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Abstract

Two subsurface Acoustic Doppler Current Profilex®CP) were deployed at the
northeastern South China Sea to study circulatiwrtsire in the area as well as the path
and process of Kuroshio intrusion. The 48-hour [mags filtered data reveal significant
intra-seasonal variations in the velocity fieldeTdurrent pattern alternates between
clockwise and counterclockwise even within a simgtanth. Local wind forcing
dominated by monsoon winds fails to address theg@mnena and variations. The present
study suggests that wind stress curl forcing isditiainant process controlling the
circulation picture in the area. While a strong@ndhstress curl appeared and developed
off southern tip of Taiwan, it will provide nega¢iworticity to the intruded current and
form an anticyclonic eddy. The stronger currergivgays going along with the stronger
wind stress curl. On the other hand, while the tuthe area looses or decays, the
intruded current becomes weakened and forms arigoboldy. The agreement between
wind stress curl and the velocity field suggesg tthanges in the wind stress curl

contribute to the intra-seasonal variations inrthgheastern South China Sea.



I ntroduction

The circulation structure in the northeastern S@hina Sea is extremely

complicated. In addition to the location with a q@itated topography and seasonal

reversal monsoon, the regions might be interactéaden currents from both northern

South China Sea and Taiwan Strait. Furthermoig vill known that the Kruoshio front

might reach the sea southwest of Taiwan and infle¢he shelf break circulatioRdn

and Yu, 1981]. All of these factors induce varieties ohtributions and alter the current

structures in the regions. Especially the intrusiorrent from Kuroshio front, it might be

the most important component and be the major tharttes area.

The Pacific western boundary current, the Kurosthdeys northward and bypasses

east of Luzon and Taiwaiitani, 1972]. Similar to the Loop Current in the Gulf of

Mexico, the Kuroshio water has also been repodedttude the Luzon Strait where

plays a deep gap in the western boundsiriahi, 1972;Shaw, 1991]. Since the Luzon

Strait is the only deep passage of the South Chéaa the intrusion of water from

Kuroshio is important to the salt budget in theilhaSeasonal variations of Kuroshio

intrusion have been reported extensively in a wealexisting literature [e. §Mrtki,

1961;Nitani, 1972;Shaw, 1991]. However, the conclusion of seasonal inbrugs



challenged by several recent observations. For pbeaarboth moored current data and

ship-board ADCP data evidenced that the westwarditof Kuroshio intrusion is

persisted all the year roundifing et al., 2003;Tang et al., 2003].

Furthermore, although the intrusion of waters fittvan Kuroshio to the northeastern

South China Sea has been studied for several dedhéegpath and process of Kuroshio

intrusion in the region remained discrepancies apumeanographers. For example,

based on hydrographic dav&ng and Chern [1987] inferred an anticyclonic (clockwise)

eddy occupied the area at the onset of the nottheassoon. Also based on

hydrographic data in May and August 1986, on tikeiohandshaw [1989] suggested

that the intrusion current was probably part of@anic (counterclockwise) circulation

in the northern South China Sea. Anticyclonic arlagic circulation is of importance to

the distribution of the water masses in the reglocorrect description of circulation

pattern is essential to future dynamic studiesefihtrusion process.

In this study, current and hydrographic data frerma mooring stations were

examined to study the circulation pattern in thggae. The direct observations in the

velocity field are capable of determining the digition of the Kuroshio intrusion water

and inferring the path of intrusion. The resultswglthat significant intra-seasonal

variations in the velocity field. The current pati@alternates between clockwise and



counterclockwise. Wind stress curls were also dated from the blended QSCAT/NCEP
(NASA Quick Scatterometer/National Centers for Eonmental Prediction) wind stress
fields at a resolution of 0.5° x 0.5¥[lliff et al., 1999] to examine the driving mechanism
of the local current.
Mooring data

Two sets of subsurface moorings (named St. W anid)Stere deployed in the west
and east of the shelf break northeast of the SBhtha Sea, respectively. Figure 1 shows
the mooring locations and the surrounding bathyyné&iach set of mooring includes an
upward-looking, 15&Hz, self-contained Acoustic Doppler Current Prof(@DCP)
mounted on a 45” diameter spherical syntactic fbamy and a SEACAT
Conductivity-Temperature-Depth (CTD) mountethbeneath the ADCP. The water
depths at St. W and St. E are 1014nd 968n, respectively. Table 1 lists the locations
and local water depths for each mooring, the degitivsstruments, the duration of
deployments, and the vertical range of currentilgrofieasured by the ADCP. The bin
length of ADCP was set as®® The hourly current velocity was recorded averamest
240 pings for board-band ADCP. The standard denatof measurement velocity were
1.2cms™. The obtained current velocity of ADCP was coreedr vertical excursion

and sound speed by the CTD data. The data weradissted for local magnetic



deviation. Finally, the vertical profile of curremtlocity was linearly interpolated and

resampled at 1M intervals. The time series of current velocitycdissed in the following

sections were low-pass filtered to remove the flattons for frequencies higher than 0.5

cycles per day.

Results and discussion

L ow-passfiltered velocity

Figure 2 shows the eastward (U) and northward GMmonents of 48-hour

low-pass filtered current velocity at St. W. In gesd U component is stronger than V

component and the currents decrease but keeprétidn with depth. Both U and V

components show significant intra-seasonal vanati®y November 2000, U component

is weak and alternates directions between westamaddeastward. The current enhances

and turns eastward in December, reaching its maxistuength in the end of December.

Just in the beginning of January, the eastwarceotidecreases suddenly and reverses

thereafter. Until March 2001, a repeat behavioesgiace when eastward flow appears

in the middle of March and reaches its maximunhanénd of the month, turning

westward suddenly afterward. Similar pattern batlieg around half month is presented

in the V component. In the beginning of both Decen?000 and March 2001, the V

component turns southward after it acceleratechin@ntd.



Similar to Figure 2, Figure 3 shows U and V compas®f low-pass filtered
velocity at location St. E. Significant intra-seaabvariations are also evidenced at St. E.
Graphically, U component is generally weak excaegdctober, November 2000 and
February 2001 when stronger currents with speee ti@n 5&ms* occur and all of
them flow eastward. Two periods of weak westwandesus present in January and
middle March 2001. Frequently reversal currentssh@vn in v component. Prior to
middle of December, currents flow southward mostisning northward thereafter.
Stronger southward currents show again in the raidéiFebruary, reaching its maximum
speed of 10@ms™ on March 1, 2001. The current turns northwarchsrniddle of
March and persists into April. Furthermore, theardeasonal variation at St. E seems to
agree well with that at St. W, indicating thatBStand St. W are related to each other
somehow. To emphasize this, the stick plots ofldegerage at St. W (20-18 and St.
E (20-180m) are shown together in Figure 4. Similar intrasesel reversals of currents
between St. W and St. E come to the first sightvéicer, it seems that changes in St. E
generally lead those in St. W around 10~15 days.pifenomenon deserves to further
verify and will be examined in detail later in tlsisction.

In Figure 4, northward flow prevails at St. W amditheastward flow exists at St. E

prior to the middle of December 2000. The featafers that this region is dominated by



a conceptual clockwise circulation pattern. CusaitSt. W reverse southwestward and

meanwhile currents at St. E turn either northwesdvea northeastward during the period

from middle December to middle February. The realgphenomena suggest that current

pattern alters from clockwise circulation to counkeckwise in the study region.

Clockwise circulation dominates again during theqeefrom middle February to middle

March. Note that the currents are always strongand clockwise circulation. After

March, weak counterclockwise circulation plays fihale. Furthermore, as mentioned in

the introduction section, currents perform an actmne or a cyclone might directly

influence the geographic distribution of the watersses in the region. Without a correct

description of circulation pattern, it is not pdmsito identify the water masses and to

verify the intrusion process.

Water masses and circulation pattern

To describe the distribution of various water masa®l the path of Kuroshio

intrusion, the mooring CTD data at both St. W ahdESwvere plotted in Figure 5. Also

join with velocity vectors to separate differentsepgles of clockwise and

counterclockwise circulation. In the figure, thé lor represents circulation pattern is

clockwise while the blue represents there is cauldekwise circulation. Temperature

and salinity of St. W and St. E were measured ptihdef around 16@n and 205m,



respectively. Although the absolute values of CHDadare probably problematic, the

relative value can still be applied to identify wla¢he water masses come from. Since

not only temperature but salinity of St. E are geltg lower than those of St. W, the

measured depth at St. E is deeper could not acéoutite phenomena singly. Rather,

there must be colder and fresher water enteringvarishg with the local water around

regions of St. E. Based on long-term mooring oleéras around sea southwest of

Taiwan, mean current always flows southeastwarthgwrinter [Chern, 1982]. With

mixing cold and fresh coastal water from Taiwarafgtit makes sense that temperature

and salinity at St. E should be lower than thosstatv.

Furthermore, concerning the temporal variabilitgach station, both stations show

that temperature is higher whenever clockwise @tmn dominates in the region. The

temperature difference is more distinct at St. \iéxehs far away from influence of

colder coastal water (Figure 5). The higher vahfgemperature were presented during

two periods in December 2000 and in March 2001.rEkelts are reasonable and can be

explained by water movement. Currents generalbnisify while clockwise circulation

performs as mentioned earlier so that strongeusign current brings in warmer water

from Kuroshio front and then increases water tespee at St. W. On the other hand,

during counterclockwise circulation episode (enghie middle of January), the current is



weak and flows westward continuously along its Imemh boundary in Taiwan Strait. By

gradually mixing with cold front from Taiwan Straihe water temperature decreases.

To further study alternation of circulation pattermd relation between St. W and St.

E, we rotated the current velocity to its principals. The principal axis of St. W is 45°

clockwise-rotated Cartesian (northeastern-soutremesaind St. E is 135°

clockwise-rotated Cartesian (southeastern-nortremestFigures 6a and 6b show time

series of principal axis depth-average currentaigiat St. W and St. E, respectively.

Graphically, both St. W and St. E evidence two ificgmt peaks. However, the timing is

not consistent with each other. Two peaks at Sar&\uring the periods December and

March while at St. E are from middle November taldie December and from middle

February to middle March. The results demonstiae $t. E leads St. W and an interval

of 315-hour might properly describe time lag of\8t. In Figure 6c¢, St. E with time lag

of 315 hours is overlapped to St. W. Peak-to pemkparison indicates that the variations

of St. W and those in time lag of St. E are fredlyan phase, suggesting St. E leads St.

W by 10~15 days indeed. The trend is always vahdtever during episode of clockwise

or counterclockwise circulation. The fact thatBSteads St. W during clockwise episode

is probably against intuitive. Therefore, not mg@lsingle anticyclone structure might

be inferred and be expected.
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M echanism

What causes the intra-seasonal variation in the deserves to further investigate.

Intuitively, currents in the area, especially thasar surface currents, should be driven

by the strong monsoon during winter when northelystands prevail. However, there is

almost no correlation between the current and laradi forcing from weather station at

Tung-Chi Island (figure not shown). Based on mail@lulations in the South China Sea,

WU et al. [1998] suggested that the formation of a gyreateter anticyclonic or cyclonic,

is essential determined by the wind stress &dw et al. [1999] also found that the first

two empirical orthogonal functions (EOF) modeshs wind stress curl agree well with

those in the corresponding altimeter sea level moldether supporting the wind stress

curl forcing scenario. However, it is not clear wiex the wind stress curl is also

important to meso-scale circulation as in the prestidy. Since the scale is quite small

in the present study, high-resolution winds areedlin need. We adopted 6-hourly maps

of 10m zonal and meridional wind components at a reswiubf 0.5° x 0.5°, which is

derived from a space and time blend of QSCAT-DIRSHtkllite scatterometer

observations and NCEP analyskBl[iff et al., 1999]. The blended data set is one of the

most up-to-date high-resolution data of ocean serf@nds in the present time.
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In this section, wind stress curls are calculatechfthe blended wind stress fields.

Figure 7 shows the monthly mean of the wind steaissduring the six-month period.

The days in February and March 2001 have beentlsligtjusted to fit the intra-seasonal

variation in the velocity field. Main features imetintra-seasonal variation of the wind

stress curl are captured in the sequence of piats (a)-(f). In October 1999 (Figure 7a),

a dipole structure with positive value to the nafipeared in the region. Note that the

south portion is what we should be more concermiasioce its position approaches the

Kuroshio intrusion. Off southern tip of Taiwan, tlaege and negative curl extends

southwestward in October that marks the onsetefiinter monsoon. The pattern

persists well into November, gradually increasiisgsirength in December. In the

following month, the southern curl weakens (Figtdg. The curl increases again and

reaches its maximum strength during the period fr@faruary 10 to March 10 (Figure 7€)

and decays afterwards (Figure 7f). The variatidrtb® southern curl are corresponding

to those shown in the velocity field and the cartapable of explaining the

intra-seasonal variations in the velocity field. Whhe southern curl appeared and

developed in the position, the intruded currentrfi§uroshio would form anticyclonic

eddies clockwise because the curl provides negatixtecities to the current. Note that

the strongest southern curl is confined and limitedr St. E. Therefore, a tight and
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stronger anticyclone might occur in close vicirofySt. E merely. The loosed clockwise
vortexes might shed away from St. E while the gpoading Reynolds number is large
enough. The large value of curl also explains gason why the current is accelerated
during clockwise circulation dominated episode anhtioned earlier. For example, the
strongest southward current at St. E with maximpeesd of 10@ms* shown on March
1, 2001 is well corresponding to the strongesttsenuat curl in Figure 7e. On the other
hand, while the southern curl weakens or looseguEi7d, 7f), the intruded current
overwhelms the curl and continues westward aloagslttelf break, forming a weak
cyclonic (counterclockwise) eddy. Weaker currentthese two counterclockwise
episodes are also noted in the previous section.
Summary and Conclusions

Although the East Asian monsoons dominate, an-sgesonal instead of seasonal
variation in the velocity field has been found e region. The agreement between wind
stress curl and velocity fields suggests that timelwtress curl could be the main driving
force to trigger the intra-seasonal variations. ifitensity of wind stress curl off southern
tip of Taiwan could determine whether clockwiseounterclockwise circulation pattern
performs in the region. While the southern curladed, the intruded current strengthens

by getting large vorticity from the curl and forras anticyclonic eddy afterwards. The
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mooring velocity data indeed evidence that currenting clockwise circulation are
much stronger than those during counterclockwisenperature is also higher while
clockwise since the stronger intrusion current tihg in Kuroshio warmer water and
increase local water temperature.
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TABLE 1. Mooring locations; water, ADCP and CTD dlegy durations; and data

distribution depths (interval of 1) at St. W and St. E, respectively.

Station Longitude Latitude Water

St W 118°44’E  22°N

St. E

120° 10'E 22°N

Depth

1014m

968m

ADCP

Depth

160m

202m

CTD Duration

Depth

165m 2000/10/13~

2001/04/18

207m 2000/10/04~

2001/04/18

Measurement

Range

20~130m

20~180m
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Figure Captions

Figure 1. The study area with locations of moostaions (squares) and Tung-Chi Island
(asterisk). The current distribution at 30 m isgaeéd fromLiang et al. [2003].

Figure 2. Vertical sections of 48-hr low-pass cotneelocity observed at St. W. Contour
interval is 10cms™.

Figure 3. Same as Figure 2 except at St. E.

Figure 4. Stick plots of the depth-averaged curvetacity at St. W and St. E,
respectively.

Figure 5. T-S diagram at St. W and St. E. Veloe#ygtors are also presented to separate
different episodes of clockwise (red) and countarkvise (blue) circulation.

Figure 6. Time series of principal axis depth-ageraurrent velocity at St. W and St. E,
respectively. St. E with time lag of 315 hoursvedapped to St. W shown in
the bottom panel as well.

Figure 7. Monthly mean of the wind stress curl dgrihe six-month period. Contour

interval is 0.1 x 18 N m*. Regions of negative curls are shaded.
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Subject: "Intra-seasonal variation in the velocity field of the northern South China Sea (CSR02)"

I attach two reviews for the afore-mentioned manuscript that you submitted to the special issue of
Continental Shelf Research. The first reviewer recommended publication after a minor revision and the
second reviewer recommended more convincing interpretations and discussions (see below). Please
provide a detailed point-by-point reply to each of the reviewer's comments and either the changes you
have made to your manuscript in response to these comments, or rebuttals to the points that you feel are
not justified.

On behalf CSR, | thank you for choosing this journal and look forward to seeing your revised
manuscript.

Yours sincerely,

Guogi Han

#1 Review of "Intra-seasonal variation in the velocity field of the northern South China Sea" by Wu et
al.

This manuscript uses moored measurements of currents and water properties in the upper ocean at two
locations to suggest the possible link between the circulation southwest of Taiwan and the intrusion
water from the Kuroshio. Wind stress curls are demonstrated to correlate with the observed current
pattern. Although the data duration is not long enough to reach a definitive conclusion, the manuscript
does demonstrate an interesting phenomenon in the region southwest of Taiwan, where the interaction
of Kuroshio intrusion plays an important role in the circulation, and could help suggest further studies.
I would recommend publication of the manuscript. Some minor modifications are listed below.

Page 4, line 5: The data consist of flow velocity and water properties. Thus, the effect of the Kuroshio
intrusion can be inferred.

Page 5, 2nd line of section 3.1 "In general, U is greater than V.": Some statistics than just saying it is
much better.

Page 5, 2nd line of section 3.1: "The speed decrease ... same direction.” Replaced by "The flow is
barotropic in the upper 120 m with a slight decrease in magnitude."

Page 5, first paragraph of section 3.1: It is difficult to discuss the current direction using U and V
components. It is easier to describe the current using the stick plots Fig. 4. Same for the next paragraph.

Page 8, line 9: The temperature "contrast” is more distinct at W than that at E; the latter location is
affected by cold coastal water.

Page 9, last sentence of the first paragraph: The two stations might not be located in the same cyclonic
structure.

Page 9, 2nd line from the bottom: deserves "further investigation." Intuitively, currents in "this" area,
especially those near “the surface,” should ....

Page 10, 5th line: delete "essential."”

Page 10, line 9: delete "also."



Page 10, line 12: "are needed" instead of "are indeed in need."
Page 11, line 2: October "2000", a dipole ... with positive "values"

Page 11, line 12; "the southern curl™ should be replaced by "the southern pattern™ at several places of
its occurrence on this and next pages.

#2 Review of "Intra-seasonal variation in the velocity field of the northeastern South China Sea" by
C.-R.Wu, T. Y. Tang, S. F. Lin, Y. J. Yang, and W.-D. Liang

This manuscript describes observations from two moorings in the northeastern South China Sea. The
moorings were placed in the northern portion of Luzon Strait, just to the west of the strait, and further
west over the continental slope. The authors use a combination of mooring data and scatterometer
wind stress curl fields to infer characteristics of the Kuroshio Intrusion into the South China Sea.

On the whole, | thought that the mooring data was interesting. For the most part, | thought that the
interpretation was sound but could be developed much more convincingly. A few points were
contradictory with the existing literature and should be more fully discussed.

The following are major points that should be addressed.

1) How could the wind stress give rise to a 100 cm/s current? Centurioni and Niiler (JPO, 2004) have
shown that near surface velocities are well below the observed drifter speeds. What is the mechanism
that drives the strong currents? The main reason, | would think, would be the baroclinic currents
associated with the density gradients within the Kuroshio, and not the direct action of wind

stress. This issue needs to be discussed thoroughly and the drifter work referenced.

2) A simple scaling of the vorticity input from the wind stress curl would be very useful. 1 am not
certain that the wind stress curl is energetic enough to drive a 100 cm/s maximum velocity gyre. A
back of the envelope calculation would be useful to convince me that there is enough energy from the
wind stress curl to drive the observed anti-cyclonic circulation.

3) I am still confused about the time scale of the intrusions relative to the magnitude of the wind stress
curl. It looked to me like there was a great deal of variability in the moorings even when there was
strong wind stress curl- and that intrusions were not present. Some figure showing the temporal shift
in the wind stress curl magnitude with the anti-cyclonic flow would be useful and again be more
convincing.

4) One of the strengths of the paper is showing the high degree of correlation between the E and W
moorings. What does this imply for an advection rate? How does the advection rate compare to the
propagation speed of a baroclinic Rossby wave?

I thought the work that was presented was very interesting and eventually deserves publication after
giving some thought to the issues above. The mooring data was quite interesting, more quantitative
treatment of the issues above would greatly help convince the reader of the interpretations.
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Energy of Nonlinear Internal Waves in the South China Sea
R.-C. Lien," T. Y. Tang,” M. H. Chang,” E. A. D’Asaro,"

Four sets of ADCP measurements were taken in the South
China Sea (SCS); these results were combined with previ-
ous satellite observations and internal-tide numerical model
results. Analysis suggests that strong internal tides are gen-
erated in Luzon Strait, propagate as a narrow tidal beam
into the SCS, are amplified by the shoaling continental
slope near TungSha Island, become nonlinear, and evolve
into high-frequency nonlinear internal waves (NIW). Inter-
nal waves in the SCS have geographically distinct charac-
teristics. (1) West of Luzon Strait the total internal-wave
energy (Fiw) is 10 x that predicted by Garrett and Munk
spectra (Egar)(Levine, 2002). There is no sign of NIW. (2)
Near TungSha Island FE;, = 13 X FEgan. Strong nonlinear
and high-harmonic tides are present. Repetitive trains of
large-amplitude NIW appear primarily at a semidiurnal pe-
riodicity with their amplitudes modulated at a fortnightly
tidal cycle. The rms vertical velocity of NIW shows a clear
spring-neap tidal cycle and is linearly proportional to the
barotropic tidal height in Luzon Strait with a 1.85-days time
lag; this provides an estimate of NIW energy in the SCS.
The 1.85-day time lag is consistent with the travel time of
internal tides from Luzon Strait to TungSha Island. (3) At
the northern SCS shelfbreak, E;,, = 4 X Egnm. Single de-
pression waves are found, but no multiple-waves packets are
evident. (4) On the continental shelf E;,, = 2 X Egar. Both
depression and elevation NIW exist.

Introduction

Hsu and Liu (2000) and Zhao et al. (2004) collected
satellite images between 1993 and 2001 in the SCS to re-
veal the distribution of NIW (Fig. 1). Most of the long-
crest, multiple-wave packets exist in a (200 km)2 area on
the continental slope and shelf centering around TungSha
Island. A single long-crest, multiple-wave packet was ob-
served at the west of Luzon Strait on 1995 June 16. In the
deep basin of the SCS only a few short-crest wave trains and
single-depression waves exist. Recent in-situ measurements
confirm the presence of NIW identified by satellite images
(Ramp et al. 2004 and Yang et al. 2004).

The generation mechanism for NIW in the SCS remains
controversial. Two hypotheses have been proposed: the in-
ternal soliton/lee wave model, and the nonlinear internal
tide model (Fig. 2)(Apel et al., 1997). According to the for-
mer, lee waves are generated between the Batan Islands in
Luzon Strait. When the current reverses, lee waves escape
from the topography and develop into NIW (Fig. 2a). Ac-
cording to the latter, internal tides are generated either on
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shelf break or remotely on two ridges in Luzon Strait (Fig. 1)
(Niwa and Hibiya, 2004). Those generated in Luzon Strait
propagate across the SCS in a narrow tidal beam. They are
amplified by the shoaling continental slope, become nonlin-
ear, and evolve into NIW riding on the internal tide (Fig.
2b). For very strong barotropic tidal forcing in Luzon Strait,
internal tides could be strongly nonlinear near their genera-
tion sites so that NIW would evolve immediately (Fig. 2c).
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Figure 1. Map of South China Sea and positions of
ADCEP stations (blue dots). Black contours are 200, 500,
1000, 2000, and 3000-m isobaths. Red vectors are model
results of depth-integrated semidiurnal internal tidal en-
ergy flux produced by Niwa and Hibiya (2004). Green
curves are internal wave packets derived from satellite
images by Zhao et al. (2004). Solid green curves indicate
multiple-wave packets and dashed green curves single-
wave packets. Thick solid green curves west of Luzon
Strait represent the ”big wave” event observed on 16 June
1995.

Here, we analyze a set of four ADCP measurements taken
in different regions of the SCS. We will 1) describe internal
wave characteristics, 2) discuss the generation mechanism of
NIW, and 3) explore the relation between NIW in the SCS
and barotropic tidal forcing in Luzon Strait.

Observations

In April 2000 three 150-kHz broadband ADCP moorings
(L2, IW1, and IW3) and one 300-kHz narrowband bottom
ADCP (IW2) were deployed in the SCS (Figs. 1 and 2) col-
lecting data for ~20 days. All ADCPs were upward-looking
and recorded 1-min averages. The water depths at stations
L2, IW1, IW3, and IW2 were 2080 m, 426 m, 468 m, and
110 m, respectively. The mooring ADCPs were mounted at
a nominal depth of 237 m.

Internal Wave Characteristics

Internal waves observed in four locations within the SCS
have different characteristics. Segments of 4-hr time series
for six consecutive semidiurnal periods illustrate these dif-
ferences (Fig. 3).

The L2 mooring was located west of a submarine ridge
in Luzon Strait. ADCP observations were available between
30 and 220 m depths. The zonal current u dominated the
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meridional current. We compute the stream function as
¥ = [dz(u — C), where a wave speed C=1.8 m s7! s
used (Yang et al., 2004). The zonal velocity between the
sea surface and 30-m depth is assumed constant and equal
to u(30m). The computed stream line provides a crude view
of the isopycnal displacement. The streamline shows high-
frequency variations riding on a low-frequency tidal bore;
but no NIW are evident. This is the first in-situ evidence
confirming the absence of NIW near Luzon Strait. The ver-
tical velocity measurements at L2 were contaminated by in-
strument noise and are not shown.
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Figure 2. Sketch of generation mechanisms for NIW
in the SCS:(a) internal soliton model, (b) nonlinear in-
ternal tide model, and (c) very strong nonlinear inter-
nal tide model. The shading is the bathymetry across
the South China Sea. The inset (d) shows the moor-
ing ADCP configuration. Blue dots indicate locations of
ADCP measurements.

At mooring IW1, large NIW were observed at a semidi-
urnal period. The streamline followed the zonal shear very
well, especially within the leading wave. The leading waves
had a vertical displacement of 70-120 m, and a wave width
of 10-20 minutes corresponding to a 1-2 km-width. These
NIW had a first-mode appearance. Before the waves’ arrival,
the current flowed eastward. During the waves’ passage, the
zonal current in the upper layer fluctuated in alternating
directions. The maximum westward current was > 1 m
s™'. The vertical velocity at IW1 showed the unambigu-
ous first-mode depression wave structure, with maximum
speed at mid-depth, and downwelling followed by upwelling.
The vertical velocity reached 0.2 m s™". NIW at IW1 were
the strongest among our observations, as was expected from
satellite images and numerical model results of internal tides
(Fig. 1).

At mooring IW3, only single depression waves were ob-
served. The largest depressmn wave was at 0300 on 21 April.
The zonal velocity of the wave was ~0.5 m s™°, less than
1/2 of that observed at IW1. Mooring IW3 was located oft
shelf relative to the ASTAEX experiment site(Ramp et al.,
2004).

M)ooring IW2 was located on the continental shelf at
~110-m depth. Two trains of elevation waves were iden-
tified at 0300 on 18 April and 0548 on 19 April. A westward
wave speed of 0.8 m/s was used to compute the stream func-
tion, determined by matching the observed vertical velocity
with the prediction from the stream function. The isopycnal
displacement was generally <10 m. The most distinct char-
acteristic of these elevation waves is the leading upwelling
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followed by downwelling, best observed for the wave train
at 0548 on 19 April.
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Figure 3. Zonal velocity and vertical velocity contours
in 4-hr time segments for six consecutive semidiurnal pe-
riods. Each segment is separated by a semidiurnal period
12.4 hr. The vertical velocity at L2 is not shown because
it is contaminated by instrument noise. The beginning
time for each time segment is shown on the lower line
of the x-axis; upper line shows minutes elapsed from the
beginning time. The black curve shows the streamline
beginning at 100-m depth, assuming a westward wave
speed of 1.8 m s~! for L2, IW1, and IW3, and 0.8 m s~!
for IW2.

Internal Wave Spectra

Velocity spectra are computed and WKB-normalized at
each depth. Spectra are averaged over the upper 100 m and
compared with the Garrett—Munk spectra (GM79) (Levine,
2002). The total energy spectrum (®g), horizontal velocity
spectrum (®,,), vertical velocity spectrum (@), and po-
tential energy spectrum (®pg) of GMT79 are expressed as
follows,

Sy = EtFOB( w) (1)
@ N

q>wat(N2_f2)NOB( ) (2)
_ 1 )W+ f?)

RN RSO )
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1 N?
Cre =55 Pu, (4)
where B(w) = 2f w is frequency, N the buoy-

To(w2— f2)1/27
ancy frequency, an(d f fthe inertial frequency. E: = 2.9 mJ
kg™' is the total energy per unit mass. No = 0.0052 s " is
a reference buoyancy frequency. We compute the potential
energy spectrum using the observed vertical velocity spec-
trum following Eq. (4).

At mooring L2, both horizontal velocity spectra show
dominant diurnal and semidiurnal peaks. They have a sim-
ilar magnitude and show a w™2 spectral shape until they
meet the noise floor at about 0.003 s~'. The total inter-
nal wave energy FEi, is 10 X Egm, where Egar is the total
energy of GMT79 (Table 1).

Figure 4. Average velocity and energy spectra. Spectra
are WKB-normalized and averaged over the upper 100 m.
Red, green, and black curves represent zonal, meridional,
and vertical velocity spectra, respectively. Blue curves
are total energy spectra. Black and red dashed curves are
GMT79 vertical and horizontal velocity spectra. The thick
dashed gray lines represent the observed vertical velocity
spectrum at TW3 averaged in 0.001 s™! < w < N, plotted
for reference. Frequencies of diurnal tide S, semidiurnal
tide Mz, and the compound tide, M2 + S; are labeled.
The dashed blue curve in the panel of IW1 represents the
background high-frequency internal wave spectrum.

At mooring IW1 observed spectra exhibit peaks at diur-
nal, semidiurnal, and compound tides, as well as higher tidal
harmonics suggesting nonlinear internal tides. At frequen-
cies greater than tidal harmonics, 1) the meridional velocity
spectrum ®,, shows a w2 shape below N ( 0.016 s71), 2)
®,, shows a plateau of 5 x®,, and 3) ®,, shows a bump in
0.001 s7! < w < N. Eiy is 5.76 x 1072 m%s72, 13 xEqum
(Table 1). The vertical kinetic energy W7, is 0.045 x 1072
m?s™2, 54 x the vertical energy of GM (W&,;)! The spec-
tral plateau of ®, and the spectral bump of ®,, below N are
associated with the NIW. The strong nonlinear tide and the
accompanying enhanced NIW suggest a direct dynamic link,
consistent with the nonlinear internal tide model generation
mechanism (Fig. 2b).

At mooring IW3 spectral peaks exist at diurnal, semidi-
urnal, and compound tides, as well as higher tidal harmonic
frequencies, similar to IW1 but of weaker magnitudes. Be-
yond the tidal harmonics, the two horizontal velocity spec-
tra have the same spectral level with a spectral slope slightly
greater than -2, and ®,, is white below N. E;, is 4 X Egwm,
and W2, is 25 ><WC2; ar- Fundamental differences from TW1
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are 1) the absence of the near-N spectral bump of ®, and
d,, at IW3, 2) the total internal wave energy and vertical
kinetic energy at IW3 is < 1/2 of those at IW1.

At mooring ITW2, all velocity spectra show peaks at the
diurnal and semidiurnal frequencies. In 0.001 s™% < w < N,
all spectra exhibit a bump 10 times the background level as-
sociated with the mixed elevation and depression NIW (see
Fig. 3). Eiw is 2 xEgnr, and W2, is 15 x Wy,

The presence of strong NIW at IW1 and their absence at
L2 shown in time series and spectral properties suggest that
NIW in the SCS are generated via the nonlinear internal
tide model (Fig. 2b), not the lee wave model (Fig. 2a).

NIW Energy and Tidal Forcing

NIW contain more than 80% of the vertical energy in
the internal wave band (Table 1). Therefore, the vertical
energy is an ideal index for NIW energy. The vertical ve-
locity variances at IW1, computed in 1-hr intervals, show
a semidiurnal periodicity (Fig. 5b). The barotropic tidal
height in Luzon Strait, computed using Oregon Tidal Inver-
sion Software (OTIS) (Egbert and Erofeeva, 2002) is also
dominated by the semidiurnal tide (Fig. 5a). Both vari-
ables show a fortnightly modulation and are correlated with
a 1.85-day phase lag lead by the tide (Fig. 5¢). Niwa and Hi-
biya (2004) show that the M> energy flux emanates mostly
from the western submarine ridge, 300-350 km from IW1.
Considering the 1.85-day phase lag as the travel time, the
speed of the semidiurnal internal tide should be 1.88-2.20
m s~ !, a reasonable estimate. The correlation between the
rms tidal amplitude in Luzon Strait (oz) and the rms ver-
tical velocity at IW1 (o) is 0.89 and the linear regression
fit (Fig. 5d) yields

ow(m/s) =0.11og(m) — 0.01(m/s). (5)

This relation provides a simple model to predict the energy
of NIW near TungSha Island based on the barotropic tide
at Luzon Strait. The correlation increases to 0.96 and the
linear regression fit is improved if the linear trend of o, is
removed (Fig. 5d).
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Figure 5. Time series of (a) the barotropic tide east of
Luzon Strait Hrs((black curve) and the 1.7 x the rms
tidal amplitude computed in 24-hr intervals op, 4 (red
curve); (b) the vertical velocity variance computed in 1-
hr intervals o2, (black curve), and the 1.85-day forward
shifted Hrs (red curve); (c) the rms vertical velocity o
computed in 24-hr intervals (gray curve) and the 1.85-day
forward shifted o, o (red curve). The blue curve in (c)
is the detrended o,,. The inset (d) shows the scatter plot
between 1.85-day shifted op,; and o, (red dots), and
between 1.85-day shifted oz, and detrended o (blue
dots). The black line represents the linear regression fit.
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Discussion and Summary

Generation Mechanisms

Observed internal wave properties combined with a com-
posite map of NIW from satellite images and results of nu-
merical internal tide models supports the hypothesis that
the nonlinear internal tide is the primary generation mecha-
nism for NIW observed in the SCS (Fig. 2b). Strong inter-
nal tides are generated in Luzon Strait. They propagate into
the SCS in a narrow tidal beam (Fig. 1). They are ampli-
fied by the shoaling continental slope near TungSha, become
nonlinear, and evolve into NIW (Figs. 3 and 4). Observed
NIW are not escaping lee waves (Fig. 2a) because they are
not observed at L2, contradicting the internal-soliton model.
Within the internal tidal beam (e.g., IW1), NIW evolve
primarily from the amplification of the trans-basin internal
tides. At mooring IW1, the internal wave energy is 13x GM,
the vertical energy is 54x GM, and NIW of O(100m) ampli-
tude are observed repeatedly. Outside of the internal tidal
beam (e.g., IW3), NIW may evolve from the locally gener-
ated internal tides (Ramp et al., 2004).

Big Wave near Luzon Strait

A long-crest NIW was captured by a satellite image on
16 June 1995 (Hus and Liu, 2000). During this event,
the barotropic tidal current in Luzon Strait was one of the
strongest of 1995 (Fig. 6). The "big wave” west of Luzon
Strait may have been generated by an abnormally strong
barotropic tidal forcing. These events occur only a few days
each year. The chance is small for satellite images to cap-
ture these events; only one appears in the satellite record of
nearly 10 years.

i | .
Jun 16 Oct 16 Dec 16

Year 1995

I
Feb 16

| .
Apr 16 Aug 16

Figure 6. Barotropic zonal tidal current in Luzon Strait
in 1995 produced by OTIS (Egbert and Erofeeva, 2002).

Energy Conversion and Dissipation of NIW

At mooring IW1, the total energy in the high-frequency
regime (107% s7! < w < N) is ~16% of the total inter-
nal wave energy (Table 1). The total energy of “non-NIW?”
high-frequency internal waves is computed by integrating
the background internal wave spectrum, constructed by ex-
trapolating a w2 spectrum from the observed spectral level
at 107® s=* to N (blue dashed curve in Fig. 4). It is
~3% of the total internal wave energy. Therefore, the en-
ergy conversion rate from internal tides to NIW is ~13%.
Niwa and Hibiya (2004) report an internal tidal energy flux
of 4.2 GW into the SCS (Fig. 1). Applying a 13% con-
version rate, NIW contain an energy flux of 0.54 GW. If
all NTW dissipate within the (200 km)? area centered at
TungSha Island in the 1-10m-thick interface, the turbulence
kinetic energy dissipation rate e associated with breaking
NIW would be ~ 1075-10> W kg~ ! and an eddy diffusiv-
ity K, = 0.2 N2 =~ 1072-107% m? s7*, at least 100 times
that in typical oceanic thermocline.
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Prediction of NIW in SCS

The energy content of NIW depends on 1) the conver-
sion rate from the barotropic to internal tides, 2)the con-
version rate from internal tides to NIW, 3) the tidal beam
properties, and 4) the dissipation of NIW. These processes
are modulated by the barotropic tides, by the background
shear and stratification associated with Kuroshio, mesoscale
eddies, and by the surface wind and buoyancy forcing in the
SCS including Luzon Strait. The simple relation (5) includes
only one of many important parameters, implying invariant
energy conversion rates. The fair success of this simple re-
lation is because other parameters are nearly invariant in
a monthly time scale, and at mooring IW1 internal tides
generated remotely in Luzon Strait dominates those gener-
ated locally. The linear trend of 0., (Fig. 5c) represents
the effects of processes overlooked by Eq. (5). Further ob-
servations and numerical models are needed to improve our
understanding of the details of these processes, and improve
the prediction of NIW.
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Table 1. Characterization of energy measurements at four

stations in the SCS averaged in the upper 100 m: Wizw7 ver-

tical kinetic energy in the internal wave band; E;,,, total in-
2

W .
ternal wave energy; Samt the ratio of wa to the GMT79
oM
vertical kinetic energy WCZ;M; E’“A, the ratio of Ej, to GM

Ecm
total energy Egas; WI%,IW, the vertical kinetic energy in the
high-frequency regime (10=3s~! < w < N); Exrw, the total
. . . . 2
energy in the high-frequency regime; %W3, 11/, the percentage
of WI%TIW in Wizw; and %ENTw, the percentage of Enrw in
W

W2 B
Stn szw Eiw W(2;M Eon WI%IIW Enrw %WI%TIW %ENTW
2 2 2 2
) (%) ) (%) (%) (%)
L2 NA 546 NA 10.2 NA NA NA 10
W1 4.5 576 53.5 12.9 4 92 89 16
IW3 2.1 243 24.8 4.3 1.7 26 81 11

IW2 1.3 140 14.7 2.4 1.2 20 93 14
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