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Abstract

:

The semidiurnal internal tides (ITs) on the continental slope of the southeastern East China Sea (ECS) exhibited abrupt enhancement in November of 2017. This enhancement resulted from the intensification of the coherent semidiurnal ITs. Coherent and incoherent semidiurnal ITs had a comparative energy contribution in October; however, coherent semidiurnal ITs dominated with a variance contribution of 90% in November. The variance contribution of vertical modes of the semidiurnal ITs varied between October and November, and the mode with most variance contribution changed from the second mode to the first mode. Altimeter data and the observed background currents indicated that the Kuroshio mainstream meandered and abruptly intruded into the ECS in November. The upper layer background currents were significantly related to the kinetic energy of the semidiurnal ITs, and the correlation coefficient between them reached 0.81. The frequent occurrences of the Kuroshio intrusion have suggested that the ITs in the ECS are susceptible to the modulation of the Kuroshio current. Numerical modeling and predication of ITs should consider the meander of the Kuroshio mainstream.
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1. Introduction


Internal tides (ITs) are ubiquitous in the world’s oceans [1,2,3,4], and they are generated by barotropic tidal currents flowing over abrupt ocean topography [5,6,7,8]. High-mode ITs usually break and dissipate near their source regions, which generates local mixing [9]; however, low-mode ITs can propagate for thousands of kilometers [10,11,12,13]. Coherent ITs are phase-locked with the barotropic tides in the generation site, and variations in the coherent ITs generally are induced by the spring-neap cycles of the barotropic tides. During their long-range propagation, ITs exhibit strong intermittency and unstable phase and part of the internal tidal energy is transferred to frequencies outside the deterministic tidal frequencies due to the modulation of background conditions. Consequently, ITs lose coherence to astronomical forcing and become incoherent [14,15,16]. ITs generate significant vertical displacement and vertical shear and can induce interior ocean turbulent mixing, which plays an important role in maintaining the meridional circulation and affects the global climate [17,18].



The East China Sea (ECS) have a wide continental shelf and a deep trough (the Okinawa Trough) connected by a steep continental slope. The generation of ITs in the ECS has been reported based on observations [19,20,21,22,23,24] and numerical models [25,26,27]. Lien et al. found that on the continental slope to the northeast of Taiwan Island, the semidiurnal internal tidal energy flux exhibits strong temporal and spatial variations, and it has a seaward direction [23]. The Mien-Hua Canyon, the I-Lan Ridge, and the continental shelf are the main IT generation sites in the ECS to the northeast of Taiwan [27]. The Kuroshio current is a strong west boundary current that flows across the ECS, and the Mien-Hua Canyon is one of the key passages by which the Kuroshio intrudes into the ECS [28,29]. The modulation of the ITs by the Kuroshio current to the northeast of Taiwan remains unclear because of the lack of suitable long-range in situ observations. In this study, the characteristics of the ITs subjected to Kuroshio mainstream meandering to the northeast of Taiwan Island were investigated based on in situ observations.




2. Data and Methods


A moored Acoustic Doppler Current Profiler (ADCP) was initially deployed on 23 May 2017, and the mooring was recovered, the battery was charged, and it was redeployed on 19 September 2017. The mooring was located at 122°35.6′ E, 25°30.5′ N, with a local water depth of about 600 m, and the local isobath aligns with the northeast-southwest direction (Figure 1). The ADCP was oriented upward and had temporal and vertical spatial resolutions of 1 h and 8 m, respectively. The ADCP detected the horizontal water velocity from 40 m to 480 m below the sea surface. The horizontal velocity collection lasted for nearly 1 year, that is, from 23 May 2017 to 18 May 2018.



We used all satellite-merged Absolute Dynamic Topography (ADT) and geostrophic current data from the Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO) to examine the meander of the Kuroshio mainstream. The monthly mean ADT and the geostrophic current data have a spatial resolution of 1/4°. The daily HYCOM + NCODA Global 1/12° analysis dataset is an operational, data-assimilative product, and consequently, it was used as a substitute for the hydrography that was not measured during the observation period.



The in situ observed horizontal currents were linearly interpolated into fixed layers, which ranged from 40 m to 480 m, with a vertical interval of 8 m. The barotropic currents were estimated as the depth-mean of the interpolated currents, and the baroclinic currents were derived by subtracting the barotropic currents from the interpolated currents. The current ellipses of the barotropic current were calculated using the least-squares fitting method of harmonic analysis [30]. Empirical Orthogonal Function (EOF) decomposition was used to extract the vertical modes of the ITs.



The rotary spectra of the baroclinic currents were estimated using Welch’s method [31], with a window of 42 days and a degree of freedom of 30. A fifth-order Butterworth band-pass filter was applied to the baroclinic currents to extract the diurnal ITs with a passband of 0.80–1.20 cycles per day (cpd) and the semidiurnal ITs with a pass-band of 1.73–2.13 cpd [11]. To eliminate the phase distortion, the filters were applied twice, that is, in the forward and backward directions. Tidal harmonic analysis was also conducted on the diurnal and semidiurnal internal tidal currents during each month to extract the coherent diurnal and semidiurnal ITs. The incoherent ITs were obtained by subtracting the coherent ITs from the band-pass filtered diurnal and semidiurnal ITs. The internal tidal currents were Wentzel-Kramers-Brillouin (WKB) scaled, and then, the rotary vertical wave-number spectra were estimated to examine the vertical energy propagation direction of the ITs [32]. The kinetic energy (KE) density of the ITs was calculated as follows:


  KE =  1 2   ρ 0   (   u 2  +  v 2   )  ,  








where ρ0 = 1024 kg⁄m3 is the reference water density, and u and v are the zonal and meridional currents of the diurnal and semidiurnal ITs.




3. Results


Figure 2 shows the variance-conserving rotary spectra of the barotropic and baroclinic currents. The barotropic and baroclinic semidiurnal signals dominated the local current field. The local barotropic tides were dominated by the semidiurnal constituents. The current ellipse of barotropic M2 constituent had major and minor axes of 23.2 cm/s and −3.6 cm/s with a negative minor axis, indicating clockwise rotation. The barotropic S2 constituent had major and minor axes of 7.7 cm/s and −1.2 cm/s. The barotropic diurnal constituents O1 and K1 were much weaker than the semidiurnal ones. The current ellipses of the four barotropic constituents were roughly aligned with the cross-isobath direction and are rotated clockwise.



The semidiurnal ITs dominated the local internal wave field, and the clockwise component of the semidiurnal ITs overwhelmed the counterclockwise component. The M2 internal tide had a power spectral density that was 10 times larger than that of the K1 and S2 internal tides. The M2 internal tides dominated the power spectra from the ocean surface to the bottom, with a low power range of ~200 m (Figure 2c). Since the M2 internal tides were dominate, there were spectral peaks at the MK3 (M2 + K1), M4 (M2 + M2), and MS4 (M2 + S2) frequencies.



Figure 3 presents the tidal-current ellipses of the major baroclinic tidal constituents obtained from the harmonic analysis over the entire observation period. The harmonic analysis results represented the coherent baroclinic tides that were phase-locked to the astronomical tides. The red ellipses denoted clockwise rotation, and the blue ellipses denoted counterclockwise rotation. The M2 ITs were polarized and rotated clockwise, and they dominated the baroclinic currents within the entire water column. The M2 ITs had one node at a depth of about 200 m. The S2 ITs also were polarized and rotated clockwise within the entire water column, and they had two nodes at depths of 200 m and 420 m. The O1 and K1 ITs exhibited rectilinear features, and their rotation directions varied with depth. The rotation direction of the O1 ITs varied repeatedly with depth, whereas that of the K1 ITs was mostly clockwise with a counterclockwise rotation from 350 m to 400 m.



Figure 4 presents the depth-mean KE evolution of the diurnal, semidiurnal, coherent diurnal, coherent semidiurnal, incoherent diurnal, and incoherent semidiurnal ITs. The diurnal ITs had a maximum depth-mean KE of about 10 J/m3, and they did not exhibit regular variation. However, the KE of the semidiurnal ITs was much greater than that of the diurnal ITs, and it experienced an abrupt enhancement in November of 2017, with a depth-mean KE of 30 J/m3. The diurnal ITs had comparatively coherent and incoherent components during the observation period. The coherent diurnal ITs increased in October of 2017, and the incoherent diurnal ITs varied irregularly. The incoherent semidiurnal ITs also varied irregularly; however, the coherent semidiurnal ITs were enhanced in July and August of 2017 and from November 2017 to April 2018. In June, September, and October of 2017, the coherent and incoherent semidiurnal ITs had comparative KE values; however, the coherent semidiurnal ITs were much more energetic than the incoherent semidiurnal ITs from November 2017 to April 2018. Since the semidiurnal ITs dominated the observation site and exhibited abrupt enhancement, we focused on the semidiurnal ITs.



The temporal mean of the coherent and incoherent kinetic energy densities of the diurnal and semidiurnal ITs are shown in Figure 5. The diurnal ITs had comparatively coherent and incoherent ITs. The coherent and incoherent diurnal ITs had similar vertical profiles, which reached the maximum value at a depth of 60 m and then decreased with increasing depth. The maximum temporal mean energy density of the coherent and incoherent diurnal ITs was 3 J/m3. The semidiurnal ITs had stronger coherent components than incoherent components at most depths. The incoherent semidiurnal ITs exhibited subtle vertical variations; however, the coherent semidiurnal ITs exhibited significant vertical variations. The energy density of the incoherent semidiurnal ITs ranged from 2 to 5 J/m3. The coherent semidiurnal ITs were surface-intensified, with an energy density of 25 J/m3, and then, they decreased with depth to 200 m. Then, they increased with depth, reaching 10 J/m3 at the bottom. The coherent diurnal and semidiurnal ITs contributed 55% and 75% to the variance of the diurnal and semidiurnal ITs, respectively.



Figure 6 shows the evolution of the semidiurnal IT currents from October to November in 2017. The semidiurnal ITs exhibited abrupt enhancement between October and November in 2017. In October, the semidiurnal ITs had maximum zonal and meridional current components of about 0.15 m/s; however, the zonal and meridional currents of the semidiurnal ITs intensified to 0.35 m/s in November. The enhancement of the semidiurnal ITs began at the end of October, and it first appeared in the upper layer (above 110 m). In early November, the semidiurnal ITs strengthened in both the upper and bottom layers which was evident from the low-pass filtered amplitude of semidiurnal internal tidal velocity (Figure 6c).



Vertical modes of the semidiurnal internal tides in October and November are shown in Figure 7. Since the observations covered almost the entire water column, the physical mode can be distinguished from the vertical profile of each EOF. In October, the semidiurnal ITs were composed primarily of the first and second baroclinic mode, with variance contributions of 25% and 57%, respectively. However, in November, the first and second mode semidiurnal ITs had variance contributions of 56% and 39%. That is, the variance contribution of the first mode increased from 25% to 56%, and that of the second mode decreased from 57% to 39%.



In October, the coherent and incoherent semidiurnal ITs had comparable variance contributions of 45% and 55%; however, in November, the coherent semidiurnal ITs was dominant, with a variance contribution of 90% which was consistent with Figure 4. The dominant coherent semidiurnal ITs suggested that in November, the ITs remained phase-locked with the local barotropic tides, and they were generated in the vicinity of the observation site. The Mien-Hua Canyon and North Mien-Hua Canyon are the closest significant generation sites of semidiurnal ITs [23,25,27], and they are the probable generation sites of the observed semidiurnal ITs.




4. Discussion


The incoherent internal tides appeared to be a little noisy which is probably related to the measurement accuracy of the ADCP, i.e., ±1.0% of measured velocity ± 0.5 cm/s, and the irregular characteristic of incoherent tides (Figure 4). The background currents obtained using a low-pass filter with a cutoff frequency of 1/30 cpd are shown in Figure 8. The amplitude and direction of the cross-isobath background currents varied only slightly; however, the along-isobath background currents varied conspicuously in the upper 200 m. The along-isobath background currents exhibited an abrupt direction reversal from October to November in 2017. Based on the monthly mean geostrophic currents from the AVISO (Figure 9), the along-isobath background currents’ direction reversal corresponded to the intrusion of the Kuroshio current into the ECS, and the in situ observations suggested that the Kuroshio intrusion occurred mainly in the upper 200 m.



The low-pass filtered KE of the semidiurnal ITs with a cutoff frequency of 1/30 cpd suggested that the KE was highly correlated to the along-isobath background currents (Figure 8c). The correlation coefficient between the low-pass filtered KE and the upper 200 m averaged along-isobath background currents reaches 0.81 with a 95% confidence interval of 0.80 to 0.82. Although the correlation was calculated between low-pass filtered time series, the rather high correlation coefficient suggests that the Kuroshio intrusion was related to the abrupt enhancement of the semidiurnal ITs. This conclusion is further supported by the background currents and semidiurnal ITs in July and August of 2017 when weaker Kuroshio intrusion (see Figure 9) and enhancement of the ITs occurred simultaneously. When Kuroshio intruded into the mooring station (Figure 9), the northeastward background current was thought to facilitate the northeastward propagation of ITs generated in the Mien-Hua Canyon which consequently induced the enhancement of semidiurnal ITs and coherent ITs. In addition, the correlation coefficient between the low-pass filtered KE and the upper 200 m averaged cross-isobath background currents is 0.26 with 95% confidence interval of 0.24 to 0.28. In summary, the influence of background currents on ITs in the southeastern ECS induced internal tidal energy field variation, which also occurred in the Luzon Strait [33,34,35,36], Tokara Strait and Izu Ridge [33], and the Bay of Bengal [36].




5. Conclusions


Based on one year of in situ observations, the characteristics and variation of the internal tides on continental slope of the southeastern East China Sea were examined. The semidiurnal barotropic and baroclinic tides dominated the local wave field. The diurnal ITs did not exhibit regular variations; however, the semidiurnal ITs experienced abrupt enhancement from November 2017 to April 2018. The semidiurnal internal tidal currents were about 0.15 m/s in October, and the semidiurnal internal tidal currents in November reached 0.35 m/s. The enhancement of the semidiurnal ITs was due to the intensification of the coherent semidiurnal ITs, whereas the incoherent semidiurnal ITs did not exhibit significant variation. In October, the coherent and incoherent semidiurnal ITs had comparative energies (i.e., 45% and 55%). In November, however, the coherent semidiurnal ITs dominated, with a variance contribution of 90%. In October, the second mode semidiurnal ITs, with a variance contribution of 57%, contributed most to the variance; however, in November, the first mode semidiurnal ITs, with a variance contribution of 56%, had the most variance contribution.



The satellite altimeter data and the observed background currents suggest that the Kuroshio mainstream meandered and intruded into the ECS at the location of the observation station from November 2017 to April 2018. The upper layer along-isobath background currents at the observation station were significantly related to the KE of the semidiurnal ITs. The correlation coefficient between the along-isobath background currents and the KE of the semidiurnal ITs reached 0.81, suggesting that the enhancement of the semidiurnal ITs was related to the intrusion of the Kuroshio current. When Kuroshio intrusion occurred, the northeastward background currents facilitate the northeastward propagation of ITs generated in the Mien-Hua Canyon which leaded to the enhancement of semidiurnal ITs and coherent ITs. The frequent occurrence of the intrusion of the Kuroshio current suggests that the ITs in the ECS are susceptible to the influence of the Kuroshio current. Numerical modeling and predications of the ITs should consider the meander of the Kuroshio mainstream.
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Figure 1. (a) Bathymetry of the southeastern East China Sea based on ETOPO-1 data. The red arrows denote the mean geostrophic current referenced to the period of 1993–2012 from the AVISO dataset. (b) Inset of the outlined square in (a) showing the location of the moored station (magenta pentagram) and the topography surrounding the moored station. The contours are 400 m, 600 m, 800 m, and 1000 m isobaths. The orange dots and arrows denote the observation stations and the observed M2 internal tidal energy flux from Lien et al. [23], respectively. The internal tidal energy flux is computed as    F →  = 〈   u →  ′   p ′  〉  , where     u →  ′    is the semidiurnal internal tidal velocity,   p ′   is the dynamic pressure perturbation associated with semidiurnal internal tides, and 〈 〉 represents time averaging. The scales of the geostrophic currents (1.0 m/s) and the energy flux (5 kW/m) are shown by the red and orange arrows, respectively, in the upper left area of (a,b). 
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Figure 2. Variance-conserving plot of (a) rotary spectra of the barotropic currents, (b) depth-mean rotary spectra of the baroclinic currents, and (c) depth-frequency plot of the clockwise rotary spectra of the baroclinic currents. The blue solid and red dashed lines denote the counterclockwise (CCW) and clockwise (CW) components of the rotary spectra, respectively. 
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Figure 3. Tidal current ellipses of the major baroclinic tidal constituents obtained from the harmonic analysis. Figure (a–d) denote the M2, S2, O1 and K1 tidal constituent, respectively. The red ellipses denote clockwise rotation, and the blue ellipses denote counterclockwise rotation. 
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Figure 4. Evolution of the depth-mean kinetic energy density of the (a) diurnal, (b) semidiurnal, (c) coherent diurnal, (d) coherent semidiurnal, (e) incoherent diurnal, and (f) incoherent semidiurnal ITs. The blue lines are the hourly kinetic energy density, and the orange lines are the 25-h averaged depth-mean kinetic energy density. 
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Figure 5. Temporal mean coherent and incoherent kinetic energy density of (a) diurnal and (b) semidiurnal internal tides. 






Figure 5. Temporal mean coherent and incoherent kinetic energy density of (a) diurnal and (b) semidiurnal internal tides.



[image: Jmse 10 00104 g005]







[image: Jmse 10 00104 g006 550] 





Figure 6. (a) Along-isobath, (b) cross-isobath semidiurnal internal tidal currents and (c) low-pass filtered amplitude of semidiurnal internal tidal velocity from October to November in 2017. The low-pass filter has a cutoff frequency of 1/30 cpd. 
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Figure 7. Vertical modes of the (a) semidiurnal ITs, (b) coherent semidiurnal ITs, and (c) incoherent semidiurnal ITs in October, and the vertical modes of the (d) semidiurnal ITs, (e) coherent semidiurnal ITs, and (f) incoherent semidiurnal ITs in November. The blue and orange lines represent the EOF1 and EOF2 of the along-isobath semidiurnal tidal currents, respectively, and the variance contributions of each EOF are denoted by the legends. 
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Figure 8. Low-pass filtered (a) along-isobath and (b) cross-isobath background currents, (c) low-pass filtered depth-mean kinetic energy density of the semidiurnal ITs (blue line) and the upper 200 m averaged along-isobath (solid orange line) and cross-isobath (dashed orange line) background currents, and (d) the evolution of buoyancy frequency based on the HYCOM dataset. The low-pass filter has a cutoff frequency of 1/30 cpd. 
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Figure 9. Monthly mean Absolute Dynamic Topography (color) and Geostrophic Currents (arrows) from June of 2017 to May of 2018 based on the AVISO dataset. The red pentagram denotes the location of the mooring. 
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