
 

ABSTRACT 

SUNG-PHIL KIM. Internal Tides and Internal Solitary Waves in the Northern South     
China Sea. (Under the direction of Dr. Ping-Tung Shaw) 

    Large-amplitude internal solitary waves (ISWs) are frequently observed in the 

northern South China Sea (SCS). In a project sponsored by the US Office of Naval 

Research, four moorings were deployed between the Luzon Strait and the Chinese 

continental shelf by Steve Ramp of the Naval Postgraduate School and David Tang of 

National Taiwan University from late April 2005 to May 2006. Several CTD sections 

were taken during April and July in 2005. Satellite pictures were also collected during 

that period. In this study, these data were used to examine the characteristics, 

generation, and propagation of ISWs. In the satellite images, monthly change in 

stratification may cause northward shift of the propagation path, and ISWs are more 

frequently observed in July than in April and May. Speed estimation shows that ISWs 

propagate faster in the deep basin than over the continental margin and near the ridge. 

The generation of internal tides correlates with the eastward tidal flow over the ridge, 

while ISWs are produced by northwestward tidal currents over the ridges in the Luzon 

Strait. 
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1. Introduction 

 Large amplitude internal solitary waves (ISWs) are ubiquitous features of the 

ocean (Moum et al., 2003). ISWs are generated when the subsurface layer in a stratified 

ocean is disturbed by tidal flow over an obstacle such as a sill or the continental slope 

(Cox and Sandstrom, 1962; Rattray et al., 1969; Prinsenberg and Rattray, 1975; 

Stingebrant, 1980). These waves can travel a long distance, maintaining their waveforms 

as a result of balance between nonlinear effect and dispersion (Benjamin, 1996; 

Ostrovsky and Stepanyants, 1989). The strong convergent currents in the leading edge of 

the front and the trailing divergent currents manifest ISWs on the sea surface as rough 

and smooth bands, which appear as alternating parallel light and dark strips in satellite 

images (Apel, et al., 1975; Brandt et al.,1997; Fu and Holt, 1982). ISWs have been 

observed at many locations in the world ocean, e.g., the Andaman Sea (Lee and Beardsley, 

1974), the Strait of Gibraltar (Alpers, et al., 1993), Luzon Strait (Liu et al., 1998), and the 

Sulu Sea (Apel et al., 1985).  

 The South China Sea (SCS) is the largest marginal sea in Southeast Asia (Figure 

1.1). Large-amplitude ISWs generated by strong tidal currents over the ridge in the Luzon 

Strait have been observed in the northern SCS in the satellite images (e.g., Liu et al., 

2004) and mooring observations (Ramp et al., 2004). Figure 1.2 shows four occurrences 

of ISWs in a Moderate Resolution Imaging Spectroradiometer (MODIS) image. The 

north-south extent of a wave crest may reach more than 200 km (Liu et al, 1998; Duda et 

al., 2004). In composite distribution maps, most large-amplitude ISWs originate in the 

vicinity of the Luzon Strait and propagate westward or northwestward across the deep 
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basin onto the shallow SCS Shelf (Zhao et al, 2004; Duda, 2004). These waves are 

reflected and diffracted by the Dongsha Island (Chao et al., 2006).  

 Figure 1.3 shows the velocity and temperature fields associated with a westward-

propagating ISW from the non-hydrostatic numerical simulation of Shaw et al. (2009). A 

strong depression front is produced by strong convergence in the horizontal velocity at 

the surface, resulting in strong downward motion and downward displacement of 

isotherms on the leading edge of the front. Weaker divergence and upward motion appear 

at the back of the front. Shorter waves may trail the front. During the passage of ISWs in 

the northern SCS, a westward velocity of 2 m/s and thermocline depression of 150 m 

have been recorded in the mooring observations (e.g., Ramp et al., 2004; Yang et al., 

2004). Most ISWs are first-mode waves with a depression front, but second mode waves 

have been observed as well (Yang et al., 2004). The propagation speed is 1.5  3.0 m/s, 

close to the phase speed of the first-mode internal waves.  

 Figure 1.4 from Chao et al. (2007) shows schematically how an ISW evolves. 

First, the internal tide is induced by strong tidal flow over the ridge in a stratified ocean 

(Figure 1.4a). In a left propagating wave, velocity is negative (toward left) in a wave 

trough and positive in a crest. If the ridge is sufficiently tall and the tide is sufficiently 

strong, nonlinear internal tide is generated. In this case, the wave trough propagates faster 

than the wave crest because of advection. The leading edge of the wave trough steepens 

and develops into an internal tidal bore (Figure 1.4b), which then evolves into an internal 

solitary wave some distance away from the ridge (Figure 1.4c). If nonlinearity is strong 

enough, the solitary wave may further develop into a rank-ordered packet of shorter 

waves (Figure 1.4d)  
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 ISWs in the northern SCS could originate from lee waves or internal tides 

generated over the ridges in the Luzon Strait. In the lee wave generation mechanism 

(Maxworthy, 1979; Apel et al., 1985), a depression in the thermocline is first produced 

during the ebb tide on the lee side of the east ridge in the Luzon Strait. As the tide 

reverses, the depression moves away from the ridge in the direction of the flow to form a 

rank-ordered solitary wave packet. In the internal tide mechanism, strong barotropic tides 

flowing over topography produce large-amplitude internal tides, which are amplified by 

nonlinear steepening to evolve into ISWs (Lee and Beardsley, 1974; Gerkema and 

Zimmerman., 1995; Holloway et al., 1997). Lien et al. (2005) and Zhao et al. (2006) used 

this hypothesis to interpret their observations. It seems that both mechanisms are present 

in the non-hydrostatic simulation by Shaw et al. (2009). In their numerical study, 

vertically propagating internal lee waves are first generated at a ridge. If a sharp 

thermocline is present, energy in the vertically propagating waves is trapped in an upper 

ocean wave guide to form first-mode internal tides. Strong internal tides then evolve into 

ISWs west of the Luzon Strait.  

 Ramp et al. (2004) traced the origin of ISWs in the northern SCS using the 

velocity data obtained from Acoustic Doppler Current Profilers (ADCPs). They suggested 

that the largest ISWs originated near the Batan Islands in the Luzon Strait. Zhao et al. 

(2006) investigated the arrival time of the ISWs in the northern SCS by calculating the 

time lag of the internal tide near the Dongsha Island after the model-predicted barotropic 

tide at the east ridge of the Luzon Strait. They hypothesized that ISWs were induced by 

strong westward tidal currents in the Luzon Strait. These hypotheses need to be verified 

with in-situ data in the deep basin and the Luzon Strait.  
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 As a part of the Nonlinear Internal Wave Initiative (NLIWI) program sponsored 

by the Office of Naval Research, US Navy, moorings were deployed from the Luzon 

Strait to the shelf edge in the northern SCS in late April 2005 for one year by researchers 

in US and Taiwan. Data from CTD stations and satellite images were also collected. In 

this thesis, these data were used to find the correlation between the barotropic tidal 

current over the ridge in the Luzon Strait and currents in the northern SCS to describe the 

evolution and generation of ISWs. The objective is to identify where ISWs originate and 

how ISWs propagate across the basin west of the Luzon Strait.  

 This paper is arranged as follows. Section 2 describes the data from field and 

satellite observations as well as the data processing methods. Characteristics of ISWs in 

the northern SCS are examined in section 3.1. In section 3.2, the phase relation between 

the barotropic tide in the Luzon Strait and the internal waves at three moorings are 

studied. Section 4 contains the discussion.  

2. Materials and Methods 

 During the field experiments, four moorings were deployed by in late April 2005 

and lasted for about a year along a line from the Luzon Strait to the continental margin in 

the northern SCS (Figure 2.1c). These moorings are labeled as L1, B2, B1 and S7 from 

east to west. CTD stations were occupied along the deployment line from April 25 to 29, 

2005 (Figure 2.1a) and from July 25 to 31, 2005 (Figure 2.1b) by the Taiwanese research 

vessel Ocean Researcher 1 (OR 1). The station information is listed in Table 2.1a and b. 

Satellite images during the study period were collected by Global Research Associates. 

Table 2.2 lists the time and types of satellite images used in this study. 
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 Figure 2.2 shows the locations and nominal depths of instruments on each 

mooring. Mooring L1 is located on top of a ridge near the Bataan Island (20° 35.3847´N, 

121° 55.1166´E) at 461 m depth. The mooring consists of a pressure sensor at the bottom, 

which records the barotropic tidal signals. An ADCP looking upward is at 406 m 

measures velocity. Temperature sensors on the mooring line provide information on the 

movement of isotherms. Mooring B2 is located 190 km west of L1 at a depth of 3,300 m. 

An upward looking ADCP is located at 135 m. Mooring B1 is 358 km west of L1 at 2,465 

m depth. An ADCP is located at 87 m looking upward. Mooring S7 is located at the shelf 

break 490 km west of L1 at a depth of 353 m. An ADCP is located at 100 m looking 

upward. 

 In an ISW, strong surface current behind the front flows toward the leading edge, 

producing strong downwelling and surface convergence (Shaw et al., 2009). These 

characteristics allow ISWs to be detected in the mooring data when ISWs are passing a 

buoy. However, sharp boundaries of the ocean currents and fronts may produce similar 

features, resulting in ambiguities in the identification of internal waves. For example, 

movement of the Kuroshio front passing through a mooring site may produce similar 

strong current and sharp increases in temperature at a fixed depth (Wu et. al., 2005). 

Ambiguities also exist in the identification of solitary waves from satellite images. 

Surface roughness associated with flow convergence is the reason for ISWs to be 

observed on the ocean surface. If the thermocline is deep, presumably the signal would be 

too weak to be seen from the satellite. In addition, it is not kwon how ISWs and other 

factors affect surface roughness. For example, the internal wave signals on the sea surface 

often disappear when the surface wind is strong (Oikonomou et. al., 1997).  
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 ISWs are generated by tides. Thus, a rapid deepening in the isotherm depth and a 

sharp increasing in velocity at the semidiurnal and diurnal periods are likely produced by 

ISWs. Ramp et al. (2004) have classified the occurrences of internal waves at the diurnal 

period as type-a waves while those at the semi-diurnal period as type-b waves. We will 

follow this convention to identify waves in this study. ISWs are identified in temperature 

contour plots on the z-t plane and in the shallowest velocity time series at B2, B1 and S7. 

The near bottom velocity at Mooring L1 is used to describe the variation of the barotropic 

tidal current on the ridge.  

3. Results 

3.1 Internal Solitary Waves in the Northern South China Sea 

3.1.1 Satellite images  

 A number of ISWs were observed in the satellite images in late April and early 

May in 2005. Figure 3.1 shows 4 consecutive satellite images on Apr 28 and 29 in 2005. 

Two bright bands are barely visible west of B2 along 120E between 20N and 21N in 

the MODIS image at 03:15 GMT on Apr 28 (Figure 3.1a), indicating an ISW packet 

consisting of a strong front followed by a weak trailing wave about 7 km apart. Eleven 

hours later, the wave packet is clearly seen at 119N near B1 in ENVISAT image (Figure 

3.1b). The wave packet had moved ~114 km during this time. The speed is about 10 

km/hr or 3 m/s, close to the mean propagation speed of mode-1 internal waves in the 

northern SCS (Zhao et al., 2006). The wave packet reaches 118E west of B1 at 22:05 

GMT (Figure 3.1c) and S7 at 05:25 GMT next day (Figure 3.1d). During this time, the 
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wave packet travels ~72 km in 7 hours; the speed is close to 10 km/hr. In Figure 3.1b, a 

second wave front can be identified at 118E between 20N and 21N, but not in the 

image 11 hours earlier in Figure 3.1a. Vague patterns of wave diffraction by the Dongsha 

Island, located at 20°56´N, 117°24.9´E, can be related to this front in the image 8 hours 

later (Figure 3.1c). It is possible that this wave front is weak in the deep basin and 

strengthens when reaching the continental margin near 118E.  

 The ISW fronts in Figure 3 can be identified in the mooring data as large 

isotherm depressions in the temperature profile (Ramp et al., 2005). Figure 3.2 shows the 

temperature contours on April 28 and 29 in 2005 at B2, B1, and S7 buoys. An isotherm 

depression is present at B2 at 03:15h on April 28 and 15 hours later at B1. The wave front 

has traveled 168 km during this time. The speed is 11 km/h or 3.1 m/s between B1 and B2, 

slightly higher than the speed (10 km/h) obtained from satellite images. The speed 

different may be due to the lack of accuracy in reading the wave position in satellite 

images. Base on the propagation speed (11 km/h), the estimated arrival time of the wave 

at S7 is 06:45 GMT the next day. However, the thermocline depression occurred at 12:02 

GMT, 6 hours longer than expected. This time delay indicates that the speed of wave 

propagation decreased significantly between B1 and S7 because of the decreasing water 

depth at the continental shelf (Zhao et al., 2006).  

 ISW signals identified in the satellite images from MODIS, RADARSAR, and 

ENVISAT between April 25 and 30 in 2005 are plotted in Figure 3.3. The wave positions 

are connected by straight lines using a propagation speed of 3 m/s. Three occurrences can 

be traced back to 120E at 00:00 hour, indicating a period of 24 hours, or the diurnal tidal 

period. It is likely that the waves shown in Figure 3.2 are type-a diurnal waves. Three 
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other ISWs observed in consecutive MODIS images in May, July, and August (Table 3.1) 

also show a wave propagating speed of 10±0.5 km/hr in the deep basin. 

 Because of the ambiguities mentioned in section 2, several dots east of 120E 

may not be associated with ISWs but with the Kuroshio front. The group of dots west of 

118E on April 28 may suggest generation or evolvement of type-b solitary waves over 

the continental margin. A single depression wave often evolves into multiple waves when 

reaching the slope between 500 m and 1500 m isobaths. 

 Figure 3.4 shows a composite plot of all ISWs identified in the satellite images in 

the three months. In April 2005 (Figure 3.4a), waves propagate between 19 and 21N in 

a direction due west until they reach the Dongsha Island. Refraction by topography is 

likely the reason for turning toward northwest on shelf. Diffraction by the Dongsha Island 

is also apparent. In May, the southern boundary of the wave path shifts to 19.5N in the 

deep basin (Figure 3.4b). On the shelf, the wave disappears south of the Dongsha Island. 

Further northward shift of the wave path is evident in July (Figure 3.4.c). The monthly 

northward shift of the wave path may reflect the change in stratification in the northern 

SCS. 

3.1.2 Temperature sections 

 The Taiwanese research vessel OR-1 occupied 19 CTD stations from April 25 to 

29 in 2005 (Figure 2.1a). The vertical density section obtained from the cruise is shown in 

Figure 3.5a. Wave-like oscillations are clearly seen between 200 m and 600 m, indicating 

the presence of internal tides in the deep basin of the northern SCS. Previous studies (e.g., 
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Ramp et al., 2004) have identified internal tides in the basin propagating at a speed of 10 

km/hr or 3 m/s. This speed is slightly less than the cruise speed of the ship, giving a 

wavelength of 240 km for the diurnal tides. The ship overtook depressions in the internal 

tides 4 times. A particular interesting feature is the strong downward movement of warm 

water in the upper 200 m at 117.3E, indicating an internal tidal bore or ISW. 

 From July 25 to 31 in 2005, 30 CTD were occupied between the deep basin and 

the continental shelf (Figure 3.5b). Stratification during this time is stronger than in May. 

Wave-like internal tide oscillations are not clearly seen as in Figure 3.5a. A strong 

isopycnal depression at 119.40E may indicate the presence of an ISW or internal bore.   

 Figure 3.6 shows the temperature and salinity profiles at the stations in the 

vicinity of the internal tidal bore in Figure 3.5a. Station A12 was taken at 16:44 on April 

28. Temperature decreases linearly from 26.5C at the surface to 17C at 100 m, and 

salinity is a maximum (~34.7) psu at ~130 m. At station A13 three hours later (19:41 hr), 

the salinity is uniform in the upper 90 m (~34.5 psu), and temperature shows significant 

increases between 40 m and 200m, a clear indication that downward motion smooth the 

salinity field in the upper layer and pushes thermocline below 100 m. At station A14 

(23:09 hr) and A15 (01:54 hr on April 29), the 25C isotherm is at 50 m, and salinity is 

uniform only in the upper 40-50 m. It seems that station A12 was taken before the tidal 

bore arrived, A13 was at the wave front and A14 and A15 were taken after the wave front 

had passed.  
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3.1.3 Mooring observations 

 Figure 3.7 gives an example of the ISWs present in mooring observations. The 

upper panel shows temperature contours from 12:00 hr on May 8 to 12:00 hr on May 10 

in 2005. The black solid line in Figure 3a represents displacement of the 21C isotherm. 

The corresponding zonal velocity is plotted in the bottom panel. Strong downward 

movement of warm water occurred around 14:00 hr on May 8, followed by a smaller 

isotherm displacement 0.65 hour later. The downward isotherm displacement was 

accompanied by strong westward velocity (Figure 3.7b). The temperature and velocity 

variations clearly indicate passage of a type-a wave train. The second wave packet, which 

arrived at 23:42 on May 8, has a trailing wave slightly larger than the leading front with 

stronger westward velocity. This is a type-b wave classified by Ramp et al. (2004). At 

14:00 the next day, another type-a wave arrives. A period of 24 hours is consistent with 

the period of type-a waves. The first type-b wave is followed by another type-b wave 25 

hours later, indicating the semidiurnal origin. 

 These wave oscillations are not associated with the local barotropic tide. Figure 

3.8 shows the bottom pressure at mooring S7 at a depth of 353 m between May 7 and 

June 3 in 2005. The pressure variation shows the presence of strong local barotropic tides. 

The maximum range is close to 2 m (Figure 3.8a). The tide is mixed with a large diurnal 

inequality and fortnightly variation. The tide is semidiurnal at neap, becomes increasingly 

mixed, and is purely diurnal for five to six days around the time of the spring tide. From 

harmonic analysis (Table 3.1), amplitudes of the three strongest principal tidal 

constituents, O1, K1, and M2, are 22, 30, and 13 cm, respectively. The range of the 

semidiurnal tide is much smaller than that of the diurnal tides. 
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 Figure 3.8b shows the displacement of the 21C temperature surface at mooring 

S7. The time series is band-pass filtered in a frequency band between 0.4 and 2.5 cpd to 

extract signals associated with the baroclinic tides at the semidiurnal and diurnal periods. 

The amplitude of vertical displacement is 20 m, indicating passage of strong internal tides 

at the mooring site. The oscillation is dominated at the diurnal period, but weaker 

semidiurnal oscillations appear occasionally. For example, displacement on May 7-10 

shows mixed diurnal/semidiurnal oscillations. Beginning on May 12, the displacement is 

dominated by diurnal oscillations. The displacement of isotherm surfaces shows strong 

fortnightly variations, similar to the barotropic tide. However, the oscillation in the 

isotherms has a time lag of several days behind the barotropic tides shown in Figure 3.8a. 

The phase difference suggests that internal tides at S7 are not generated locally by the 

barotropic tides on the slope. It is likely that the internal tide at S7 originates from the 

Luzon Strait. The lag of 2 to 3 days is the time required for the internal tides to propagate 

across the northern SCS.  

3.2 Propagation  

3.2.1 Internal tides 

 Internal tides generated in the Luzon Strait travel as non-dispersive waves across 

the northern SCS. Thus, internal tides at each mooring location are expected to have 

similar variations as the barotropic tide at the generation location but with a time lag (e.g., 

Zhao et al., 2006). The displacement of the 10°C, 17°C, and 21°C isotherms (red lines), 

band-pass filtered between 0.4 and 2.5 cpd, are used to illustrate the baroclinic tides at B2, 

B1 and S7 respectively, (Figure 3.9). The tidal current on the ridge is represented by 
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band- pass filtered zonal velocity at L1 in the Luzon Strait. For comparison, the zonal 

velocity time series at L1 is shifted to match the isotherm displacement at each mooring 

site. The lag time is first estimated from the satellite observations shown in section 3.1.1. 

Cross-correlation is then calculated to find the time lag that has a maximum correlation 

coefficient near the estimated value. The lags are 28.5, 43.75 and 64.25 hours at B2, B1 

and S7, respectively. The velocity at L1 is advanced by the lag time and plotted in Figure 

3.9 as blue lines.  

 The isotherm displacements at B2, B1, and S7 show similar variations as the 

time-shifted velocity at L1, but there are differences. Between May 3 and May 10, the 

range of the tidal current at L1 decreases with an increase in the semidiurnal constituents. 

In the meantime, the amplitude of isotherm displace at B2 increases, especially at the 

semidiurnal period, despite the decrease in tidal range at L1. Amplification of the 

semidiurnal internal tide also appears from May 21 to May 31. Isotherm displacement at 

B1 shows a similar pattern as the velocity at L1 when the diurnal tides are strong. The 

reason for the large displacement in the first 5 days is not clear. In general, the phase of 

the internal tides seems to match the phase of the barotropic tides. Mismatch occurs when 

the semidiurnal component appears. At S7, the upward isotherm displacement matches 

the zonal velocity at L1 well, but there is a clear forward shift in time in the downward 

isotherm displacement during the spring tide (May 1-2, 11-19, 25-31). This forward shift 

indicates that a strong wave front is developing in the westward propagating baroclinic 

tide.  

 The time lag from the cross-correlation calculation gives the speed of baroclinic 

tide propagation between two moorings. The speed in the deep basin is 3.1 m/s and is 
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slower near the ridge and on the continental margin. The speed is 1.85 m/s from L1 to B2 

and 1.94 m/s from B1 to S7. Table 2.2 shows the internal wave speeds in the three regions 

between the Luzon Strait and the continental slope. In the satellite images (section 3.1.1), 

the propagation speed is 2.9±0.25 m/s in the deep basin and 1.29±0.25 m from the 500-m 

isobath to S7. 

3.2.2 Internal solitary waves 

 Band-pass filtered time series of zonal velocity at L1 is further compared with the 

temperature variations at B2, B1, and S7 (Figure 3.10). The time axis for each mooring 

site is shifted by the previous time lags to align with the tidal current in the Luzon Strait. 

Figure 3.10b shows temperature variation at B2 between 140 and 275m depths. The 21°C 

contour line, shown by a black line, represents the variation associated with the internal 

tides. In Figure 3.10b, sharp downward spikes, representing strong downward depression, 

occur fortnightly from May 7 to 14 and from May 23 to 30. Stronger spikes appear at the 

diurnal period and are associated with type-a internal solitary waves. Weaker spikes 

between two strong ones advance one hour in time each day, and are associated with the 

type-b ISWs.  

 Figure 3.10c shows temperature variation between 100 and 300 m at B1. Sharp 

spikes are correlated with those at B2 but weaker. It is likely that the thermocline at B1, 

which is well inside the northern SCS, is close to the surface, producing the weaker 

response. In Figure 3.10d, diurnal type-a and semidiurnal type-b wave packets can clearly 

be identified in the temperature variation at S7 between depth of 40 and 350 m. Figure 

3.10 shows that the fortnightly variations of both type-a and type-b ISWs can be traced 
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from mooring B2 to B1 and S7 as deep depression isotherms. Most ISWs occur in the 

early and middle part of the spring tide with downward depressions in the isotherms 

coincide with westward tidal flow in the Luzon Strait. Therefore, ISWs in the northern 

SCS are in phase with the westward flow or flood tide in the Luzon Strait. However, 

Figure 3.10 shows that ISWs have little association with strong eastward flow. It is also 

puzzling that strong depression ISWs occur when the range of the westward tidal flow 

increases. It is likely that the direction of the velocity vector instead of the westward 

component is important.  

 The band-pass filtered velocity components at L1 are shown in Figure 3.11a with 

positive u-velocity toward east (gray line) and positive v-velocity (blue line) toward south. 

The tidal current at neap is semidiurnal, and the north-south velocity component is small. 

As the tidal range increases with the development of the spring tide, the u-velocity 

becomes increasingly mixed and is mostly diurnal at the peak of the spring tide. Spikes of 

strong northward velocity begin to develop when the flood tide increases in strength. 

These spikes coincide with the westward flow during flood tide. Northwestward flow 

during this period is clearly seen in the velocity vector plot of Figure 3.11b. The strong 

northwestward tidal current is in a direction between 280° and 320° and has a period of 

24 hours. The strong northwestward flow occurs during weak semidiurnal westward 

currents (250° ~ 280°) and strong diurnal eastward currents (100°). The temperature 

variation at depths from 140 to 280 m at B2 is plotted versus a shifted time axis in Figure 

3.11c. Sharp isotherm depressions at the diurnal period and smaller spikes at the 

semidiurnal period appear at the time of strong northwestward tidal flow on May 6-14 

and on May 21-30. It seems that northwestward flow associated with the diurnal tide at 
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L1 produces strong internal tides that evolve into type-a ISWs. Westward flow associated 

with semidiurnal tides induces weaker type-b ISWs. 

 Monthly tidal current vectors of L1 from May 2005 to January 2006 are plotted 

in Figure 3.12. The northwestward current strengthens from May to July, and weakens 

afterward except in October. During the winter months, the northwest tidal currents are 

not as strong as in May to July. Figure 3.13 shows the current vector at L1 from July 27 to 

August 26 and temperature at depths from 350 to 670 m at B2. The time axis is again 

shifted by 28.5 hours to align with L1. The northward current component is weak before 

August 14, no significant ISWs could be found. However during the latter half of August, 

frequent isotherm depressions in response to the strong northwestward current at L1 are 

observed. Displacement of 10°C isotherm (black line in figure 3.13c) indicates the 

present of internal tides during the whole period, even though ISWs only develop during 

the latter period of the month. In winter, small isotherm depressions are observed during 

weak northwestward flow (not shown).  

3.2.3 Direction of wave propagation 

 Figure 3.14 shows directional variation in different current speed ranges at S7, 

B1, and B2 from April 30 to June 9 in 2005. The depths of the velocity data are 79m, 45m, 

and 61m, respectively, at these three sites. At each mooring, only current speeds 

exceeding a threshold value are included to exclude the weaker background flow. The 

thresholds for the westward velocity are 0.6, 0.7, and 1.1 m/s, for S7, B1, and B2 

respectively. In the bottom panel, the probability of occurrences inside a 15 bin which is 

associated with ISWs, is plotted. It is clear that strong flow is mostly toward a direction 
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between 260° to 310°T (true north). At B2, the maximum speed reaches 1.6 m/s. The 

direction histogram shows 91% of ISWs are toward a direction between 270° and 315°T. 

Among them, 67% of the directions of strong currents are between 270° and 300°T with a 

mean speed of 1.2 m/s, while 24% of strong currents are toward 300 - 315°T with a mean 

speed of 1.4 m/s. At B1 all vectors fall in a band between 260° and 300°T with a mean 

speed of 0.8 m/s, which is significantly smaller than at B2. At S7 on the continental slope, 

most vectors are between 285 and 300°T. Maximum current speed is higher than the 

speed at B1, and slightly smaller than B2. Assuming that the strong currents are mostly 

associated with the strong wave fronts, ISWs in the northern SCS propagate 

predominantly westward at B2 and B1, increasingly toward northwest as the waves reach 

the continental slope. 

 Figure 3.15 shows histogram of current direction from July 1 to July 26. No data 

is available during this period at mooring B2. The threshold for westward velocity is 0.8 

m/s for B1. The predominant direction at B1 is between 285° and 300°T in July, while it 

is evenly distributed between 285° and 300°T in May. One third of the observed vectors 

in July are between 255° and 270° T, but only 5% are in that direction in Figure 3.14. 

Flow toward 300 - 315°T consists of 22% of the observations in July, but none in May. 

The northward shift of the wave path agrees with the satellite images. 

4. Discussion 

 ISWs at moorings B2 and B1 are not generated locally. It is likely that internal 

tides are generated by the barotropic tidal currents over the ridges in the Luzon Strait. As 

the internal tides propagate to moorings B2 and B1, they intensify by nonlinear effects to 
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form tidal bores, which then evolve into ISWs by wave dispersion. Two parallel ridges 

are present in the Luzon Strait, the east and west ridges (Figure 1.1). Although ISWs in 

the satellite pictures could be traced back to the Luzon Strait, the region between the two 

ridges is void of ISWs, and the origin of ISWs cannot be determined from satellite 

pictures alone. Internal tides are present between the two ridges in the CTD sections in 

Figure 3.4a, suggesting that the east ridge is the source of internal tides. Shaw et al. 

(2009) hypothesize that releasing of isotherm depression on the Pacific side of the east 

ridge by the westward flood tide produces internal tides. The numerical simulation by 

Chao et al. (2007) also suggests that waves are generated from the east ridge; the effect of 

the west ridge is mostly to modify internal tides originating from the east ridge. It is likely 

that the presence of the west ridge may slow down the wave propagation. 

 Zhao et al (2006) calculated the speed of wave propagation based on the phase 

correlation of the westward barotropic tide in the Luzon Strait from a tidal model and the 

internal tide measured at 21°37´N and 117°17´E near S7. The average speed is about 2.3 

m/s from the Luzon Strait to the edge of the continental shelf. Their result is 0.7 m/s 

slower than the value obtained for the deep basin in this study, implying that the 

propagation speed is not constant along the path of wave propagation and that wave 

propagation could be slower between the ridge and over the continental margin.    

 In the deep basin, ISWs propagate westward at an average speed of 3.0 m/s based 

on satellite images (Figure 3.2). This value agrees with the speed inferred by Liu et al. 

(2006). However, ISWs do not appear in satellite images from Luzon to B2. ISWs are 

rarely seen in satellite pictures between the two ridges in the Luzon Strait. Also wave 

refraction and reflection near the continental slope complicate wave tracking. In satellite 
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images, more ISWs are found on the continental shelf than in the deep basin. The times 

series shown in Figure 3.10 also indicate an increase in the number of ISWs as internal 

tides propagate onto the shelf. Decrease in propagation speed on the shelf may intensify 

ISWs, making them more visible in satellite images.  

 In this study, the wave speed is calculated from the time lag in three regions 

(Table 4.1). In the first region between L1 and B2, the wave speed is 1.85 m/s, which may 

suggest a reduction in the speed of the internal tides by the west ridge. The second region 

from B2 to B1 is in the deep basin. Waves propagate at a speed of 3.0 m/s, which is 

similar to that observed in satellite images. The speed of propagation is 1.91 m/s between 

B1 to S7. The speed of propagation from the 500-m isobath to S7 can also be calculated 

using the ADCP data at S7 and the position of an ISW in the satellite image (Figure 3.1d). 

An ISW was observed 33 km away from S7. Seven hours later it passed S7 in the ADCP 

velocity time series (not shown). The wave speed between the 500-m isobath and S7 is 

calculated to be 1.4 m/s, indicating decreasing in the propagation speed in shallower 

waters. Satellite images show that wave refraction and diffraction become evident when 

waves pass the submarine hills 113 km east of Dongsha Island between 356 and 751 m. It 

is suggested that internal tides start to feel the bottom at the 500-m isobath.  

 Ramp et al. (2004) classify ISW packets in the northern SCS into type-a and 

type-b waves based on their different characteristics. Those two types of wave packets 

were observed in time series on the continental shelf and in the deep basin. The 

temperature profile at S7 shows both type-a and type-b waves, but type-b waves are less 

common at B2 and B1 than at S7. It is possible that ISWs are amplified between B1 and 

S7 by the shoaling bottom in the continental margin. Satellite images show that wave 
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intensification starts at bottom depths between 500 m and 1500 m.  

 In numerical simulation, the wave front of an ISW packet is associated with large 

downward displacement and strong surface flow toward the direction of wave 

propagation. The current speed associated with ISWs is usually much higher than the 

background flows and the barotropic tidal current, rendering it possible to identify ISWs 

in the northern SCS. Thus, dominant current direction is indicative of the propagation 

direction of ISWs. The phase of the internal tides in the northern SCS can be traced to the 

westward barotropic tide in the Luzon Strait.  

 Diurnal type-a ISWs are generated when the barotropic tidal current over the 

ridge in the Luzon Strait is toward a direction between 300 and 330°. Wave crests are 

mostly parallel to the longitude lines west of 120E in Figure 3.3, indicating possible 

turning of the wave front toward west by the west ridge. At B2, the strongest currents are 

toward a direction between 300 and 315° but no ISWs propagate in this direction. It is 

likely that mooring B1 is located north of the ISW path. Wave propagation toward 300-

315° is observed again at S7 in consistent with the path of the waves in Figure 3.3. 

Composite maps of ISW distribution from satellite images show clear variation of ISW 

positions from April to July in 2005 (Figure 3.3), indicating shift in the path of wave 

propagation. Also ISWs are observed more frequently in July than previous months. 

 In SAR images between 1995 and 2007 in the SCS, 70% of the ISWs are 

observed in summer while only 1 % of ISWs are detected in winter (Huang 2008). During 

the transition in spring and fall, 11% and 18% of ISWs are observed, respectively. 

Although manifestations of ISWs on the sea surface in the SAR image are sensitive to 
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surface wind speed, it is commonly accepted that ISWs are observed more frequently in 

summer than in winter. The thermocline depth and intensity variation may cause the 

seasonal variation (Shaw et al., 2009). The northward displacement of the ISW path is 

likely due to changes in density stratification. Variations in upper-ocean stratification in 

the northern SCS are caused by two oceanic conditions. First, the thermocline is 

shallower with a stronger vertical density gradient in summer (Ding et al., 2004). Second, 

Kuroshio intrusion through the Luzon Strait also alters the stratification (Shaw, 1989; Qu 

et al., 2001; Metzger et al., 2003). 

 It has been hypothesized that ISWs in the northern SCS originate from lee waves 

in the Luzon Strait (Shaw et al., 2009). A hydraulic jump is formed during the ebb tide 

over the ridge between the Batan Islands in Luzon Strait. When the current reverses at the 

beginning of the flood tide, lee waves develop into internal tides and propagate westward 

into the northern SCS. According to this model, the generation of ISWs depends on the 

strength of the eastward tidal current, or the ebb tide. However, no clear relationship 

between the eastward current and internal wave generation is present in this study. Instead 

there is strong correlation between ISW generation and northwestward current. The 

westward current in the Luzon Strait is associated with the barotropic flood tide but a 

diurnal northward current is puzzling. The strongest current in the Luzon Strait is near the 

Kuroshio front. It is not known how the Kuroshio front affects the direction of the diurnal 

tides. More studies are needed to clarify this issue. Amplitude of the westward tidal 

current doesn’t change much over the year, but the northwestward tidal currents vary with 

seasons. It is hypothesized that the strong northwestward tidal current produces internal 

tides that evolve into ISWs in the deep basin west of the Luzon Strait. 
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5. Conclusions 

 Satellite pictures show clear westward propagation of ISWs in the deep basin of 

the northern SCS and northwestward propagation on the continental shelf. The path of 

ISW propagation shifts northward from May to July in 2005. ISWs are observed more 

frequently in July. Hydrographic sections show that the stratification is stronger with a 

shallower thermocline in July than in May. The change in stratification may cause the 

change in the northward shift in wave propagation and the more frequent occurrence in 

July. 

 Based on the position of ISWs in satellite images and the lag time in mooring 

observations, the speed of wave propagation is estimated to be 1.85 m/s between the two 

ridges in the Luzon Strait. The propagation is faster at 3.0 - 3.1 m/s in the deep basin and 

slows down to 1.4 m/s from the 500 m isobath to shelf edge. The propagation slows down 

significantly in the generation region and when waves reach the continental slope. 

 Correlation between the tidal current in the Luzon Strait and the displacement of 

isotherms shows that the internal solitary waves are generated when a strong 

northwestward tidal flow is present over the ridge in the Luzon Strait. The northwestward 

flow is likely associated with the Kuroshio but its diurnal variation is puzzling. More 

study is needed to clarify this issue. 
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Table 2.1a The time, location, and depth of CTD stations occupied during the cruise by 

the Taiwanese research vessel OCEAN RESEARCHER I from April 25 to 29 in 2005. 

Station Time (GMT) Location Depth (m) 

A.1 2005.4.25 07:28hr 121°54.650´ E, 20°35.210´ N 380 

A.2 2005.4.25 10:02hr 121°59.970´ E, 20°39.980´ N 1124 

A.3 2005.4.25 12:32 hr 121°58.347´ E, 20°39.981´ N 821 

A.4 2005.4.25 19:47 hr 121°22.590´ E, 20°45.900´ N 2363 

A.5 2005.4.26 01:16 hr 120°46.208´ E, 20°54.028´ N 1284 

A.6 2005.4.26 01:16 hr 120°09.920´ E, 21°01.22´ N 3314 

A.7 2005.4.27 01:48 hr 120°00.560´ E, 21°00.680´ N 3641 

A.8 2005.4.27 06:19 hr 119°38.570´ E, 21°08.490´ N 3191 

A.9 2005.4.27 11:24 hr 119°07.410´ E, 21°15.130´ N 2874 

A.10 2005.4.27 16:07 hr 118°35.990´ E, 21°21.520´ N 2488 

A.11 2005.4.28 12:46 hr 118°10.915´ E,21°27.445´ N 2087 

A.12 2005.4.28 16:44 hr 117°45.400´ E, 21°33.240´ N 624 

A.13 2005.4.28 19:41 hr 117°20.030´ E, 21°38.760´ N 338 

A.14 2005.4.28 23:09 hr 117°27.950´ E, 21°57.790´ N 98 

A.15 2005.4.29 01:54 hr 117°16.945´ E, 21°36.831´ N 353 

A.16 2005.4.29 09:27 hr 116°55.725´ E, 21°43.831´ N 231 

A.17 2005.4.29 14:26 hr 116°29.902´ E, 21°50.255´ N 85 

A.18 2005.4.29 17:52 hr 116°07.620´ E, 21°54.620´ N 96 

A.19 2005.4.29 22:02 hr 115°45.010´ E, 22°00.000´ N 85 
´ 
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Table 2.1b The time, location, and depth of CTD stations occupied during the cruise by 

the Taiwanese research vessel OCEAN RESEARCHER I from July 25 to 31 in 2005. 

Station Time (GMT) Location Depth (m) 
J.1 2005.07.25 05:27 hr 120°12.468´ E, 20°55.91´ N 3339 
J.2 2005.07.25 21:58 hr 119°38.62´ E, 21°08.45´ N 3190 
J.3 2005.07.26 03:12 hr 119°07.226´ E, 21°15.343´ N 2878 
J.4 2005.07.26 17:28 hr 118°37.35´ E, 21°18.55´ N 2514 
J.5 2005.07.27 15:43 hr  118°10.626´ E, 21°27.739´ N 2084 
J.6 2005.07.28 00:24 hr  117°45.245´ E, 21° 33.354´ N 622 
J.7 2005.07.28 07:16 hr 117°17.015´ E, 21°36.57´ N 345 
J.8 2005.07.28 08:07 hr 117°17.05´ E, 21°36.60´ N 347 
J.9 2005.07.28 08:55 hr 117°17.115´ E, 21°36.54´ N 347 

J.10 2005.07.28 11:11 hr 117°14.93´ E, 21°36.58´ N 309 
J.11 2005.07.28 12:01 hr 117°15.00´ E, 21°36.611´ N 308 
J.12 2005.07.28 12:57 hr 117°15.058´ E, 21°36.601´ N 308 
J.13 2005.07.28 13:57 hr 117°14.974´ E, 21°36.638´ N 309 
J.14 2005.07.28 14:55 hr 117°14.883´ E, 21°36.577´ N 310 
J.15 2005.07.28 15:57 hr 117°15.003´ E, 21°36.67´ N 309 
J.16 2005.07.28 17:00 hr 117°15.00´ E, 21°36.62´ N 310 
J.17 2005.07.28 17:58 hr 117°15.01´ E, 21°36.66´ N 310 
J.18 2005.07.28 18:58 hr 117°14.94´ E, 21°36.66´ N 310 
J.19 2005.07.28 20:07 hr 117°15.21´ E, 21°36.53´ N 330 
J.20 2005.07.29 01:41 hr 117°04.152´ E, 21°05.803´ N 368 
J.21 2005.07.29 05:52 hr 116°55.12´ E, 21°44.40´ N 225 
J.22 2005.07.29 11:19 hr 116°30.14´ E, 21°50.31´ N 85 
J.23 2005.07.29 14:22 hr 116°07.629´ E, 21°54.462´ N 95 
J.24 2005.07.29 17:04 hr 115°45.03´ E, 22°00.09´ N 84 
J.25 2005.07.29 17:57 hr 115°44.95´ E, 22°00.07´ N 85 
J.26 2005.07.29 18:58 hr 115°44.86´ E, 22°00.17´ N 85 
J.27 2005.07.29 19:55 hr 115°44.98´ E, 22°00.04´ N 85 
J.28 2005.07.29 20:56 hr 115°44.97´ E, 22° 00.13´ N 87 
J.29 2005.07.29 22:00 hr 115°45.04´ E, 21°59.98´ N 84 
J.30 2005.07.31 00:28 hr 119°35.351´ E, 21°59.664´ N 2206 
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Table 2.2 List of satellite pictures used in the study. 

Time (GMT) Type of satellite pictures 

2005.4.08 05:05hr MODIS Aqua 

2005.4.25 02:45hr MODIS Terra 

2005.4.25 14:01hr Envisat 

2005.4.25 02:45hr RADARSAT 

2005.4.28 03:15hr MODIS Terra 

2005.4.28 14:07hr Envisat 

2005.4.28 22:05hr RADARSAT 

2005.4.29 05:25hr MODIS Aqua 

2005.4.30 03:00hr MODIS Terra 

2005.5.01 05:10hr MODIS Aqua 

2005.5.02 02:50hr MODIS Terra 

2005.5.09 02:55hr MODIS Terra 

2005.5.12 04:50hr MODIS Aqua 

2005.5.13 05:35hr MODIS Aqua 

2005.5.15 05:20hr MODIS Aqua 

2005.5.23 03:50hr MODIS Terra 

2005.5.25 02:55hr MODIS Terra 

2005.7.02 05:25hr MODIS Aqua 

2005.7.03 03:00hr MODIS Terra 

2005.7.04 05:10hr MODIS Aqua 

2005.7.05 02:50hr MODIS Terra 

2005.7.10 03:05hr MODIS Terra 

2005.7.11 05:10hr MODIS Aqua 

2005.7.12 02:55hr MODIS Terra 

2005.7.26 03:05hr MODIS Terra 
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Table 3.1 Three examples showing the same ISWs in consecutive MODIS images in May, 

July, and August. 

Time (GMT) ISW location Distance Speed 

2005. 5.12. 04:50hr 119°42.15´ E, 20°32.79´ N 
 ~ 238 km ~ 9.6 km/h 

2005. 5.13. 05:35h 117°26.09´ E, 20°52.53´ N 

2005. 7.04. 05:10h 119°24.99´ E, 20°59.87´ N 
~ 205 km ~ 9.5 km /h 

2005. 7.05. 02:50h 117°28.46´ E, 21°23.20´ N 

2005. 8.21. 05:10h 119°37.43´ E, 20°49.49´ N 
~ 227 km ~ 10.5 km/h 

2005. 8.22. 02:50h 117°29.03´ E, 21°14.90´ N 
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Table 3.2 Barotropic tidal constituents from a Sea Gauge SBE37 Temperature/Pressure 

recorder at the depth of 353 m at S7. The Tides were mixed and diurnal dominant as 

shown in Figure 3.8.  

Tidal 
Constituent Rank frequency Amplitude Amplitude 

Error Phase Phase 
Error 

K1 1 0.0417807 0.3018 0.012 167.97 2.56 

O1 2 0.0387307 0.2245 0.013 131.45 3.42 

M2 3 0.0805114 0.1322 0.006 1.84 2.81 

Q1 4 0.0372185 0.0409 0.012 113.81 15.72 

S2 5 0.0833333 0.0404 0.006 7.14 9.63 

N2 6 0.0789992 0.0311 0.006 2.24 12.64 

J1 7 0.0432929 0.0135 0.010 180.91 52.93 
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Table 4.1 Speed of ISWs calculated from satellite images and in-situ observations. 

 

 

 

 

 

 

 

 

 

 

 

 

Section Distance  
(km) Satellite (m/s) Time Lag 

(m/s) 
Result 
(m/s) 

L1 – B2 190 - 1.85 1.85 

B2 – B1 168 
3.0 m/s 

3.1 
3.0 ~ 3.1  

B1 – Iso500m  72 
1.94 

Iso500m - S7 60 1.4m/s 
(Combined with ADCP data) 1.4 
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Figure 1.1 Bathymetry of the northern South China Sea (SCS). The gray contours are the 

isobaths of 100, 500, 1,500, and 3,000 m.  
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Figure 1.2 Four occurrences of internal solitary waves (ISWs) in a MODIS image at 

05:10 GMT on August 22, 2005. 
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Figure 1.3 Isotherm displacement and velocity associated with an ISW packet, from the 

numerical simulation of Shaw et al., (2009). 
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Figure 1.4 A Schematic description of nonlinear transformation of ISWs generated by the 

barotropic tide over a ridge (from Chao et al., 2007). 
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Figure 2.1 Maps showing the location of (a) 19 CTD stations (A.1 - A.19) from April 25 

to 29 in 2005 and (b) 30 CTD stations (J.1 - J.30) from July 25 to 31 in 2005 occupied by 

the Taiwanese RV Ocean Researcher-1 between the Luzon Strait and the coast of China . 

The locations of moorings (S7, B1, B2, and L1) are shown by circles. (c) Bottom 

topography along the mooring section. 
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Figure 2.2 Types and depths of instruments on each mooring. 
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Figure 3.1 Satellite images at (a) 03:15, (b) 14:07, and (c) 22:05 GMT on April 28, 2005 

and (d) 05:25 GMT on April 29. 
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Figure 3.2 Temperature distribution on 28 April and 29 in 2005 from B2, B1, and S7 

buoys. 
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Figure 3.3 ISWs identified in satellite images between April 25 and 30, 2005 from three 

different instruments. The horizontal axis is east longitude, and the vertical axis is date. 
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Figure 3.4a ISW packets observed in MODIS satellite images in April 2005. 
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Figure 3.4b ISW packets observed in MODIS satellite images in May 2005. 
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Figure 3.4c ISW packets observed in MODIS satellite images in July 2005. 
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Figure 3.5a Density distribution along the CTD section shown in Figure 2.1a. The line 

was occupied from 122°E at 07:28 hr on April 25, 2005 to 116°E at 02:34 hr on April 29, 

2005.  
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Figure 3.5b Same as Figure 3.5a, but along the CTD section in Figure 2.1b. The line was 

occupied from 120.12°E to 115.45°E in late July, 2005. 
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Figure 3.6 Temperature (blue line) and Salinity (red line) profiles from four CTD 

stations: (a) C12 at 16:44 on April 28, (b) C13 at 19:41 on April 28, (c) C14 at 23:09 on 

April 28, and (d) C15 at 01:54 on April 29. 
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Figure 3.7 Contour lines of (a) temperature (°C) in the depth range 35 - 342 m and (b) 

zonal velocity (m/s) from 93 to 120 m at S7 from 12:00 hr on May 8 to 12:00 hr on May 

10, 2005. The black line in (a) is the 21°C temperature contour. 

 

 

 

 

(a) 

(b) 



49 

 

Figure 3.8 (a) Bottom pressure at 353 m and (b) displacement of the 21°C temperature 

surface at S7 from May 7 to June 2 in 2005. The time series in (b) is band-pass filtered 

with cutoff frequencies at 0.4 and 2.5 cpd. 
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Figure 3.9 Comparison of zonal velocity at L1 (blue line) and isotherm displacement (red 

line) at (a) B2, (b) B1 and (c) S7. Positive velocity at L1 indicates eastward flow. Velocity 

time series at L1 is advanced by 28.5 hours in (a), 43.75 hours in (b), and 64.25 hours in 

(c). 
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Figure 3.10 Plots of (a) the barotropic tidal current in the Luzon Strait in May 2005 and 

the band-pass filtered temperature at (b) B2, (c) B1, and (d) S7. The time axis is shifted as 

in Figure 3.9. Dark lines in (b), (c) and (d) represent contour lines at 21°C, 17°C, and 

10°C, respectively. 
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Figure 3.11 Band-pass filtered velocity at L1 and temperature at B2 from May 2 to June 

1 in 2005. (a) Eastward and southward velocity components at L1 with northward flow 

pointing downward, (b) velocity vectors at L1, and (c) temperature contours at depths 

between 140 and 275 m at B2. The time axis is shifted by 28.5 hours in (c). 
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Figure 3.12 Monthly current vectors at L1 from May 2005 to Jan 2006. The velocity 

components are filtered in the frequency band between 0.4 and 2.5 cpd. 
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Figure 3.13 Same as figure 3.11, but during the period from July 27 to August 26 in 2005. 

The depth range is from 345 to 658 m. Black line in figure 3.13c show depth of the 10°C 

isotherm. 
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Figure 3.14 Histograms of the flow direction at S7, B1, and B2 from April 30 to June 9 in 

2005 for current speed over 0.6, 0.7, and 1.1 m/s at three locations, respectively.  
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Figure 3.15 Same as Figure 3.14, but during the period from July 1 to 26 in 2005. B2 

data was not available during this period. The speed thresholds are 0.6 and 0.8 m/s, for S7 

and B1, respectively.       


