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Based on observations of the currents at six moorings fromMarch 2010 to April 2011, the coherent and incoher-
ent features, seasonal behaviors and spatial variations of internal tides (ITs) in the northern South China Sea
(SCS) are investigated. Measurements of the currents indicate that both diurnal and semidiurnal ITs contain
stronger coherent signals than incoherent ones at all moorings. In the measuring range, coherent internal tidal
current variances explain ~70% of the semidiurnal motion at most moorings. However, the proportion of coher-
ent signals in the diurnalmotion shows a non-monotonically decreasing trendwith thewestward propagation of
diurnal ITs. Coherent signals of diurnal and semidiurnal ITs exhibit different seasonal variability at the six moor-
ings: Diurnal ITs are stronger in winter (December to February) and summer (June to August) than in spring
(March to May) and autumn (September to November), whereas stronger semidiurnal ITs always appear in
spring and autumn. Combining these results with the temporal variation of barotropic tidal currents at the
Luzon Strait (LS), it can be concluded that the seasonal variability of ITs at the six moorings are determined by
the barotropic tides at the LS. In addition, this study shows that there are asymmetric features of ITs to the east
and west of the LS.
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1. Introduction

The Luzon Strait (LS) connects the western Pacific and South China
Sea (SCS) between Taiwan and the Philippines (Fig. 1).When barotropic
tidal currents flow over the LS, strong internal tides (ITs) are generated,
making the SCS one of the most significant generation regions of ITs
around the world (Niwa and Hibiya, 2004; Jan et al., 2007, 2008; Miao
et al., 2011; Buijsman et al., 2014; Li et al., 2015). According to Alford
et al. (2011), baroclinic currents exceeding 2 m/s and vertical displace-
ments exceeding 300 mwere observed near the LS. Alford et al. (2015)
further estimated that the time-averagedwestward energy fluxes in the
SCS could reach 40 ± 8 kW/m, which were approximately 100 times
greater than the typical open-ocean values and exceeded any other
known generation site around the world. As an important intermediate
step of the tides-to-turbulence cascade (Rudnick et al., 2003), ITs play
an important role in dissipating surface tidal energy (Munk, 1997;
Egbert and Ray, 2001; Niwa and Hibiya, 2001, 2004) and enhancing
mixing (Tian et al., 2006, 2009) to contribute to deep-water circulation
in the SCS (Lan et al., 2013; Zhao et al., 2014; Zhou et al., 2014).
zju.edu.cn (J. Song).
Previous studies have indicated that ITs generated at the LS could
propagate over 1000 km in the SCS (Miao et al., 2011; Zhao, 2014; Xu
et al., 2016). During their long-range propagation, ITs exhibit intermit-
tency and part of the internal tidal energy is transferred to frequencies
outside the deterministic tidal frequencies due to the modulation of
varying background conditions and stratification (Eich et al., 2004;
van Haren, 2004; van Aken et al., 2007; Xu et al., 2014; Liu et al.,
2016). In other words, ITs lose coherence to astronomical forcing and
show incoherent features. In recent years, measurement variances
have been used to examine the coherent and incoherent features of
ITs in the SCS. Based on eight-month-longmoored acoustic Doppler cur-
rent profiler (ADCP) observations, Lee et al. (2012) highlighted the im-
portance of incoherent internal tidal motion on the continental slope
near Dongsha Island, which explained three-quarters of the total ob-
served tidal energy. Xu et al. (2013) found that the semidiurnal ITs
were more incoherent than the diurnal ones in this area. By analyzing
two nine-month-long moored current observations, Xu et al. (2014)
showed that ITs and their incoherent features had apparent south-
north asymmetry in the SCS Basin. Liu et al. (2016) investigated the co-
herent and incoherent ITs in the southern SCS and showed their modal
decomposition results. The results suggested that coherent ITs were
dominated by mode-1, whereas mode-1 and higher-mode signals
were comparable in incoherent ITs.
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Fig. 1. (a) Bathymetry (color, unit: m) of the northern SCS. The six black pluses denote the mooring positions (MP1–MP6). (b) Observation periods of the six moorings.
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Because of scanty in situ observations, the aforementioned previ-
ous studies examined ITs in the SCS based on observations from one
or two moorings. However, ITs in the SCS have temporal and spatial
variations (Guo et al., 2012; Lee et al., 2012;Wu et al., 2013; Xu et al.,
2013, 2014; Cao et al., 2015; Shang et al., 2015) due to the complicat-
ed topographical condition and varying stratification. The SCS Inter-
nalWave Experiment deployed several moorings in the northern SCS
fromMarch 2010 to April 2011 and offered a chance to better under-
stand ITs in this area. By analyzing current observations of six sub-
surface moorings in the northern SCS, this study examines the
coherent and incoherent features of ITs as well as their temporal
and spatial variations in the near field of IT propagation (Zhao,
2014; Xu et al., 2016). This paper is organized as follows. The moor-
ing observations and data analysis methodology are introduced in
Section 2. The aforementioned characteristics of the ITs in the north-
ern SCS are described in Section 3. Finally, the discussion and conclu-
sion are presented in Section 4.

2. Data and methodology

2.1. Mooring observations

As part of the SCS Internal Wave Experiment, six subsurface moor-
ings (MP1–MP6) were deployed around the LS and in the northern
SCS from March 2010 to April 2011 (Fig. 1). Water depths at moorings
MP1–MP6 were 2895 m, 2719 m, 3745 m, 2480 m, 968 m and
3116 m, respectively. Each mooring was equipped with a 75-kHz up-
looking ADCP at an approximately 400–650 m depth to measure the
currents in the upper ocean. Detailed information about thesemoorings
is displayed in Table 1.

2.2. Data processing

First, the data of currents at each mooring were averaged on an
hourly basis and linearly interpolated at uniform 5-m interval levels.
Table 1
Detailed information of moorings MP1–MP6.

Mooring Position Water depth (m) Instrument

MP1 120°15′E, 21°05′N 2895 75 kHz ADCP
MP2 119°05′E, 21°06′N 2719 75 kHz ADCP
MP3 120°06′E, 20°44′N 3745 75 kHz ADCP
MP4 118°26′E, 21°04′N 2480 75 kHz ADCP
MP5 117°53′E, 21°06′N 968 75 kHz ADCP
MP6 122°17′E, 20°36′N 3116 75 kHz ADCP
Due to the influence of background currents, mesoscale eddies and
other marine dynamic processes, the moorings occasionally had a
vertical excursion, which resulted in gaps in current observations
(Fig. 2). Therefore, linear interpolation was used to fill in the gaps
in the temporal domain if raw observations covered more than 95%
of the total observation period at the corresponding depth. Fig. 2
compares the raw east-west currents and interpolated currents at
moorings MP3 and MP6. As seen, the interpolated currents reserved
principal features of the raw currents. After preprocessing, the
effective vertical ranges of the currents at moorings MP1–MP6
were 85–405 m, 50–535 m, 125–455 m, 80–355 m, 50–420 m and
55–490 m, respectively.

Because of the limited range covered by ADCP measurements, it is
difficult to separate barotropic currents directly from observations. Ac-
cording to Ramp et al. (2004) and Alford et al. (2011), barotropic cur-
rents derived from the Oregon State University Tidal Inversion
Software (OTIS, Egbert and Erofeeva, 2002) agreed well with in situ ob-
servations around the LS. Therefore, the barotropic currents used in this
study are predictions from OTIS, similar to Xu et al. (2014).The
baroclinic currents at each mooring were obtained by removing the
barotropic currents from the current observations.

Based on the least squaresmethod, harmonic analysis (Pawlowicz et
al., 2002) was used to separate the internal tidal currents of the K1, O1,
P1, Q1,M2, S2, N2 and K2 constituents, which were tested to be coherent
with the barotropic tidal currents on the east ridge of the LS, a process
explained in the next section. Then, a fourth-order Butterworth filter
was applied to the baroclinic current time series at each depth to extract
the baroclinic currents at diurnal (0.80–1.20 cpd) and semidiurnal
(1.73–2.13 cpd) frequency bands (Zhao et al., 2010; Guo et al., 2012).
The incoherent internal tidal currents were obtained by subtracting
the coherent internal tidal currents from the band-pass filtered
baroclinic currents. To quantify the coherent and incoherent features
at each mooring, current variances (Var = u2 + v2, u and v are the
east-west and south-north currents, respectively) were calculated for
both the coherent and incoherent internal tidal currents.
Instrument depth (m) Sample interval (min) Bin size (m)

~650 5 8
~650 5 8
~515 5 8
~408 5 8
~442 5 8
~517 5 8



Fig. 2. Time series of raw east-west currents u (color, unit: cm/s) and those after linear interpolation at moorings MP3 and MP6.
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3. Results

3.1. Tidal current ellipses

Harmonic analysis was completed for the baroclinic current time se-
ries to describe the ITs at the six moorings. The temporal window used
for harmonic analysis was the total observation period (Fig. 1b) for each
mooring. Figs. 3 and 4 display the K1, O1,M2 and S2 internal tidal current
ellipses, which are the dominant diurnal and semidiurnal ITs at the six
moorings. Overall, the diurnal internal tidal currents were stronger
than the semidiurnal ones in the northern SCS, which is consistent
with previous studies (Duda and Rainville, 2008; Jan et al., 2008; Guo
et al., 2012; Xu et al., 2016). Among them, the S2 internal tidal currents
were the weakest and approximately one order smaller than the K1, O1

andM2 inmagnitude. The P1, Q1, N2 andK2 internal tidal currents,which
are not shown here, were nearly comparable to or slightly weaker than
the S2. In addition, it was obvious that the K1 and O1 internal tidal cur-
rents were stronger at mooring MP2 than at the other moorings,
which may have been caused by the interference of the diurnal ITs in
the northern SCS (Warn-Varnas et al., 2015).

At eachmooring, both the diurnal and semidiurnal internal tidal cur-
rents were surface intensified, with maximum values appearing near
Fig. 3. The K1 and O1 internal tidal current ellipses at the six moorings. Black lines on tidal elli
which were at 14:00 (UTC + 8) 20 Mar, 15:00 21 Mar, 11:00 12 Aug, 13:00 25 Aug, 13:00 23
the thermocline (~70–100 m depth). Within the ADCP measuring
range, both the diurnal and semidiurnal internal tidal currents showed
a weakening trend with depth, except the K1 and O1 at mooring MP3.
As seen from Fig. 3, the K1 and O1 internal tidal currents at mooring
MP3 first weakened and then strengthened as the depth increased
and reached their minimum values at a depth of ~220–230 m. It should
be noted that a similar phenomenon can be found in Xu et al. (2014) for
the K1 internal tidal currents at the southern site in the SCS Basin (Fig.
7b in Xu et al., 2014). To explore the possible causes of this phenome-
non, a theoretical IT model using Green's function (Echeverri and
Peacock, 2010; henceforth referred to as the EP model) was applied to
simulate the K1 IT. The moving average meridian mean (from 20°36′N
to 20°44′N) topography from the ETOPO1 data and annual mean buoy-
ancy frequency calculated from theWorld Ocean Atlas 2005 were used
in the model. The amplitude of the K1 barotropic tidal forcing was
3.5 cm/s, which was derived from OTIS. The Coriolis frequency was 5.1
× 10−5 s−1 and reference density was 1021 kg/m3. According to
Echeverri and Peacock (2010) and Mathur et al. (2014), 50 normal
modes were considered. Fig. 5 illustrates the simulated K1 internal
tidal currents at a certain time aswell as the K1 internal tidal ellipses ob-
served at moorings MP3 and MP6. It should be noted that because the
EP model did not account for dissipation, the simulated K1 internal
pses denote instantaneous internal tidal currents at the beginning of observation periods,
Aug and 19:00 14 Aug 2010, and corresponded to moorings MP1 to MP6, respectively.



Fig. 4. Same as Fig. 3 but for the M2 and S2.
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tidal currents were much larger than those observed. As seen in Fig. 5a,
two apparent K1 beams pass throughmooringMP3 in the upper 500m,
both ofwhich radiate from the east ridge, yet one is upwardpropagating
after reflection from the seafloor and the other is downward propagat-
ing after reflection from the sea surface. This explains why the ampli-
tudes of the observed K1 internal tidal currents first decreased and
then increased in the ADCP measuring range (Fig. 5b). The positive
and negative values of the instantaneous internal tidal currents along
the two beams indicate that they are out of phase, which explains the
disorder phase of the K1 internal tidal currents in the upper 500 m
(Fig. 5b). By contrast, the K1 beams that pass through mooring MP6
are almost in phase, except for that at an approximately 450 m depth.
This explains why the observed K1 internal tidal currents showed a
weakening trend here and the phasewas slightly disordered at the bot-
tom of the ADCP measuring range (Fig. 5c). In combining the topo-
graphic conditions with the simulated results, it can be concluded that
the east-west asymmetric topographic condition of the LS (the east
ridge is much steeper than the west ridge) causes the asymmetric
Fig. 5. (a) Simulated K1 internal tidal currents (color, unit: m/s) at 2π/ω (ω is the K1 angular f
internal tidal current ellipses at mooring MP3. (c) Same as (b) but for MP6.
feature of the K1 ITs. In addition, because the frequency andwavelength
of the O1 IT are close to those of theK1, critical features of the LS of theK1

and O1 ITs are similar to each other, which explains why the K1 and O1

internal tidal ellipses at mooring MP3 showed similar patterns.
Furthermore, the dominant internal tidal currents showed different

polarization features at the six moorings: The K1 internal tidal currents
exhibited an obviously rectilinear feature at moorings MP1 and MP4,
while those at other moorings appeared to be more circular. However,
nearly all of the O1 internal tidal currents were circularly polarized in
the northern SCS, except atmooringMP2. TheM2 internal tidal currents
were almost rectilinear at moorings MP1, MP4 and MP6, and circular at
moorings MP2, MP3 and MP5.

3.2. Coherent and incoherent features

In this subsection, it is shown that the observed internal tidal cur-
rents are coherent with the barotropic tidal currents on the east ridge
of the LS, the major source of ITs in the northern SCS. Thereafter, the
requency). The two dashed lines denote positions of moorings MP3 and MP6. (b) The K1
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coherent and incoherent features of the diurnal and semidiurnal ITs in
the northern SCS are displayed.

Fig. 6 shows the vertically averaged variances of the diurnal and
semidiurnal internal tidal currents at mooringMP3 as well as the corre-
sponding barotropic tidal current variances on the east ridge of the LS
(121°49′E, 20°44′N). It should be noted that the diurnal internal
(barotropic) tidal currents are the sum of the K1, O1, P1 and Q1 internal
(barotropic) tidal currents, and the semidiurnal ones are the sum of the
M2, S2, N2 and K2. The barotropic tidal current variances were calculated
from OTIS results. As seen in Fig. 6, both the diurnal and semidiurnal in-
ternal tidal current variances at mooring MP3 almost show the same
variation trend as the corresponding barotropic tidal current variances
on the east ridge of the LS. The consistency of the spring-neap cycles
and temporal variability between the internal and barotropic tidal cur-
rent variances indicates that the ITs at mooring MP3 are indeed coher-
ent with the barotropic tides at the LS. Similar results can also be
found at other moorings, which are not shown here.

Fig. 7 shows the vertically averaged coherent and incoherent por-
tions of the diurnal and semidiurnal internal tidal current variances at
mooring MP3. The coherent variances exhibited seasonal variability
for both the diurnal and semidiurnal ITs during the entire observation
period. For the diurnal ITs, the coherent variances showed an increasing
trend from autumn (September to November) to winter (December to
February), reaching a maximum value in December and then tending
to decrease from winter to spring (March to May). However, the sea-
sonal variability of the semidiurnal ITs was not as apparent as that of
the diurnal ITs. Yet, the coherent semidiurnal variances were slightly
stronger in autumn and spring than in winter. By contrast, the incoher-
ent signals of both the diurnal and semidiurnal ITs showed intermittent
behaviors and did not have clear seasonal variability. Moreover, the co-
herent variances showed obvious spring-neap cycles for both the diur-
nal and semidiurnal ITs, with an approximate 14-day period, whereas
the incoherent motions showed irregular cycles with 3–7 day periods.

The coherent and incoherent internal tidal current variances at the
six moorings were averaged in the temporal domain to reveal their ver-
tical structure, as shown in Fig. 8. It should be noted that the range of
variances in each subfigure is different. Both the diurnal and semidiur-
nal ITs contained stronger coherent motions than the incoherent ones
at all six moorings. The coherent diurnal ITs were stronger than the co-
herent semidiurnal ITs atmooringsMP1–MP5,while the coherent semi-
diurnal ITs were stronger at mooring MP6. In the vertical direction, the
coherent variances for both the diurnal and semidiurnal ITs intensified
at the surface and reached maximums near the thermocline. As the
Fig. 6. Time series of the vertically averaged variances of the diurnal and semidiurnal internal tid
on the east ridge (ER) of the LS (121°49′E, 20°44′N).
depth increased, the coherent internal tidal current variances showed
a decreasing trend (monotonically at mooring MP1, MP2, MP4, MP5
and MP6, but non-monotonically at mooring MP3). At an ~500 m
depth, the bottom of the ADCPmeasuring range, the coherent variances
were an order smaller than those near the thermocline. However, com-
pared with the coherent variances, the incoherent variances seemed to
have changed very slightly in the vertical direction; therefore, the ITs
were more coherent in the upper ocean, but gradually showed incoher-
ent features as the depth increased.

Fig. 9 shows the proportions of the coherent and incoherent signals
in the diurnal and semidiurnal ITs. Both the diurnal and semidiurnal ITs
contained stronger coherent signals than the incoherent signals at all six
moorings, which was consistent with the previous analysis. Overall, the
diurnal and semidiurnal ITs at mooring MP6 had larger proportions of
coherent signals than those at the other moorings. In the SCS Basin,
the coherent variances explained ~70% of the semidiurnal motion at
most moorings. However, the proportions of the coherent signals in
the diurnal ITs showed obvious spatial differences in the SCS Basin: a
maximumof ~80% appeared atmooringMP2; the proportions of the co-
herent signals showed a decreasing trend with the westward propaga-
tion of the diurnal ITs, from ~65% at mooring MP1 and MP3 to ~52% at
mooring MP5.

3.3. Seasonal and spatial variations

Due to variations in barotropic tidal forcing and stratification, the ITs
in the northern SCS show apparent seasonal variability. Previous studies
indicate that the seasonal variability of ITs show different patterns
across the northern SCS. According to the results of Guo et al. (2012),
both the diurnal and semidiurnal ITs on the continental shelf were
stronger in spring and autumn than in winter. By examining records
of three ADCPs moored across the continental shelf and slope, Ma et
al. (2013) found that the diurnal horizontal kinetic energy reached the
weakest and strongest seasonal averages in spring and summer at two
of the three moorings, respectively, while there was less seasonal vari-
ability for diurnal and semidiurnal tides at the third mooring. As for
the ITs on the continental slope, Xu et al. (2013) found that the diurnal
ITs were the strongest in summer and weakest in winter, whereas the
semidiurnal ITs remained nearly uniform throughout the observation
period. Xu et al. (2014),using contemporaneous observations in the
SCS Basin, showed that the diurnal ITs were stronger in summer and
winter, but weaker in spring and autumn, while the semidiurnal ITs
were found to be seasonally invariant.
al currents atmooringMP3 as well as the corresponding barotropic tidal current variances



Fig. 7. Time series of the coherent and incoherent internal tidal current variances averaged in the vertical direction at the diurnal and semidiurnal frequency bands at mooring MP3.
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To aid the understanding of the seasonal variability of ITs across
the northern SCS, especially in the deep basin, Fig. 10 displays the
time series of the coherent diurnal and semidiurnal variances at
the six moorings. Although the observation periods are somewhat
different (Fig. 1b), the coherent variances show the same seasonal
variability for the diurnal (semidiurnal) ITs at the six moorings:
The diurnal ITs were strong in winter and summer, but weak in
spring and autumn, whereas strong semidiurnal ITs always appeared
in spring and autumn. However, it should be noted that the seasonal
variability of the semidiurnal ITs is not as apparent as that of the di-
urnal ones. In combination with the temporal variation of the
barotropic tidal currents at the LS (Fig. 6), it can be concluded that
the seasonal variability of the ITs here are mainly determined by
the barotropic tides at the LS.

Although the ITs at the six moorings had the same seasonal vari-
ability, they showed different features in the spatial domain. First,
the ITs were asymmetric to the east and west of the LS due to the
double-ridge topography. One of the asymmetric features is that
ITs, especially the diurnal ITs, showed a different vertical structure
Fig. 8. Vertical structure of the temporally averaged coherent and incoherent internal tidal
to the east and west of the LS (Figs. 3 and 4). The other feature is
that the dominant internal tidal currents to the east of the LS (moor-
ingMP6) were stronger than those to thewest (mooringMP3), espe-
cially in the upper 300 m. The maximum amplitudes of the K1, O1, M2

and S2 internal tidal currents here were 19.5 cm/s, 16.7 cm/s,
28.8 cm/s and 7.7 cm/s, respectively, approximately 1.2–2 times
greater than those observed at mooring MP3. At mooring MP3, the
K1 and O1 were the strongest and had comparable amplitudes vary-
ing from 5 to 15 cm/s; the M2 was slightly weaker, with current am-
plitudes varying from 7 to 15 cm/s; and the S2 was the weakest, with
amplitudes of 3–6 cm/s. However, at mooring MP6, the M2 was the
strongest, followed by the K1 and O1, with the S2 as the weakest.
These asymmetric features of the ITs may be a response to the ITs' in-
terference and resonance between the double ridges of the LS
(Buijsman et al., 2012, 2014; Li, 2014). Moreover, in the SCS Basin,
the ITs, especially the diurnal ITs, showed a weakening trend as
they propagated westward, a result consistent with results from nu-
merical modeling (Miao et al., 2011; Alford et al., 2015; Xu et al.,
2016). From moorings MP1 and MP3 to MP5, the coherent diurnal
current variances at the diurnal and semidiurnal frequency bands at the six moorings.



Fig. 9. Proportions of the coherent and incoherent signals in diurnal and semidiurnal internal tidal current variances at the six moorings.
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variances were reduced by approximately 50%. As for the semidiur-
nal ITs, it seems that their magnitude in the measuring range varied
slightly (Fig. 4). However, given that the depth at mooring MP5 is
much shallower than those at moorings MP1 and MP3, it can be de-
duced that an amount of semidiurnal tidal energy dissipates during
their propagation. Furthermore, the spatial variation of ITs is embod-
ied in the coherent and incoherent features, as discussed above.

4. Discussion and conclusions

By analyzing observations of the currents at six moorings from
March 2010 to April 2011, this study presented the coherent and inco-
herent features, seasonal behaviors and spatial variations of the ITs in
the northern SCS.
Fig. 10. Time series of the coherent diurnal and semidiurnal internal tidal c
In this area, the diurnal and semidiurnal ITs, dominated by the K1, O1,
M2 and S2 constituents, contained stronger coherent signals than the in-
coherent ones. In the measuring range, the coherent variances ex-
plained ~70% of the semidiurnal motion at most moorings. However,
the proportions of coherent signals in the diurnal ITs showed apparent
spatial variability. The proportions of the coherent portions at moorings
MP1 and MP3 were nearly the same as those at 120.1°E, 21.1°N, as
shown by Xu et al. (2014). When ITs shoal on the continental slope
and shelf from the SCS Basin, they become more incoherent (Lee et al.,
2012; Xu et al., 2013). Two main reasons may explain this phenomena.
First, eddy fieldsmay have an influence during the long-range propaga-
tion of ITs (Zhao et al., 2010). Second, ITs are easily affected by varying
background conditions on the continental slope and shelf where the
water is shallower.
urrent variances averaged in the vertical direction at the six moorings.
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Moreover, this study showed the vertical structure of the coherent
and incoherent portions. As the depth increased, the coherent variances
showed a decreasing trend for both the diurnal and semidiurnal ITs,
while the incoherent variances seemed to have changed very slightly.
Due to a lack of in-depth observations, the coherent and incoherent fea-
tures in deeper layers remain unclear. However, we can speculate on
their variation in the vertical direction based on results of Fig. 8. At the
bottom of the measuring range, the coherent variances were stronger
than the incoherent variances at moorings MP1 and MP3, but weaker
at moorings MP2, MP4 and MP5 for both the diurnal and semidiurnal
ITs. Given that both the coherent and incoherent variances varied slow-
ly near the bottom of themeasuring range, they are expected to remain
at a similar ratio in deeper layers. Under this assumption, in deeper
layers, ITs would show more coherent features near their generation
source, but more incoherent features as they are radiated away. If this
speculation were true, the proportion of the coherent portion would
be higher than that observed near the LS, but lower at other moorings
in the SCS Basin.

Both the diurnal and semidiurnal ITs showed seasonal variability.
At the six moorings, the coherent diurnal ITs were stronger in win-
ter and summer, whereas stronger coherent semidiurnal ITs always
appeared in spring and autumn. In combining these results with the
temporal variation of the barotropic tidal currents at the LS, it can be
concluded that the seasonal variability of the ITs in the SCS Basin are
mainly determined by the barotropic tides at the LS. These results
generally agree with the observation analysis results of Xu et al.
(2014) and the ocean modeling results of Gerkema et al. (2004)
and Jan et al. (2008). However, when shoaling on the continental
slope and shelf in the northwestern SCS, the ITs show complex sea-
sonal characteristics (Guo et al., 2012; Ma et al., 2013; Xu et al.,
2013). Guo et al. (2012) noted that season-dependent stratification
plays an important role in the dissipation of tidal energy to influence
the seasonal variability of ITs. The results of Xu et al. (2013) also
suggested consistence between variations of ITs and stratification.
Therefore, in synthesizing these results, it can be concluded that as-
tronomical tidal forcing and stratification determine the seasonal
variability of the ITs in the northern SCS, with the former important
in the SCS Basin, while the latter important in the continental slope
and shelf areas.

This study illustrated the asymmetric features of the ITs to the east
and west of the LS. In terms of intensity, the K1, O1, M2 and S2 to the
east of the LS were stronger than those to the west. Moreover, the ITs
were dominated by different constituents to both sides of the LS. Anoth-
er asymmetric feature notedwas that the diurnal ITs showed a different
vertical structure. This can be explained by a theoretical model
(Echeverri and Peacock, 2010). Previous studies also show different
characteristics of the ITs to the east and west of the LS with numerical
simulation and satellite altimetric measurements (Jan et al., 2012;
Zhao, 2014). In addition to the double ridges of the LS, the interference
and resonance of the ITs between the double ridges (Buijsman et al.,
2012, 2014) and the Kuroshio (Jan et al., 2012) may explain this phe-
nomenon. Therefore, future studiesmay usefully assess the relative con-
tribution of these causes through observations and numerical
simulation.
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