observation, the sea surface current velocity and direction observed by the three-station HFSWRS are much closer to the underway measurements, as shown in Figure 2. As listed in Table 1, the root mean squared errors (RMSEs) of the current velocity decreased from 7.43 cm/s on 6 March, 6.92 cm/s on 10 March, 3.39 cm/s on 18 March, and 6.63 cm/s on 25 March to 2.61 cm/s, 4.47 cm/s, 2.98 cm/s, and 4.00 cm/s, respectively. On the whole, the RMSEs of the current velocity and the current direction decreased by 42.86% and 38.30%, respectively, demonstrating better performance of the three-station HFSWRS in the core observation area. It should be pointed out that the observations near the edge of the observation area may be inaccurate due to insufficient coverage, which would be further evaluated by in situ observations in the future.




2.2. Harmonic Analysis


If the current is decomposed along the east and north directions, the east–west current velocity and south–north current velocity can also be regarded as the result of multiple components [36]:
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(1)




where   U ( t )   is the east–west current velocity (south–north current velocity);     U   0     is the mean current velocity. The amplitude and phase lag (referred to Beijing standard time, the same below) are denoted by A and g, respectively. The nodal corrections to amplitude and phase lag are represented by f and u, respectively. Other variables include V for the astronomical argument, R for the nontidal component, K for the number of tidal constituents, NNR for the number of non-reference constituents, NR for the number of reference constituents, and NI for the number of constituents to be inferred from the jth reference constituents.



The harmonic analysis was performed using the widely used Matlab package U_tide [36], which can analyze the time series of observations with irregularly distributed temporal sampling. Because the diurnal constitutes K1 and P1 are close in frequency, which are 0.0418 and 0.0416 cycles per hour (cph) [37,38], it is unable to resolve K1 and P1 by directly analyzing the 40-day observations [39]. Similarly, S2 and K2 are close in the semi-diurnal band and cannot be resolved by analyzing the 40-day observations. In accordance with the Rayleigh criterion, an examination was conducted on four key tidal constituents (M2, S2, K1, and O1), as well as three shallow water constituents (M4, MS4, and M6). Moreover, the undetermined elements P1 and K2 were deduced from K1 and S2, correspondingly, using the inference parameters calculated with the harmonic constants acquired through the Tidal Inversion Software developed by Oregon State University [40].





3. Results


3.1. Tidal Current Ellipse


The tidal current ellipse parameters for the major semi-diurnal constituents M2 and S2, as well as the significant diurnal constituents K1 and O1, were obtained through a harmonic analysis of sea surface current data. Additionally, parameters for the shallow water constituents M4, MS4, and M6 in the region were obtained. These parameters are listed in Table 2. The M2 tidal component has the largest semi-major axis of 9.36 cm/s, indicating that the M2 tidal current takes a dominant role. The K1 tidal component is the second largest with a semi-major axis of 7.39 cm/s, while the S2 and O1 tidal components have smaller semi-major axes of 4.57 cm/s and 4.92 cm/s, respectively. The semi-minor axes of all tides are significantly smaller than their semi-major axes. The inclination angles of the M2, K1, and S2 tidal components are all between 130° and 150°, indicating that the predominant tidal motion is a back-and-forth flow in the northwest–southeast direction with a tendency towards onshore–offshore flow.



The determination of tidal current rotation is based on the ellipticity (K) of the tidal current ellipses, where K signifies the ratio of the minor axis to the major axis of the tidal ellipse [41]. When the mean value of |K| is less than 0.3, the reciprocating flow is significant. When the mean value of |K| is larger than 0.3, the rotating flow is significant; moreover, it tends to become circular when the mean value of |K| approaches 1. Within this study, the wide range of K values for the tidal components implies diverse tidal current patterns in the region, encompassing both rotating and reciprocating flows, rather than being confined to a singular flow pattern. For the seven tidal components mentioned above, the mean values of |K| are all less than 0.3, indicating that the predominant motion is primarily back-and-forth flow.



The tidal ellipses of the four major tidal components M2, S2, K1, and O1 are shown in Figure 3. Although the mean values of K for each tidal component in the entire region are relatively small, the patterns of tidal motion vary from place to place. From Figure 3a, it can be seen that the M2 constituent displays features of back-and-forth flow in the northwest–southeast direction in most areas, with inclination angles generally perpendicular to the coastline. Close to the Pearl River Estuary’s entrance, the M2 tidal ellipses are more circular with smaller inclination angles and significantly increased velocity. Circular tidal ellipses also occur in the southeastern part of the region. Figure 3b shows that the S2 constituent has a smaller flow velocity than the M2 constituent, with a similar pattern. In the central part of the observed area, it is a back-and-forth flow in the northwest–southeast direction. Near the mouth of the Pearl River and the Modaomen River in the north, the tidal ellipses appear more circular. In a southern part of the observed area, and far from the coastline, the sea currents exhibit rotational characteristics. As shown in Figure 3c, the K1 constituent exhibits a coexistence of rotational and back-and-forth flow patterns. The flow velocity is significantly higher near the coastline and decreases with increasing distance from the coastline. The tidal ellipses mainly show a northwest–southeast orientation, but there is a change in inclination angle at the southern end of the observed area, exhibiting a southwest–northeast flow direction. Because the major axis of the K1 tidal ellipse is larger than that of the S2 tidal ellipse, the K1 constituent has a greater influence on the overall tidal current, only smaller than the M2 constituent. Figure 3d shows that the flow velocity of the O1 constituent is smaller than the K1 constituent, indicating that the O1 constituent has a relatively smaller influence within the diurnal tidal components. The O1 constituent mainly flows in a northwest–southeast direction and exhibits a back-and-forth flow in an east–west direction in the southern end of the observed area.



The tidal ellipses of the shallow water constituents are shown in Figure 4. The flow velocity of the shallow water constituents is significantly smaller than that of the four major tidal components, and their motion patterns are relatively consistent. The western and central parts of the observed area exhibit an east–west back-and-forth flow, while in the eastern part, farther away from the coastline, the direction of the tidal flow transitions to the southwest–northeast direction. The flow velocity significantly increases near the coast, and the flow direction is primarily perpendicular to the coastline, exhibiting a rotational flow motion pattern.




3.2. Tidal Current Pattern


The tidal type   F =     W     O   1     +   W     K   1       /   W     M   2      , where     W     O   1      ,     W     K   1      ,     W     M   2       are the semi-major axes of tidal current ellipse of O1, K1, M2, correspondingly, is calculated. In addition, the shallow water constituent coefficient   G =     W     M   4     +   W     M S   4       /   W     M   2       is calculated, where     W     M   4       and     W     M S   4       are the semi-major axes of the tidal current ellipse of M4 and MS4, respectively. Figure 5 provides the spatial representations of tidal current patterns and the impact of shallow water constituents within the adjacent waters of the Pearl River Estuary.



It can be seen from Figure 5a that the minimum F value in this region was 0.68, with 83.87% of observed points falling between 0.68 and 2, suggesting that the tidal current characteristics in this region follow an irregular semi-diurnal pattern. The unusually high values (approximately 8) of F observed at the northwestern boundary may be attributed to inaccuracies in the radar data or the distinctive topography of that particular region. In Figure 5b, all radar cells exhibit G values surpassing 0.02, suggesting a significant effect of shallow water constituents in the study area, which aligns with prior research findings [33].




3.3. Daily Averaged Flow Field during Spring and Neap Tide


Based on the tidal-level data at Dawanshan Station, the tidal range reaches its minimum on 12 March, which is chosen as the representative day for the neap tide. Meanwhile, the tidal range reaches its maximum on 20 March, which is chosen as the representative day for spring tide. Daily averaged sea surface currents are shown in Figure 6. On the representative day for the spring tides, the current direction at observation points near the northwest coast is perpendicular to the coastline. Due to the blocking effect of the coastline and islands, local sea surface currents flow southwest along the coastline. The southwest and central regions of the study area show northward flow, while sea surface currents in the northeast are influenced by the environment and flow southward. On the representative day for the neap tides, the sea surface current direction in the observed area is generally from east to west, with significantly increased current velocity near the coast.




3.4. Tidal Energy


Tidal energy flux is a variable that is influenced by various factors such as terrains and hydrodynamic environments. In this study, tidal energy flux E refers to the sum of tidal potential energy and kinetic energy, with units of W/m. The formula of tidal energy flux is as follows [42]:


    E  ⃑  =   1   T     ∫  0   T    (       U  ⃑    2     2   + g z ) ρ H   U  ⃑  d t    



(2)




where the velocity vector is denoted as     U  ⃑   , and g represents the acceleration due to gravity, exhibiting slight variations with latitude. T is the tidal current variation period, H represents the water depth at the calculation point,   ρ   is the density of seawater and taken as 1020 kg/m3, and z is the tidal-level variation at the point. Since we cannot obtain tidal-level data for every observation point in the observed area of the three-station HFSWRS, the tidal-level data at Dawanshan Station are used to represent the tidal-level variation in the entire observed area. A synodic month is approximately 30 days, so this study uses data from March 5 to April 4, which include both spring and neap tides. The temporally averaged tidal energy can be considered as representative for a steady state and is shown in Figure 7.



From Figure 7, it can be seen that tidal energy near the Pearl River Estuary is primarily brought in from the eastern continental shelf and the southeastern region. The overall direction is mainly from the east to the west, and the maximum value is 9.70 × 104 W/m. In the northern part of the observation area, the tidal energy flux at the observation points decreases. There are two main reasons for this phenomenon. Firstly, the shallow water depth in the northern part leads to a decrease in the potential energy flux of tidal energy. Secondly, the clustered islands have an impact on tidal energy flux. The presence of islands near the coast obstructs tidal flow, causing tidal waves to converge and accumulate around the islands. As a result, a complex tidal flow field emerges. In such cases, tidal energy in the vicinity of the islands would be influenced, leading to a decrease in tidal energy flux. Additionally, factors such as the topography of the sea area also influence the distribution of tidal energy flux. In the western coastal area, the propagation direction of tidal energy flux deviates along the coastline, which has not been observed in previous studies. The HFSWRS can provide a more detailed description of tidal energy variations within small-scale areas while revealing the distribution of tidal energy in the study area.




3.5. Residual Current Characteristics


As the residual currents significantly contribute to the dispersion and diffusion of suspended and soluble matter in the ocean, the residual currents are calculated by subtracting the periodic tidal currents from the observed current and are studied. The periodic tidal currents are reconstructed by substituting the harmonic constants of the tidal constituents obtained in harmonic analysis into the right side of Equation (1). As shown in Figure 8c,d, there are differences between the observed velocity data and the reconstructed tidal currents at point P, especially in the east–west direction, indicating that the residual current in the east–west direction is prominent. The wind velocity at point P was obtained from Copernicus Climate Change Service (C3S) Climate Data Store (CDS) [43] and is shown in Figure 8b. The reconstructed tidal currents of the north–south component align well with the observed velocity. The calculated correlation coefficient for residual current velocity and wind velocity remains at 0.35, indicating a discernible positive correlation between them, as depicted in Figure 9a. In the east–west direction (Figure 9b), the residual current is strongly correlated with the wind. The correlation coefficient between the residual currents and wind is 0.63, indicating that residual currents and wind are highly correlated. The direction of the residual currents is basically consistent with the wind direction. In addition, the variations in residual current velocity and wind velocity are also consistent, demonstrating that the residual current in the observed area is mainly affected by the wind.



Figure 10 displays the hourly residual current field from 6:00 to 14:00 on March 18. The residual currents in the observed area exhibit a general pattern of being larger near the coast and smaller offshore. Although the residual current velocity increases at 10:00 and 11:00 in the offshore region, considering the influence of wind, the abnormal magnitude and uniform direction of the residual current velocity can be attributed to the effect of wind. The nearshore currents, on the other hand, exhibit chaotic directions and significant variations in velocity. This is due to the shallow water depth and clustered islands near the coast, which significantly affect the currents.





4. Discussion and Conclusions


By analyzing the sea surface current observed by the three-station HFSWRS near the Pearl River Estuary, the tidal current characteristics in the observed area are obtained.



	(1)

	
Compared to the two-station HFSWRS, the deviation of the current velocity and direction observed by the three-station HFSWRS from the underway measurements decreased by 42.86% and 38.30%, respectively.




	(2)

	
Through the analysis of the tidal ellipse parameters and tidal ellipse figures in the region, it was found that the dominant constituents in the area are the M2 and K1 tides, followed by the O1 and S2 tides. The flow velocity of each constituent generally increases near the coast. Based on the mean ellipticity of the tidal ellipses, it was found that the predominant motion is primarily a back-and-forth flow. The flow varies from place to place, often showing a more circular pattern near the coast.




	(3)

	
By calculating the coefficients of the tidal type and the shallow water constituent at the observation points, it was revealed that the region is primarily influenced by irregular semi-diurnal tides, but near the coast, the tidal currents exhibit characteristics of diurnal tides due to factors such as topography. The impact of shallow water constituents in this region is noteworthy.




	(4)

	
The tidal energy flux in the study area generally propagates from southeast to northwest. In nearshore areas, the direction of propagation tends to refract toward the shore, and the magnitude of the tidal energy flux decreases in the northern part of the study area.




	(5)

	
The analysis of the residual current field and wind field at point P suggests that the residual currents at that location are influenced by wind, and the residual current field indicates that nearshore residual currents are also significantly affected by topography.







As shown by Zhu et al. [24], a new radar observing network with about 10 radar stations is developing in the Pearl River Estuary and its adjacent shelf. Based on the newly established Gaolan Island Radar Station, the accuracy using three-station HFSWRS is evaluated and firstly used to study the sea surface current in this study. The accuracy of the current observed by the three-station HFSWRS is improved, compared with that of using two-station HFSWRS, which is attributed to the expanded overlap coverage of the radar observing system. In addition, the HFSWRS is the most effective way to observe the sea surface current with wide spatial coverage and high temporal resolution. Therefore, this study provides important reference and confidence for the application of the developing new radar observing network with about 10 radar stations.



While previous studies have addressed tidal current ellipses and parameters associated with major constituents in this area, this study delves more profoundly into the influence of shallow water constituents and residual currents. It is noted that the analyzed observations were only carried out in spring, so many more observations will be analyzed to explore seasonal variations, contributing to a more profound comprehension of the tidal dynamics in this region. In addition, the sea surface current data obtained from the multiple-station HFSWRS will be assimilated into numerical models in the future to improve the prediction capabilities and to gain a more complete understanding of the complex ocean dynamical processes.
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Figure 1. (a) Location of the study area; (b) temporal coverage percentage of the valid observations at the observed area, location of the high-frequency surface wave radar stations (red dots), and trajectories of the underway measurements on 6 March (orange squares), 10 March (blue squares), 18 March (green squares), and 25 March (black squares), respectively. 
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Figure 2. (a–d) Sea surface current velocity and (e–h) direction observed by the underway measurements (black lines), the two-station HFSWRS (blue lines), and three-station HFSWRS (red lines) in the spring of 2019. 
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Figure 3. Tidal ellipses of (a) M2, (b) S2, (c) K1, and (d) O1. 
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Figure 4. Tidal ellipses for (a) M4, (b) M6, and (c) MS4. 






Figure 4. Tidal ellipses for (a) M4, (b) M6, and (c) MS4.



[image: Remotesensing 16 00672 g004]







[image: Remotesensing 16 00672 g005] 





Figure 5. Distribution of (a) tidal current type coefficient F and (b) shallow water constituent coefficient G. Contours of F values 0.7 and 2 are marked in (a). 
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Figure 6. (a) Time series of the tidal level at Dawanshan Station, and spatial distribution of the daily averaged sea surface current during (b) the spring tide (20 March 2019) and (c) the neap tide (13 March 2019). 
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Figure 7. Spatial distribution of tidal energy from 5 March 2019 to 4 April 2019. 
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Figure 8. (a) Position of point P, (b) wind data at point P, (c) east-west current velocity from the observations (red line) and the reconstructed tidal components (blue line), and (d) same as (c) but for north–south current velocity. 
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Figure 9. Time series of tidal residual current velocity (blue line) and wind velocity (red line) at Point P, with (a) representing the north–south direction and (b) depicting the east–west direction. 
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Figure 10. Spatial distribution of tidal residual currents at (a) 6:00, (b) 7:00, (c) 8:00, (d) 9:00, (e) 10:00, (f) 11:00, (g) 12:00, (h) 13:00, and (i) 14:00 on 18 March 2019. 
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Table 1. RMSEs of current velocity and direction between the underway measurements and two-station HFSWRS and those for three-station HFSWRS.
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Date

	
RMSEs of Current Velocity (cm/s)

	
RMSEs of Current Direction (°)




	
Two-Station HFSWRS

	
Three-Station HFSWRS

	
Two-Station HFSWRS

	
Three-Station HFSWRS






	
6 March 2019

	
7.43

	
2.61

	
20.52

	
11.67




	
10 March 2019

	
6.92

	
4.47

	
18.25

	
10.72




	
18 March 2019

	
3.39

	
2.98

	
7.65

	
3.45




	
25 March 2019

	
6.63

	
4.00

	
8.80

	
8.69




	
Mean

	
6.30

	
3.60

	
14.91

	
9.20











 





Table 2. Tidal ellipse elements of the principal tidal constituents and shallow water constituents.
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	Constitute
	Semi-Major Axis (cm/s)
	Semi-Minor Axis (cm/s)
	Inclination (°)
	Range of K
	Mean of |K|





	M2
	9.36
	1.57
	131.96
	−0.91~0.64
	0.17



	S2
	4.57
	1.07
	142.92
	−0.84~0.98
	0.26



	K1
	7.39
	1.91
	133.33
	−0.91~0.94
	0.27



	O1
	4.92
	1.12
	34.20
	−0.94~0.96
	0.24



	M4
	1.43
	0.32
	135.95
	−0.87~0.91
	0.24



	MS4
	1.35
	0.33
	23.98
	−0.79~0.95
	0.26



	M6
	0.68
	0.12
	33.41
	−0.87~0.92
	0.22
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