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Abstract

:

In this study, strong internal tides were observed on the continental slope northeast of Taiwan Island. Owing to the lack of long-term observations, these tides’ intraseasonal variability and the impact of the Kuroshio Current remain unclear. This study aimed to fill in the gaps using one-year continuous mooring observations, satellite data and analysis data. The horizontal kinetic energy (HKE) of semidiurnal internal tides showed that there was conspicuous energy from 100 days to 200 days, which was mainly attributed to the cross-term of HKE. The impact of the Kuroshio Current and mesoscale eddies on the HKEs were assessed: Cyclonic (anticyclonic) mesoscale eddies propagated from the open ocean, weakened (strengthened) the Kuroshio and shifted the Kuroshio onshore (offshore) northeast of Taiwan Island. The weakened (strengthened) Kuroshio increased (decreased) the shoreward velocity at the mooring site, and the onshore (offshore) Kuroshio migration increased (decreased) the northeastward velocity and enhanced (weakened) the HKEs of internal tides by modulating the tidal energy horizontal propagation. The weakened (strengthened) Kuroshio also resulted in gentler (steeper) isopycnals across the slope and enhanced (weakened) the HKEs of internal tides by influencing the interaction between ocean stratification and bottom topography.
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1. Introduction


Internal tides, which are generated in stratified waters through the interaction of barotropic tides and varying bathymetry, such as shelf breaks, ridges, sills and submarine canyons [1,2,3], are widely distributed in oceans. The vertical structure of internal tides is very complex, and current shear tends to induce intense instability, turbulence and diapycnal mixing [4,5,6]. Therefore, internal tides play an important role in maintaining ocean stratification and meridional overturning circulation, as well as energy redistribution [7,8]. In addition, internal tides also pose hazards for acoustic transmission and underwater navigation [9]. Further study of internal tides, including of their generation, propagation and dissipation, can improve numerical simulations and understanding of the dynamic ocean environment.



The observation of internal tides can be traced back to the early nineteenth century, and the linear theoretical model for internal tide generation has been in use since it was developed in the 1960s [1,10]. Benefitting from satellite and computer technology, global observations and high-resolution numerical simulations provide strong support to the investigation of internal tides. Generally, after generation, first-mode internal tides radiate away and can propagate thousands of kilometers, while higher-mode internal tides break near the generation sites [11,12,13]. During the propagation of low-mode internal tides, they interact with each other, which leads to linear/nonlinear wave–wave interaction. Further, they also interact with bottom topography or other ocean dynamic processes that induce wave scattering [14,15]. In the meantime, energy is transferred to the smaller scale. Once the shear of the baroclinic current induced by the internal tides is strong enough, diapycnal mixing occurs [5,6,7,12].



In the western Pacific, the Luzon Strait and the East China Sea shelf break are characterised by major generation regions of internal tides [16,17,18]. The steep continental shelf slope around the western boundary is the main cause of these. In addition, the strong western boundary currents enhance vertical stratification on their left-hand side, which results in more internal tide energy. While the East China Sea shelf break is far from the coast, its barotropic tides are still strong. The velocity of the M2 tide current is approximately 20 cm s−1 during high tides, while that of the K1 tide current is approximately 5 cm s−1 [19,20,21]. Moreover, tidal currents are predominantly in the cross-slope direction [22], which favours internal tide generation. Early in situ temperature and current observations, synthetic aperture radar (SAR) and ocean colour images [23] have proven the existence of internal tides. Using an underwater sliding vehicle, internal tides and their vertical structures were observed along two sections across the shelf break during autumns from 1986 to 1989 [24]. The generation and propagation of internal tides on the continental slope northeast of Taiwan Island are characterised by data from an array of subsurface moorings [25,26]. Semidiurnal tides are stronger than diurnal tides, and the M2 tide is the dominant semidiurnal internal constituent. The semidiurnal tides show slow a propagation speed and strong vertical shear, which could trigger shear instability, dissipate and provide turbulence mixing. The semidiurnal tidal energy flux forced by the M2 tide propagates predominantly seaward. Using satellite SAR images, rank-ordered packets of nonlinear internal waves in the East China Sea are also often observed, especially in northeastern Taiwan Island [27,28]. These complicated internal waves could be generated by upwelling, which has been found to be induced by the Kuroshio onshore intrusion across the continental shelf. The Mien-Hua Canyon and the north shelf are considered to be the energetic sources of M2 internal tides [3].



In addition to astronomical forcing, the variations in internal tide generation, evolution and energy flux are influenced by water stratification and background currents [1,29]. Coherent internal tides are phase-locked with barotropic tides at the generation site, while the residual of the internal tides is the incoherent component [30,31]. Coherent internal tides have been found to show weak dissipation [13], while incoherent internal tides could induce strong current shear, which plays an important role in cascading tidal energy to turbulent mixing [8,32,33]. Decomposition analysis has provided better understanding of internal tides, as well as the influence of background stratification and currents.



Because in situ measurements along the East China Sea shelf break are limited, studies on variations in internal tides and their mechanisms are insufficient. However, there are some relevant studies that took place in the northwestern South China Sea. The notable seasonal variability in internal tides on the continental slope of the northwestern South China Sea has been attributed to upper ocean stratification variation [34]. Both observational data and numerical simulations have captured the seasonal and interannual variability in internal tide energy associated with the Kuroshio [35,36,37]. The amplitude of the generated M2 internal tides was found to increase by about 11% with the Kuroshio intrusion. The thermocline interface could modulate the interaction between the strong jet and bottom topography [38]. The strengthened (weakened) Kuroshio forces the interface to become more parallel (perpendicular) to the eastern (western) flank of the ridge in the Luzon Strait, resulting in a weakened (strengthened) interaction between stratification and bottom topography [39]. Considering the effect of energy advection and lateral friction, the influence of the Kuroshio location on the baroclinic energy flux of the internal tide was also discussed. In addition, Yuan et al. [40] suggested a western boundary current instability generation mechanism was responsible for the internal waves in the Luzon Strait.



Abundant internal tides are generated in the Luzon Strait, and the evolution of its internal tides is affected by the background current and stratification associated with mesoscale eddies. Numerical studies have shown that mesoscale eddies can redistribute the energy of internal solitary waves along their wave fronts due to retardation and acceleration effects [41]. Anticyclonic eddies have been found to increase the incoherency of internal tides by affecting both their amplitudes and phases [42]. Li et al. [37] suggested that mesoscale eddies on the path of internal tides can substantially distort the propagation paths of internal tides, which can lead to remarkable variation in the amplitude of internal tides at a fixed location. Using in situ velocity observation west of Luzon Strait, Huang et al. [43] revealed that with an anticyclonic eddy, the amplitudes of internal tides significantly decreased due to thermocline deepening along the wave direction, and both thermocline deepening and eddy currents accelerated the propagation of internal tides. The tidal beam propagation in the deep basin between the Luzon Strait and the northern South China Sea continental shelf affects the intraseasonal variation in tidal energy flux on the shelf [44].



In the northeastern region of Taiwan Island, strong internal tides are well known. However, in situ data, especially long-term observations that present the intraseasonal and seasonal variabilities in internal tides, are still sparse. Additionally, there is also a strong western boundary current and its onshore intrusion, and both are highly modulated by open ocean mesoscale eddies [45,46,47,48]. The relationship between these factors and the internal tides and the mechanisms behind them remain unclear. In this study, one-year continuous current observations on the slope northeast of Taiwan Island provided a valuable opportunity to estimate the long-term variability in internal tides. Using tidal harmonic analysis, the characteristics of the internal tides and their temporal-spatial variability were revealed. By combining the satellite remote sensing data and ocean analysis data, the impacts of the Kuroshio Current and mesoscale eddies, as well as their mechanisms were further discussed.




2. Data and Methods


2.1. In Situ Velocities


A mooring for measuring in situ velocities was constructed on the slope northeast of Taiwan Island, which provided strong support for the study of the impact of Kuroshio Current on the regional ocean dynamics around the shelf break. The mooring station was 122°35.8′ E, 25°30.3′ N (Figure 1), located at 600 m and configured with an up-looking 75 kHz ADCP at 500 m. We obtained a continuous velocity time series from 23 May 2017 to 19 May 2018, which was accomplished within three cruises. On 19 September 2017, the mooring was recovered and redeployed for the battery replacement of ADCP. The vertical resolution of the velocity was 8 m. The near surface velocities which were interfered with by sidelobe reflections were abandoned, and the remaining velocities covered ranges from 46 m to 478 m. The current velocity was sampled per hour.




2.2. Satellite Altimetry Data


Gridded sea level heights and currents were introduced to estimate the Kuroshio Current and reveal the sea surface height variation east of Taiwan Island. Satellite data were processed from all available altimeter missions. The data resolution was 1/4°  ×  1 day, which enabled us to distinguish mesoscale eddies [49] and ocean currents [46,47] easily. Sea level anomalies were calculated with respect to the mean sea surface from 1993 to 2012 [50]. The sea surface geostrophic velocities were derived from the sea level based on the geostrophic balance.




2.3. Ocean Analysis Data


Since there was not synchronous temperature and salinity profile observation, the analysis data generated by the data assimilative global Hybrid Coordinate Ocean Model (HYCOM; [51]) was introduced to depict the ocean stratification variation during mooring observations. The HYCOM uses the Navy Coupled Ocean Data Assimilation (NCODA) system [52] and assimilates multi-source data, including satellite data (e.g., sea surface level and temperature), and in situ temperature and salinity observations, and profiles from XBTs, Argo floats and moored buoys. The data resolution was 1/12°  ×  1 day, and there was 40 z-levels. Tides were not included in the model.




2.4. Tidal Harmonic Analyses


In this study, eight major diurnal (K1, O1, P1 and Q1) and semidiurnal (M2, S2, N2 and K2) constituents were derived from harmonic analyses of currents over the whole observation period:


  V =   ∑  n   U n  cos    ψ n  +  ω n  t    



(1)




where    U n    is the amplitude,    ψ n    is the phase, and    ω n    is the frequency of each constituent.





3. Results


A rotary spectral analysis was performed on the current velocity. The depth-averaged rotary spectra of raw currents indicated that the semidiurnal tidal signal was dominant at the mooring station, while the diurnal tidal signal had a secondary influence (Figure 2). This finding suggested that the semidiurnal internal tide was much stronger than the diurnal tide. The clockwise component of the rotary spectra was comparable with the counterclockwise component, with the clockwise component being slightly larger. There were also significant spectral peaks around frequencies of 3 cpd (cycle per day, O1 + M2) and 4 cpd (M4). In addition, the near inertial waves also had abundant energy in the upper layer (46–94 m) and showed a peak at 0.75 cpd (not shown here).



3.1. Barotropic Tides


Harmonic analyses were performed on the depth-averaged velocities (    u ¯   ,   v ¯    ), and the principal tidal constituents were extracted. Barotropic tidal currents at the mooring station were dominated by the semidiurnal constituents M2 and S2 (Table 1, Figure 3a). The diurnal constituents were much weaker than the semidiurnal constituents, which was consistent with the rotary spectra of velocities. M2 was the largest barotropic tidal constituent, recording an amplitude of 24.12 cm s−1. The amplitude of the S2 current ellipse was about one-third that of M2, and the amplitude of the K1 current ellipse was one-thirteenth that of M2. The mean angle of the isobaths (between 200 m and 1000 m) around the mooring station was approximately 50° from the north, while the mean inclination of the eight constituents was 134.5° from the east. Therefore, the barotropic tides were generally consistent with the cross-isobath direction within 4.5°. The tidal ellipse of the M2 constituent, which was almost rectilinear, is shown in Figure 1b.



In general, the mean current flowed northward in the upper layer, showed an anti-clockwise rotation with depth, and flowed southwestward from 182 m to 478 m [48]. After removing the eight barotropic tidal constituents, the residual depth-averaged velocities were estimated, which are shown in Figure 3b. Generally, the velocity was southwestward before 27 October 2017, and northwestward after 27 October 2017. Since the observation was very close to the Kuroshio, the current here was greatly influenced by the Kuroshio. Because of the local monsoon and seasonal heat flux, the Kuroshio Current shifts onshore in cold seasons and offshore in warm seasons, which strengthens the northward Kuroshio intrusion in winter and weakens the intrusion in summer [53,54]. It is worth noting that there were also intraseasonal variations, which should be induced by the intraseasonal variation in the Kuroshio intrusion, which is induced by mesoscale eddies from the open ocean [46,47,48].




3.2. Internal Tides


Since the velocities were observed at the steep slope, and the barotropic tides were generally aligned with the cross-isobath direction, internal tides at the mooring station were strongly predictable. First, baroclinic velocities (   u 0 ′  ,    v 0 ′   ) were derived by subtracting the depth-averaged velocities from the raw data (  u ,   v  ) at each depth:


   u 0 ′  = u −  u ¯  ,  



(2)






   v 0 ′  = v −  v ¯   



(3)







Then, to estimate the vertical distribution and temporal variability in internal tides (   u ′  ,    v ′   ) at the mooring station, a fourth-order Butterworth filter was applied to the baroclinic velocities. The Butterworth filter is a type of signal processing filter designed to have a frequency response as flat as possible in the passband. The fourth order corresponds to the larger steepness of the transfer characteristics from the passband to the topband, which makes the filter more selective. Diurnal currents were isolated with a bandpass filter of 0.87–1.13 cpd, while semidiurnal currents were isolated with a bandpass filter of 1.74–2.26 cpd (dashed lines in Figure 2).



Due to the variation in the ocean stratification and current field, the phase speeds of internal tide waves vary during their propagation, which induces the difference between observed internal tide waves and astronomical tide waves in phase. The internal tides were decomposed into coherent and incoherent components [30,31]. The tide signal purely determined by the astronomical forcing was considered to be a coherent tide (   u c ′  ,    v c ′   ), while the remaining part was considered to be an incoherent tide (   u i ′  ,    v i ′   ):


   u ′  =  u c ′  +  u i ′  ,  



(4)






   v ′  =  v c ′  +  v i ′  .  



(5)







In this study, the coherent internal tidal currents comprised eight major tidal constituents derived from harmonic analyses of baroclinic currents over the whole observational period. The semidiurnal internal tides were stronger than the diurnal ones (Figure 4). Similarly, the diurnal internal tides were dominated by K1 and O1, while the semidiurnal internal tides were dominated by M2 and S2. The depth-averaged amplitudes of K1, O1, M2 and S2 were 2.45 cm s−1, 1.62 cm s−1, 10.77 cm s−1 and 3.27 cm s−1, respectively. On the whole, the amplitudes of the four constituents were largest at 46 m and first decreased and then increased with depth. In addition, the other maximum amplitude was recorded in the subsurface layer.



The M2 tide was still the strongest tidal constituent. The amplitude of this tidal constituent was largest (23.66 cm s−1) at 46 m, decreased to 5.2 cm s−1 at 190 m and increased to 15.6 cm s−1 at 478 m. The second minimum was 9.65 cm s−1 at 374 m. The ratio of the long axis to the short axis of M2 mostly ranged from 1.3 to 2.7, and this ratio was able to reach 5 at 190 m. The inclination of M2 was relatively stable above 126 m (~121.21°) and below 318 m (~110.62°). However, the inclination rapidly decreased from 121.76° at 126 m to 75.43° at 230 m, and increased to 115.57° at 318 m.



The horizontal kinetic energy (HKE) of the internal tides in each layer was defined as    1 2   ρ 0  〈   u ′  2  +   v ′   2   〉 d z  . The HKE was composed of the coherent component (HKEc), incoherent component (HKEi) and cross-term (HKEcr), which were given as follows:


  H K E = H K  E c  + H K  E i  + H K  E  c r   ,  



(6)






  H K  E c  =  1 2   ρ 0  〈   u c ′  2  +   v c ′   2   〉 d z ,  



(7)






  H K  E i  =  1 2   ρ 0  〈   u i  ′   2  +   v i  ′   2  〉 d z ,  



(8)






  H K  E  c r   =  ρ 0  〈  u c ′   u i ′  +  v c ′   v i ′  〉 d z .  



(9)




where    ρ 0    was considered to be constant (1024 kg m−3),   d z   was the layer thickness and the bracket denoted the average over one tidal cycle [55]. The cross-term represents the HKE associated with the time-varying interference of incoherent currents, and its sign depends on the angle between the coherent and incoherent currents. The total, coherent component, incoherent component and cross-term HKEs of diurnal and semidiurnal internal tides were estimated (Figure 5 and Figure 6). The ratio between the total HKEs of the diurnal and semidiurnal internal tides was 23.92%, while the ratios were 7.43% and 51.52% for the coherent and incoherent components, respectively. Therefore, the difference between the HKEs of the diurnal and semidiurnal internal tides was mostly due to the coherent component. The coherent component of the diurnal internal tides accounted for 19.45% of diurnal motions, while the coherent component of the semidiurnal internal tides accounted for 62.6% of semidiurnal motions. The incoherent component also made an important contribution to the internal tidal signal, especially for the diurnal internal tide.



The HKEs were largest at ~50 m for both diurnal and semidiurnal currents and decreased rapidly with depth from 50 m to 100 m (Figure 7). For the diurnal currents, both the total HKE and its incoherent component decreased slowly under 100 m. For semidiurnal currents, both the total HKE and its incoherent component decreased with depth, reached the minimum at ~200 m and then increased from 200 m to 478 m. The vertical distribution of the HKE coherent component was similar to the amplitude of the four major constituents. The coherent component of HKE for diurnal internal tides showed a subsurface maximum at ~230 m, while that of the semidiurnal internal tides was at ~300 m.



There was an apparent seasonal variability in the total HKE for the semidiurnal internal tides (Figure 6a). Generally, the total HKE were stronger from November to April than for the rest of the year. The mean HKE from November to April was approximately twice that from May to October. Obviously, the HKE seasonal variability was mainly due to its cross-term (Figure 6d). The mean HKEcr was a quarter of the mean HKE during November to April, and the mean HKEcr from November to April was equal to minus the mean value from May to October. Based on the same mooring observation, Zhao et al. [56] attributed the seasonality of semidiurnal internal tide energy to the seasonal Kuroshio onshore intrusion, which modulated the internal generation induced by the interaction of the barotropic tide and the shelf break. However, since the mooring observation only lasted for one year, the above seasonal variability in the HKEs for semidiurnal internal tides needs further verification through long-term observations.



With a 5-day low-pass filter, the power spectrum density of the depth-averaged HKEs of the diurnal and semidiurnal currents was estimated (Figure 8). In addition to the tidal oscillation, there was also significant energy at approximately 14 days and 30 days. The 13.65-day period of coherent diurnal internal tides could be attributed to the aliasing of the K1 and O1 constituents. The 14.84-day period of the coherent semidiurnal internal tides could be attributed to the aliasing of the M2 and S2 constituents, while the 28.44-day period could be attributed to the aliasing period of the M2 and N2 constituents. In addition, the HKE coherent component for the diurnal internal tides also showed a 170-day period, which was the aliasing period of the K1 and P1 constituents. This period was not significant because of the insufficient observations. The incoherent components showed some energy from the 30 to 60 day periods, which may be induced by the background current variation. It is worth noting that there were conspicuous peaks from 100 to 200 days for the depth-averaged total HKE of the semidiurnal current (Figure 8e), which were due to the HKE cross-term (Figure 8h). However, they were lower than the 95% confidence level, and not significant.





4. Discussion


Using the one-year continuous in situ velocity observations, the vertical structure and multitemporal scale variability in the internal tides were revealed at the mooring station. The above results showed that the semidiurnal tide, especially the M2 constituent, was dominant. In addition to the tidal oscillation and aliasing period, the semidiurnal current also showed conspicuous energy on the intraseasonal time scale (>70 days). The one-year observation served as valuable data that were able to reveal the intraseasonal variation in the internal tides. The reason that the intraseasonal variation in the HKEs was lower than the 95% confidence level could be attributed to the limited observation time period. The mooring observation (1 year) was only able to cover about three cycles of such intraseasonal oscillation.



However, the conspicuous energy from 100 to 200 days for the HKEs of the semidiurnal current was consistent with the remarkable intraseasonal variation of the Kuroshio and its onshore intrusion northeast of Taiwan Island [47,57]. Previous studies have proved that the intraseasonal variation of the geostrophic current northeast of Taiwan Island is induced by the Kuroshio being modulated by open ocean mesoscale eddies east of Taiwan Island [46,47]. The background current and ocean stratification could affect the generation and evolution of internal tides. Therefore, the one-year observation period also offers a valuable chance to estimate the impacts of the Kuroshio Current and mesoscale eddies on internal tides. The following discussion mainly focuses on the intraseasonal variation in semidiurnal internal tides and its possible mechanism. The coherent and incoherent component contributions to the total HKE of internal tides were always positive (Equations (7) and (8)). For the cross-term, the contribution was positive when the angle between the incoherent and coherent currents was smaller than 90°, and the contribution was negative when the angle was larger than 90°. Based on the HKE power spectrum density and its disciplines (Figure 8), the HKE cross-term was the main factor that gave rise to the intraseasonal variation in the semidiurnal current. The HKE incoherent component only showed a small amount of energy on the intraseasonal time scale. In terms of correlation (20-day low-pass filtered), there was no correlation between the total HKE and HKEi, while the correlation coefficient between the total HKE and HKEcr was 0.83 with no time lag (Figure 9a). The HKE cross-term was the result of the incoherent component of the internal tide, which was caused by the variation in the background current field and ocean stratification.



4.1. The Effect of Background Currents on Energy Propagation


The background currents were defined as the low frequency depth-averaged currents. With a 20-day low-pass filter, the correlation between the HKEs and in situ velocities (Figure 9b) was estimated. There was a positive correlation between the depth-averaged HKEs and velocities (Table 2, Figure 10a), meaning that a stronger background current corresponded to a higher HKE. Significantly, the correlation coefficients between the HKEs and meridional and along-shelf velocities were higher and remarkable.



First, the observed [26] and simulated [3] results showed that the direction of internal tidal energy flux around our mooring site was offshore. The Kuroshio onshore intrusion was found to inhibit offshore energy propagation and raise the energy at the observation site. This finding was consistent with the positive correlation between the HKEcr and cross-shelf velocities. In their study, Rainville and Pinkel [58] also proposed that the Kuroshio Current was a barrier that impeded the seaward propagation of internal waves.



Second, the Mien-Hua Canyon has been found to be a major energy source for internal tides, and the M2 barotropic-to-baroclinic conversion rate was ~2.35 GW [3]. The source area was very close to the mooring site (~30 km; Figure 1b); therefore, the background currents were similar. The remarkable correlation between the HKEs and along-shelf velocities indicated that the strengthened northeastward background current favoured more internal tidal energy propagation to the mooring site. Moreover, since the correlation between the HKEs and along-shelf velocities was significantly higher than the cross-shelf velocity, this explanation should be relatively more important.




4.2. The Effect of Ocean Stratification on Energy Generation


Since there were no synchronous thermohaline records for velocity at the mooring station, the daily HYCOM analysis output during the observation period was analysed to reveal the variation in ocean stratification. The analysed data assimilated the available observations, including satellite altimeters and in situ temperature and salinity profiles. The data have performed well in the research area, including for current intraseasonal variation [47,59]. An abnormal HKEcr was defined as events exceeding 0.75 standard deviations (std) of the time series (20-day low-pass filtered, Figure 11a). The abnormally low HKEcr occurred before November 2017, while the abnormally high HKEcr occurred after November 2017. This difference occurred because the mean HKEcr showed an obvious increase (~50 J m−1) after November 2017. However, because of the impact of the seasonal migration of the Kuroshio Current, there is a strong seasonal cycle of stratification around the slope region [54]. A comparison of stratifications between the periods of abnormally high and low HKEcr should show the seasonal variation instead of the intraseasonal variation, and that these are not reasonable. Therefore, in this study, the stratification variations during the warm period (from 12 June 2017 to 25 October 2017) and cold period (from 31 October 2017 to 10 March 2018) were analysed.



First, abnormally low HKEcr events occurred in the P1 (−79.79 J m−1) and P3 (−46.9 J m−1) periods (Figure 11a). The buoyancy frequency (N2) derived from the HYCOM analysis data indicated that the stratifications during the P1 (maximum was 5.61 × 10−4 s−2) and P3 (maximum was 3.87 × 10−4 s−2) periods were both weaker than those during the P2 (maximum was 6.81 × 10−4 s−2) period (Figure 11b). In the cold period, the stratification of abnormally high HKEcr events (P4+, maximum was 2.41 × 10−4 s−2) was stronger than that of the rest time (P4−, maximum was 1.66 × 10−4 s−2). On the intraseasonal time scale, stronger stratification favoured higher HKEcr. The buoyancy frequency changed the barotropic-to-baroclinic conversion rate, which modulated the internal tide generation.



Second, internal tide generation depends on both the density gradient and topography slope [38]. At the P transect, because of the Kuroshio Current, the tilting thermocline clung to the shelf break (Figure 12). The isopycnals became more parallel to the slope with an abnormally low HKEcr (during P1 and P3 period), which resulted in a weaker interaction between the stratification and topography and a decreased HKE. However, there was little difference in the isopycnals during the P4 period (Figure 12c).




4.3. The Effect of the Kuroshio Current and Mesoscale Eddies


At the intraseasonal time scale, previous studies showed that the current northeast of Taiwan Island was strongly influenced by the Kuroshio Current [46,47]. The sea surface level, sea surface temperature and chlorophyll-a concentration derived from satellite data performed well over China’s seas and the adjacent ocean [45,60,61,62]. Using synchronous satellite altimetry data, both the intensity and the center of Kuroshio Current were estimated (Figure 9c). The Kuroshio intensity was defined as     ∫    X W     X E     V g    x , t   d x   [63], and the Kuroshio center was defined as       ∫    X W     X E     V g    x , t   · x d x     ∫    X W     X E     V g    x , t   d x     [48], where    X E    and    X W    are the eastern and western points of the selected transect, respectively, and    V g    is the northeastward geostrophic velocity normal to the transect. The Kuroshio center was estimated at the P transect (Figure 1a). Instead of the P transect, the Kuroshio intensity was estimated at the ETC transect for convenience (solid boundaries on both sides of the Kuroshio). Due to the strong Kuroshio Current, most signals propagate downstream along the Kuroshio. Therefore, there should be a short time lag between the Kuroshio intensity and the Kuroshio center in this study.



With a 20-day low-pass filter, the relationship between the HKEs of internal tides and the Kuroshio Current was evaluated (Figure 10b). There was a significant negative correlation (−0.76) between the total HKE and the Kuroshio intensity at a 10.88-day lag, and also a significant negative correlation (−0.73) between the HKEcr and the Kuroshio intensity at a 12.58-day lag. The negative correlation between the HKEs and the Kuroshio center was also remarkable but with a shorter time lag. In general, increases in HKE occurred after a weaker Kuroshio Current, and vice versa.



The onshore (offshore) Kuroshio migration could increase (decrease) the northeastward velocity northeast of Taiwan Island [64,65]. In this study, the correlation coefficient between the depth-averaged meridional (along-shelf) velocities and the Kuroshio intensity was −0.74 (−0.69) at a 13.88-day (11.46-day) lag. The weaker (stronger) Kuroshio Current led to the westward (eastward) migration of onshore intrusion, and increased (decreased) the cross-shelf velocities at the mooring site [47,66]. The velocity increase (decrease) induced by the Kuroshio Current could enhance (weaken) the HKEs of internal tides by influencing tidal energy propagation, as we discussed previously. On the other hand, the weaker (stronger) Kuroshio Current resulted in gentler (steeper) isopycnals across the slope and enhanced (weakened) the HKEs of internal tides by influencing the interaction between the stratification and topography.



To study the reason for the Kuroshio variation, the mean sea level anomalies during periods P1, P2, P3, P4+ and P4− were composited in the research area (Figure 13). Generally, the Kuroshio Current, indicated by the sea level anomaly difference (SLAoffshore minus SLAonshore) across the P transect, increased during the P1 (0.17 m) and P3 (0.15 m) periods and decreased during the P4+ (−0.14 m) and P4− (−0.18 m) periods. These sea level anomalies that influenced the Kuroshio were tracked to the open ocean east of Taiwan Island, which was revealed from sea level anomalies 30 days before. Furthermore, two anticyclonic eddies and one cyclonic eddy was found east of Taiwan Island (Figure 13f–h). Anticyclonic (cyclonic) eddies could increase (decrease) the Kuroshio and migrate the Kuroshio offshore (onshore), as well as weaken (enhance) the shoreward intrusion northeast of Taiwan Island [47,64]. Therefore, in the warm period, mesoscale eddies modulated the ocean circulation and stratification at the shelf break and affected the HKEs of the internal tides. However, in the cold period, there was no obvious difference in the distribution of sea level anomalies, which may be due to the small amplitudes of HKEcr within this period.





5. Conclusions


One year of continuous mooring observations provided valuable data capable of illustrate the vertical structure of and intraseasonal variability in the internal tides in the slope region northeast of Taiwan Island. At the mooring site, the semidiurnal signal was dominant in both the barotropic and baroclinic tides, and the diurnal signal had a secondary influence. The M2 tide was the strongest barotropic tidal constituent, and its inclination was generally consistent with the cross-isobath direction. Generally, the amplitudes of the major constituents of the internal tides were largest at ~50 m, and first decreased and then increased with depth. The M2 tide was also the strongest internal tidal constituent. The amplitude of this tidal constituent was largest (23.66 cm s−1) at 46 m, decreased to 5.2 cm s−1 at 190 m and increased to 15.6 cm s−1 at 478 m. The coherent component of HKE accounted for 62.6% of semidiurnal internal tides, while the incoherent component accounted for 37.4%. In addition to the aliasing periods, there was conspicuous energy from 100 days to 200 days for the depth-averaged total HKE of the semidiurnal internal tides. The HKE power spectrum density and its disciplines showed that the HKE cross-term was the main factor that gave rise to the intraseasonal variation in the semidiurnal current.



The intraseasonal variation in HKEs was attributed to the variations in the background current and stratification. Based on the correlation between the HKEs and the strength of the background current, two mechanisms for the variation in HKE can be proposed: First, the Kuroshio onshore intrusion could inhibit offshore energy propagation and raise the energy at the observation site; second, the strengthened northeastward background current favoured more internal tidal energy propagation from the Mien-Hua Canyon. Moreover, the higher and remarkable correlation between the HKEs and along-shelf velocities indicated that the latter mechanism should be more important. Two mechanisms can also be proposed for the stratification: First, a larger buoyancy frequency in the upper ocean, which increased the barotropic-to-baroclinic conversion rate, enhanced the internal tide generation; second, a reduction in the slope of isopycnals in the slope region resulted in a stronger interaction between the stratification and topography and increased the HKE.



The cyclonic (anticyclonic) mesoscale eddies east of Taiwan Island weakened (strengthened) the Kuroshio, and shifted the Kuroshio onshore (offshore) northeast of Taiwan Island. The weakened (strengthened) Kuroshio increased (decreased) the cross-shelf velocities at the mooring site, and the onshore (offshore) Kuroshio migration increased (decreased) the northeastward velocities and enhanced (weakened) the HKEs of the internal tides by modulating the tidal energy horizontal propagation. The weakened (strengthened) Kuroshio resulted in gentler (steeper) isopycnals across the slope and enhanced (weakened) the HKEs of the internal tides by influencing the interaction between the stratification and topography.



In addition, although one year of observations were insufficient, the seasonal variation in the HKEs of the internal tides was also discussed. The HKEs were stronger in winter than in summer (Figure 9a). The Kuroshio Branch Current and onshore intrusion northeast of Taiwan Island were stronger in winter [54,67]. However, due to strong surface cooling, the buoyancy frequency in the upper ocean was weakened (Figure 11b), and the isopycnals were steeper (Figure 12d). The stratification variation contradicted the stronger HKEs. Therefore, the enhanced HKEs in winter should be attributed to the increased velocities induced by the Kuroshio.



The findings of this work will contribute toward a better understanding of the intraseasonal variation of internal tides northeast of Taiwan Island. The results also could provide reference for improvement of the parameterization of ocean turbulence in numerical simulation, as well as for the high-resolution numerical forecasting of coastal environments. However, the investigation of the internal tides is very limited with only current velocities at one single station. In the following study, we will try to combine in situ observation and high-resolution numerical simulation to study the generation and dissipation of the internal tides northeast of Taiwan Island, as well as the impact of Kuroshio Current on them.
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Figure 1. (a) Mean geostrophic velocities (red arrows, from satellite altimetry data). The blue line represents the East Taiwan Channel (ETC) transect, and the green line represents the P transect. Thin contours are the 200 m and 1000 m isobaths (ETOPO1 Global Relief Model). The mooring location is labeled as the black triangle. (b) Detailed topography around the mooring station. Thin contours are the isobaths every 100 m from 200 m to 1000 m. The M2 tidal ellipse is shown. 
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Figure 2. Depth-averaged rotary spectra (unit: m2 s−2) for clockwise and counterclockwise components of raw velocity at the mooring station. The dashed lines represent the frequency bands of 0.87–1.13 and 1.74–2.26 cpd. 
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Figure 3. (a) Tidal ellipses of eight diurnal and semidiurnal barotropic tidal constituents. (b) Residual (after removing the tides) depth-averaged velocities; thick lines are the 20-day low-pass filtered velocities. (unit: m s−1). 
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Figure 4. Tidal ellipses of eight baroclinic tidal constituents in different layers. 
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Figure 5. The horizontal kinetic energy values (HKEs; unit: J m−1) of diurnal currents (a) and their coherent component (b), incoherent component (c) and cross-term (d). 
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Figure 6. The HKEs (unit: J m−1) of semidiurnal currents (a) and their coherent component (b), incoherent component (c) and cross-term (d). 
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Figure 7. Mean HKEs (unit: J m−1) of diurnal (a) and semidiurnal (b) currents (red lines) and their coherent component (black lines, where dashed lines represent one standard deviation) and incoherent (blue lines) component. 
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Figure 8. Power spectrum density of the depth-averaged HKEs of diurnal (a) and semidiurnal (e) currents and their coherent component (b,f), incoherent component (c,g) and cross-term (d,h). The dashed line represents the 95% confidence level. 
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Figure 9. (a) Depth-averaged HKEs (unit: J m−1) of semidiurnal currents and its coherent component, incoherent component and cross-term. (b) Depth-averaged along-shelf (50° from north), cross-shelf (310° from north), zonal and meridional velocities (unit: m s−1) from 46 m to 478 m. (c) Kuroshio intensity (red line, unit: m2 s−1) and Kuroshio center anomaly (blue line, unit: km). All the time series were filtered with a 20-day low-pass filter. 
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Figure 10. (a) Lag correlation between the depth-averaged HKEs and meridional velocities. (b) Lag correlation between the depth-averaged HKEs and Kuroshio intensity. The solid lines represent the total HKE, and the dashed lines represent the HKE cross-term. 
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Figure 11. (a) Depth-averaged HKEcr (20-day low-pass filtered, unit: J m−1). The red (blue) dashed line represents the -0.75 (0.75) stds of the time series. The red solid lines represent the warm period (from 12 June 2017 to 25 October 2017), and the blue solid lines represent the cold period (from 31 October 2017 to 10 March 2018). P1, P2, P3 and P4 represent the periods from 12 June 2017 to 4 July 2017, from 5 July 2017 to 9 September 2017, from 10 September 2017 to 25 October 2017 and from 31 October 2017 to 10 March 2018, respectively. (b) Profiles of the mean Brunt-Väisälä frequency squared (unit: s−2) at the mooring location derived from HYCOM analysis data. ‘Mean’ represents the mean value during the whole observation period; ‘May-October’ represents the mean value from May 2017 to October 2017; ‘November-April’ represents the mean value from November 2017 to April 2018; ‘P1′, ‘P2′ and ‘P3′ represent the mean value during the P1, P2 and P3 periods, respectively; ‘P4+’ (‘P4−’) represents the mean value when the HKEcr was larger (lower) than 0.75 stds during the P4 period. 
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Figure 12. Mean potential density (unit: kg m−3) along the P transect (a) during the P1 (dashed lines) and P2 (solid lines) periods, (b) during the P2 (solid lines) and P3 (dashed lines) periods, (c) during the P4+ (solid lines) and P4− (dashed lines) periods and (d) from May 2017 to October 2017 (solid lines) and from November 2017 to April 2018 (dashed lines). 
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Figure 13. Mean sea level anomalies (unit: m) during the P1 (a), P2 (b), P3 (c), P4+ (d) and P4− (e) periods. Mean sea level anomalies 30 days before the P1 (f), P2 (g), P3 (h), P4+ (i) and P4− (j) periods. The contour interval is 0.03 m. The pentagram marks the location of the mesoscale eddy. 
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Table 1. Ellipse properties of eight major barotropic tidal constituents.






Table 1. Ellipse properties of eight major barotropic tidal constituents.





	Constituents
	K1
	O1
	P1
	Q1
	M2
	S2
	N2
	K2





	Amplitude (cm s−1)
	1.86
	1.27
	0.44
	0.38
	24.12
	7.47
	4.11
	1.78



	Phase (°)
	115
	75
	135
	50
	185
	226
	154
	230



	Inclination (°)
	133
	125
	129
	124
	140
	138
	141
	146










[image: Table] 





Table 2. Correlation coefficient between HKEs and factors.
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	Zonal Velocity
	Meridional Velocity
	Along-Shelf Velocity
	Cross-Shelf Velocity
	Kuroshio Intensity
	Kuroshio Center





	HKE
	0.39
	0.73
	0.69
	0.23
	−0.76

(10.88 d)
	−0.68

(6.25 d)



	HKEcr
	0.26
	0.72
	0.65
	0.40
	−0.73

(12.58 d)
	−0.67

(2.67 d)







The HKEs and velocities were depth-averaged and then filtered with a 20-day low-pass filter.
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