1. Introduction

The funded project contains two parts; one is to coordinate and service the
individual projects of program of Variations of Northern SCS (VANS) and its
joint project Windy Island Soliton Experiment (WISE) which funded by the
Office of Navy Research (ONR) of United State of American. The primary
works include to host a workshop at Taipei made a workable plan and to
execute the field work. The workshop has been taken place at Taipei on
October 25-27, 2004. The progress and conclusion of the workshop will be
stated in Section 2. The primary field work started early April 2005 and ended
May 2005. The work is quite successful and will be illustrated in Section 3.

The personal research project is to study the intra-seasonal variation in

the northern SCS and Luzon Strait using the previous and new mooring
measurements. Two papers has been in press in the international journal and
several papers are in preparation. The new measurement has been started.
A mooring array from Luzon Strait to the shelf of northern SCS has been
deployed in late April 2005. The mooring work is cooperated with the
scientists of USA. The array will be kept in the water for a year, but it will be
refurbished every 3 months. This part of work is reported in Section 3. Two
papers, which have been accepted for publication in international journal, are
listed in Section 4 as a preliminary result. Section 5 provides a short
summary for the work from August 2004 to May 2005.
2. Workshop

The workshop was taken place on Oct 25-27, 2004 at campus of National
Taiwan University. The meeting schedule as shown in Table 1.

Monday, October 25

Opening Session - Professor Tswen-Yung David Tang,
Presiding

Keynote Speaker 1 Prof. Char-Shine Liu,
8:30 Director
National Center for Ocean Research
Keynote Speaker 2 Dr. Theresa Paluszkiewicz,
Program Officer
Office of Naval Research

Session 1 - Review of Scientific and Logistical Issues
Dr. Steve Murray and Prof. Wen-Ssn Chuang,

9:10 Presiding

The ASIAEX Program: Questions Answered and



Questions Raised
Profs. Steve Ramp and Ching-Sang Chiu
Internal bores in the Luzon Strait - Moored
Observations
Profs. Wen-Ssn Chuang and W.-D. Liang
Overview of Taiwan's Ship and Staging Capabilities
Profs. Ruey-Chang Wei and David Tang

10:10 TEA AND COFFEE BREAK

Session 2 -Research Team Intentions - Modeling and
Remote Sensing
Dr. Linwood Vincent and Prof. Wen-Ssn Chuang,
Presiding

Non-Hydrostatic Modeling
Profs. Shenn-Yu Chao and Ping-Tung Shaw

10:40 The Naval Research Laboratory (NRL) Model
Dr. Dong-Shang Ko

Satellite Remote Sensing
Dr. Tony Liu and Prof. Ming-Kuang Hsu

Ship Observation and MODIS Images
Dr. Yiing Jang Yang, Ming-Huei Chang and Kai-Chieh

Yang
12:00 LUNCH

Session 3 - Research Team Intentions -
Interdisciplinary
Dr. Ellen Livingston and Prof. Chifang Chen, Presiding

The WISE/VANS Moored Array
Profs. Steve Ramp, C.-S. Chiu, and Y.J. Yang
13:00
The Shallow Water Physical Oceanography
Experiment
Dr. Glen Gawarkiewicz and Prof. Joe Wang

Turbulence & Mixing Observations During the Shallow



Water PO Experiment
Prof. Louis St. Laurent

The Shallow Water Acoustic Propagation Experiment
Prof. Ching-Sang Chiu, Prof. Chifang Chen, Dr. Phil
Abbot

14:20 TEA AND COFFEE BREAK

Session 4 - Research Team Intentions - Deep Water
Dr. Steve Murray and Prof. Cho-Teng Liu, Presiding

Multi-ship Surveys Near the Luzon Strait
Prof. Cho-Teng Liu

Philippine Research Plans for 2005-2006
Profs. Cesar Villanoy and Gil Jacinto

Shipboard Tracking of Soliton Packets in the NE South
15:00 China Sea
Dr. Rob Pinkel

Nonlinear Internal Wave Observations Using
Lagrangian Floats
Profs. Eric D'Asaro and Ren-Chieh Lien

Internal Wave Velocity Profiles From Wind Drifters in

the SCS
Drs. Peter Niiler and Luca Centurioni
16:40 DAY CONCLUDES
BANQUET - Hosted by the Taiwan National Science
18:00 Council

Invitations with directions will be provided

Tuesday, October 26
This day is devoted to working groups and discussion

Logistical Support Requirements
Review Ship Schedule (Tang/Ramp)
Accommodations, transportation, infrastructure in
Kaohsiung (Yang/Wei)

9:00



Requirements for dockside support (all PIs)
Storage Space
Work Space
Trucks/Loading Equipment, etc.

10:00 TEA AND COFFEE BREAK

Small Breakout Groups

Moorings SW . Luzon Modeling
Experiment Area
Ramp Chiu CT Liu Chao
Tang Chen Lien Shaw
10:00 Yang Abbot D'Asaro Ko
T. Liu Gawarkiewicz Pinkel Chuang
Hsu Wang Niiler Liang
Reeder  St. Laurent Centurioni  Wu
Murray  Wei Tseng Paluszkiewicz
Livingston Vincent
12:00 LUNCH
13:00 Breakout Groups Continued
15:00 TEA AND COFFEE BREAK

Working Group Reports
Moorings - Ramp/Tang
15:30 SW Experiment - Chiu/Chen
Luzon Strait - Pinkel/Liu
Modeling - Chao/Wu

BANQUET - Hosted by the Office of Naval Research of
18:30 U.S.A
Invitations with directions will be provided

Wednesday, October 27
9:00 Meeting Summary and Action Items
12:00 LUNCH

Taipei City Tour (free of charge)
13:00 Palace Museum
Chiang Kai-shek Memorial Hall, Symphony Hall, Opera



House
Chinese Handicraft Center

The workshop went smoothly as we expected. The attendees came from
various originations and had various expertises. Table 2 lists the attendees.
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The result of workshop is fruitful. The materials of presentation of each
speaker has been stored in our website (http://140.112.68.83/~vans/#agenda,
userid:scs, pw:taroko). Four working groups have been identified. The
solitary wave group would focus their studies on the solitary wave generation,
transformation and dissipation. The impact of solitary wave on the acoustics
propagation is also a topic of study in this group. The primary mission of
mooring group is to deploy a mooring array from Luzon Strait to shelf of
northern SCS. Figure 1 shows the proposed mooring array.

MOORING LOCATION AND TOPOGRAPHY

VANS/WISE Mooring Plan (2005)
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Depth along the red line of mooring array
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The primary studying object is to address the questions of origination of solitary
wave, whether the solitary wave is a persistent feature or not, what the
intra-seasonal variation in the central northern SCS is and the characters of South
China Sea Warm Current (SCSWC). The above two groups plan using our
research vessels to perform the proposed field work. Totally, around 30 days
ship-time is requested. The group of Luzon Strait is leaded by Dr. C. T. Liu. |
believe he would report the progress of this group. The modeling group is leaded
by S. Y. Chao, a professor of University of Maryland. Dr. C. R Wu will work on his
basin-wide model joining with Wen-Ssn Chuang, me and several other domestic
Pls primarily to investigate the circulation in the northern SCS.

3. Experiment

The main field work has been done at a couple weeks ago. The mooring
array has been in the water. The left-over field work is to refurbish the
moorings every 3 months. A number of ship measurements have been
collected and exchanged between the Pls and joint nations. The data include
Conductivity Temperature Depth profiler (CTD) casts, EK500 vertical acoustic
data, Radar images, Shipboard Acoustics Doppler Current Profiler (SbADCP)
current data, Expendable Bathythermography (XBT), Expendable Conductivity

Depth{m)



Temperature Depth profiler (XCTD) data, Expendable Current Profiler (XCP)
data, Lagrangian floats, and Scanfish/SeaSoar surveys data. And some
Synthetic Aperture Radar (SAR) and Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite images during our survey duration were
collected. All of our survey work went smooth and most of the data reveal
fairly good quality.

Figure 2. is hydrographic surveys data by deploying Scanfish in ORL1 field
work duration. The Scanfish was dragged cross-shore in the shelf break
northwest of South China Sea. The cruise track is shown in Figure 2a. The
cross-shore variations of temperature, salinity, and density are shown in Figure
2b, Figure 2c and Figure 2d respectively. Their vertical structures indicate that
mixing layer deepen obviously near shelf break.
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Figure 2. (provided by Dr. Glen)

Satellite images provide a great help for observations of internal waves
propagating. SAR and MODIS images are shown in Figure 3. From Figure 3a,
some westward internal solitary waves (ISW) were observed by SAR in
continental slope and shelf near DongSha Island. In addition to westward



ISWs, MODIS image shown in Figure 3b reveal a group of reflection ISW
resulted from interacting with DongSha Island.

(a) (b)

Figure 3.

During OR3 survey cruise, we traced ISWs by SbADCP, EK500, XBT, CTD,
and Radar. As shown in Figure 4, we followed a huge ISW with ship speed
higher than ISW propagating speed upon the shelf near shelf break, and then
went across it. Local depth is about 600m there. The ship track is shown in the
lowest panel of Figure 4 (The contours indicate isobath, and red points indicate
deploying time of XBT). The XBT temperature data, EK500 sound reflective
intensity, and SbADCP zonal, meridional, and vertical velocity revealed strong
signal coincidently when the ship kept on the wave. From the XBT temperature
profile, the influenced depth is up to 500m. Maximum variation of temperature
is about 8 “C, and an overturning occurs at depth about 170m. From EK500
data, the vertical displacement could be up to 150m. ADCP zonal velocity
could be up to 160 cm/s, and vertical velocity show a downwelling followed by
a upwelling with maximum velocity 30 cm/s.

In the continental shelf with depth about 320m farther from shelf break,
Yo-Yo CTD was deployed prior to ISW package arrival, which went on up to it
passed away. The wave package could be found in Radar image as shown in



Figure 5. In Figure 6, CTD temperature, salinity, and density, EK500, and
SbADCP zonal velocity are shown. The character looks different from Figure 4.
The wave traced in Figure 4 is single huge wave, and here is a group of waves
with smaller variations of property. The huge ISW breaks into a number of
small ones when it propagates into shallow water area. The result could be
observed by SAR and MODIS images and be explained by theoretical and
numerical model. The maximum variation of temperature is about 4°C as

shown in temperature profile. From density profile and EK500 data, leading
wave vertical displacement is up to 100m and zonal velocity is about 60 cm/s.
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4. Preliminary result
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Energy and Characteristics of Nonlinear Internal Waves in

South China Sea

R.-C. Lien," T. Y. Tang,> M. H. Chang,” E. A. D’Asaro,’

Simultaneous ADCP measurements taken in South China
Sea (SCS) reveal geographically distinct internal-wave char-
acteristics. (1) West of Luzon Strait, the total internal-
wave energy (Eiw) is 10 x that predicted by GMT9
(Ega)(Levine, 2002). There is no sign of internal solitary
waves (ISW). (2) Near TungSha Island, E;, = 13 xEgu.
Strong nonlinear and higher-harmonics tides are present.
Trains of large-amplitude ISW appear repeatedly at a semid-
iurnal periodicity with their amplitudes modulated at fort-
nightly tidal cycle. (3) At the northern SCS shelfbreak,
FEiw = 4 X Egnm. Single depression waves are found, but no
sign of multiple-waves packets. (4) On the continental shelf,
FEiw = 2 X Egm. Both depression and elevation ISW ex-
ist. Results of this analysis suggest the following scenario.
Strong internal tides are generated in Luzon Strait, prop-
agate into SCS, are amplified by the shoaling continental
slope near TungSha, become nonlinear, and evolve into ISW.
The rms vertical velocity of ISW 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, providing
an estimate of ISW energy in SCS. The observed 1.85-day
time lag is presumably the travel time of internal tides from
Luzon Strait to TungSha Island. This scenario is most con-
sistent with numerical model results of the internal tidal
energy flux and with previous observations of SAR images.

Introduction

Hsu and Liu (2000) compile SAR (Synthetic Aperture
Radar) images between 1993 and 1998 revealing distribu-
tion of ISW in SCS. Recently, Zhao et al. (2004) compile all
available satellite images in 1995-2001 (Fig. 1). A compos-
ite picture arrives. Most of long-crest multiple-wave packets
exist on the continental slope and shelf centering around
TungSha Island in a 200 km x 200 km area. An event of
long-crest multiple-wave packet exists at the west of Luzon
Strait in June 16 of 1995. Between these two active regions
in the deep basin of SCS, only a few short-crest wave trains
and single-depression waves exist.

Active ISW are found in temperature measurements on
the continental shelf and slope of the northern SCS during
the ASTAEX (Ramp et al., 2001; Orr and Mignerey, 2003;
and Ramp et al., 2004). Yang et al. (2004) show various
types of ISW in their ADCP measurements near TungSha.
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These in-situ measurements confirm the presence of ISW
identified by SAR images.
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Figure 1. Map of South China Sea and positions of
ADCP stations (blue dots). All ADCPs are RDI 150-
kHz upward-looking, mounted on a buoy at 237-m depth
at L2, IW1 and IW3, and on the bottom at IW2 (see
also Fig. 2). Black contours are 200, 500, 1000, 2000,
and 3000-m isobath. Red vectors are model results of
depth-integrated semidiurnal internal tidal energy flux
produced by Niwa and Hibiya (2004). Green curves
are internal wave packets derived from SAR images by
Zhao et al. (2004). Solid green curves indicate multiple-
wave packets and dashed green curves single-wave pack-
ets. Thick solid green curves west of Luzon Strait repre-
sent the ”big wave” event observed in June 16 of 1995.

The generation mechanism for ISW in SCS is yet under
debate. Two basic hypotheses have been proposed: 1)inter-
nal soliton/lee wave model, and 2) nonlinear internal tide
model (Fig. 2)(Apel et al., 1997). In 1), lee waves are gen-
erated between Batan Islands in Luzon Strait. When the
current reverses, lee waves escape from the topography, de-
velop into ISW (Fig. 2a) (Ebbesmeyer et al., 1991). In 2),
internal tides could be generated either locally at the shelf
break or remotely on two ridges in Luzon Strait (Fig. 1)
(Niwa and Hibiya, 2004; Simmons et al., 2004). For the
latter, they propagate across the SCS basin in a nearly-
linear form. As internal tides amplified by shoaling conti-
nental slope or front, they become nonlinear and evolve into
ISW riding on internal tides (Fig. 2b). For ”very strong”
barotropic tidal forcing in Luzon Strait, internal tides could
be ”strongly” nonlinear near their generation sites where
ISW evolve immediately (Fig. 2c).

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

Observations

In April of 2000, three 150-kHz narrowband ADCP moor-
ings (L2, IW1, and IW3) and one bottom ADCP (IW2) were
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deployed in SCS (Figs. 1 and 2) taking data for 20 days.
All ADCPs are upward-looking and record 1-min average
data. The water depths at stations L2, IW1, IW3, and ITW2
are 2080 m, 426 m, 468 m, and 110 m, respectively. The bin
size is 10 m for L2, IW1, and IW3, and 5 m for IW2. The
mooring ADCPs are mounted at a nominal depth of 237 m.

Internal Wave Characteristics

Internal waves in four locations within SCS show different
characteristics. Segments of 4-hr time series for consecutive
6 semidiurnal periods are illustrated to show their differences
(Fig. 3).

L2 mooring is located west of a submarine ridge in Luzon
Strait. ADCP observations are available between 30 and
220-m depths. The zonal current u dominates the merid-
ional current and is often >1 m/s. Strong tidal bores are
observed. e.g, April 20 17:26-20:26. Here, the observed cur-
rent is a combination of Kuroshio and tidal currents. Fol-
lowing Pinkel (2000), we compute the stream function as
U = [dz(u — C), where the wave speed C = 1.8ms™' is
used (Yang et al., 2004; Chang, 2001). The zonal velocity
between the sea surface and 30-m depth, missed by ADCP,
is assumed constant and equals to «(30m). In other words,
we have assumed a 2-D characteristics and a first-mode
flow structure. Both assumptions might not be appropri-
ate. Nevertheless, the computed stream line still provides a
crude view of the isopycnal displacement. The zonal velocity
and the streamline, starting at 100-m, show high-frequency
variations riding on a low-frequency tidal displacement, but
do not exhibit ISW (in contrast to those seen at IW1). This
is the first in-situ evidence confirming the absence of ISW
near Luzon Strait, except for one strong event (Hsu and
Liu, 2000; Zhao et al., 2004). The vertical velocity at L2 is
contaminated by the instrument noise and is not shown.
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Figure 2. Sketch of generation mechanisms for ISW

in SCS:(a) internal soliton model, (b) nonlinear internal
tide model, and (c) very strong nonlinear internal tide
model. The shading is the bathymetry across the South
China Sea. The inset (d) shows the mooring ADCP con-
figuration. Blue dots indicate locations of ADCP mea-
surements.

At TW1, large ISW are observed at a semidiurnal period.
The streamline follows the zonal shear very well, especially
within the leading wave. All are depression waves. The
leading waves have the vertical displacement of 70-120 m,

INTERNAL SOLITARY WAVES IN SOUTH CHINA SEA

and a wave-width of 10-20 mins corresponding to 1-2 km in
space. There are 2-5 trailing waves. More details of ISW at
IW1 are described by Yang et al. (2004) and Chang (2001).
These ISW have a 2-layer first-mode appearance. Before
the arrival of waves, the current flows eastward. During
the passage of waves, the zonal current in the upper layer
fluctuates in alternatmg directions. The maximum west-
ward current > 1ms~' happens during the leading wave.
The vertical velocity shows the most unambiguous first-
mode depression wave structure, maximum vertical speed
at mid-depth and strong downwelling followed by upwelling.
The vertical speed of waves reaches to 0.2m/s. The quality
of vertical velocity is confirmed by comparing observations
with those predicted by the stream function. ISW at IW1
are the strongest among our observations, as also expected
from SAR images and numerical model results of internal
tides (Fig. 1).
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Figure 3. The zonal velocity and vertical velocity con-
tours in 4-hr time segments for 6 consecutive semidiurnal
periods. Each segment is separated by a semidiurnal pe-
riod 12.4 hr. The vertical velocity at L2 is not shown
because it is contaminated by instrument noise. The be-
ginning time for each time segment is shown below the
labels of x-axis. The labels show minutes elapsed from
the beginning time. The black curve shows the stream-
line 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.

At TW3, only single depression waves are observed. The
largest depression wave occurs at 0300 of April 21. The
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zonal velocity of the wave is 0.5 m/s, <1/2 of that in IW1.
The mooring IW3 is located off shelf of ASTAEX (Ramp et
al., 2003). Ramp et al. (2003) also report the absence of
ISW at ASTAEX in 2000 and propose that a strong thermal
front off the shelf prevents the penetration of ISW.

The IW2 is located on the continental shelf of 110-m
depth. Two trains of elevation waves are identified at 0300
of April 18 and 0548 of April 19. Here, a westward wave
speed of 0.8 m/s is used which is determined by matching
the observed vertical velocity with the prediction from the
stream function. The isopycnal displacement is generally
<10 m and the period is 20 minutes. The most distinct
characteristics for elevation waves is the leading upwelling
followed by downwelling, best seen for the wave train at 0548
of April 19.

Internal Wave Spectra

Velocity Spectra are computed and WKB-normalized at
each depths. 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,

N

(= SN

by =E~——-+—2~B 2
ey B) )
i)} :l(Nz_wz)(wz_Ffz)(I) (3)

“ T 9 (w2 — f2)w? w

1 N?

Crp = 55w, (4)
where B(w) = W w is frequency, N the buoy-

ancy frequency, and f the 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).

All horizontal velocity spectra show dominant diurnal and
semidiurnal peaks, with differences in details. At L2, the
two horizontal velocity spectra have a similar magnitude
and show a w™2 spectral shape until they meet the noise
floor at about 0.003 s~'. The total internal wave energy
FEiw is 10 X Egm, where Egar is the total energy of GM79
(Table 1).

At TW1, observed spectra exhibit peaks at diurnal, semid-
iurnal, compound tides, and higher tidal harmonics suggest-
ing nonlinear internal tides. Beyond tidal harmonics, 1) the
meridional velocity spectrum @, shows an w2 shape be-
low N ( 0.016 s71), 2) ®,, shows a plateau of 5 x®,, and
3) @, shows a broad bump in 0.001 sT! < w < N. The
total internal wave energy Fi, is 5.76 X 1072 mzsfz, 13
xEgn (Table 1). The vertical kinetic energy is 0.045 X
1072 m?s™2, 54 x the vertical energy of GM (W2,,)! The
spectral plateau of ¥, and the spectral bump of ®,, be-
low N are associated with the ISW. The strong nonlinear
tide and the accompanied enhanced ISW suggest their di-
rect dynamic link, consistent with the internal tide model
generation mechanism (Fig. 2b).

At TW3, spectral peaks exist at diurnal, semidiurnal, and
compound tides, and higher tidal harmonic frequencies, sim-
ilar to IW1 but of weaker magnitudes. Beyond the tidal har-
monics, the two horizontal velocity spectra have the same
spectral level with a spectral slope slightly greater than -2,
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and ®,, is white below N. The total internal wave energy, is
4 xEgn, and the vertical energy is 25 xW&,,. Fundamen-
tal differences from IW1 are 1) the absence of the near-N
spectral bump of ®, and ®,, at IW3, 2) the total internal
wave energy and vertical kinetic energy at IW3 is < 1/2 of
those at IW1.

At TW2, all velocity spectra show peaks at the diurnal
and semidiurnal frequencies, but not at higher tidal har-
monics. In 0.001 s™! < w < N, all spectra exhibit a bump
10 times the background level. The near-N spectral bump
is associated with the mixed elevation and depression ISW
(see Fig. 3). The total internal wave energy is 2 X Ega,
and the vertical energy is 15 xWg ;.

Figure 4. Average velocity and energy spectra. Spec-
tra are WKB-normalized and averaged over the upper
100m. Panels are arranged roughly following the loca-
tions of ADCP stations. 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 GM79 vertical and horizon-
tal velocity spectra. The thick dashed gray lines are the
observed vertical velocity spectrum at IW3 averaged in
0.001 < w < N, plotted for reference. Frequencies of di-
urnal tide, S1, semidiurnal tide, M2, and the compound
tide, M2+ S1 are labeled.

The presence of strong ISW at IW1 and its absence at
L2 shown in time series and spectral properties suggest that
ISW in SCS are generated via the nonlinear internal tide
model (Fig. 2b), instead of the lee wave model (Fig. 2a).

Energy of ISW and Tidal Forcing

Internal solitary waves contain more than 80% of the ver-
tical energy in the internal wave band (Table 1). There-
fore, the vertical energy is an ideal index for the energy of
ISW. The vertical velocity variances, computed in 1-hr in-
terval, at IW1 show a semidiurnal periodicity (Fig. 5b).
The barotropic tidal height in Luzon Strait, computed us-
ing Oregon Tidal Inversion Software (OTIS) (Egbert and
Erofeeva, 2002) is also dominated by the semidiurnal tide
(Fig. 5a). Both variables show a fortnightly modulation
and are correlated with a phase lag of 1.85 day lead by the
tide (Fig. 5c). Niwa and Hibiya (2004) show that the M;
energy flux is mostly emanated from the western submarine
ridge, 300-350 km from IW1. Considering the 1.85-days
phase lag as the travel time, the speed of the semidiurnal
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internal tide should be 1.88-2.20 m s™!, a reasonable esti-
mate. The correlation between the rms tidal amplitude in
Luzon Strait (oz) and the rms vertical velocity at IW1 (o)
is 0.89 with the 95% significance level of 0.3 . An orthogonal
linear regression fit (Fig. 5d) yields

ow(m/s) = 0.11og(m) — 0.01(m/s) (5)
This relation provides a simple prediction of ISW near Tung-
Sha Island with the barotropic tide at Luzon Strait. The

correlation increases to 0.96 if the linear trend of o, is re-
moved.
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Figure 5. Time series of (a) the barotropic tide east
of Luzon Strait Hrs(123°E, 21°N) (black curve) and the
rms tidal amplitude computed in 24-hr interval o g, ¢ (red
curve), (b) the vertical velocity variance computed in 1-
hr interval o2 (black curve), and the 1.85-day forward
shifted Hrs (red curve), (¢) the rms vertical velocity o
(gray curve) computed in 24-hr interval and the 1.85-day
forward shifted 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 orthogonal regression
fit.

Discussions

Generation Mechanisms

Results of the present analysis suggest that ISW in SCS
are primarily evolved from nonlinear internal tides because
1)ISW are not observed near Luzon Strait and 2) strong
ISW are observed at IW1 mooring with accompanied non-
linear internal tides. ISW could also be generated at the
local shelf break, e.g., on the Oregon shelf (Moum et al.,
2003). Within the internal tidal beam emanated from the
Luzon Strait, e.g., IW1, ISW evolve primarily from the am-
plification of the trans-basin internal tides. Outside of the
internal tidal beam, e.g., IW3, ISW may evolve from the
locally generated internal tides.

Big Wave near Luzon Strait

A long-crest ISW was captured by the satellite image on
June 16 of 1995 (Hus and Liu, 2000). It happened when
the barotropic tidal current in Luzon Strait, computed us-
ing OTIS, was one of the strongest of 1995 (Fig. 6). We
propose that the "big wave” west of Luzon Strait is gener-
ated by an abnormally strong barotropic tidal forcing. These
events occur only a few days a year. The chance for satellite
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images to capture these events is slim, one capture in nearly
10 years of satellite images.

i . | .
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|
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I
Feb 16

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

Energy Conversion from Internal Tides to ISW

At IW1, the total energy of ISW is found to be 92 x10~*
m? s72 (Table 1), 16% of the total internal wave energy. In
other words, the energy conversion rate from internal tides
to ISW is 16%. Niwa and Hibiya (2004) found 4.2 GW M,
internal tidal energy flux into SCS, mostly in a 100-km-
wide tidal beam colliding onto the continental slope (Fig.
1). Assuming a 16% conversion rate, ISW should contain
0.67 GW of energy flux. If all ISW dissipate within the 200
km x 200 km area centering at TungSha Island, the depth-
integrated dissipation rate is 1.7 x107°> W m kg~ *. If we
further assume that most of turbulence dissipation occur at
the O(10m)-thick interface, as found by Moum et al. (2004),
the turbulence kinetic energy dissipation rate e associated
with ISW near TungSha Island would be O(107°W kg~!)
and an eddy diffusivity K, = 0.2e N2 = O(107®) m? s~

Prediction of Internal Solitary Waves in SCS

The energy content of ISW depends on 1) the energy
conversion rate from the barotropic to internal tides, 2)from
internal tides to ISW, 3) the internal tidal beam properties,
and 4) the propagation and dissipation of ISW. These pro-
cesses are modulated by the barotropic tides, by the back-
ground shear and stratification associated with Kuroshio,

Table 1. Summary of vertical kinetic energy in the internal
wave band (wa ) averaged in the upper 100 m, total internal
wave energy (FEjy ), the ratio of the observed vertical energy
W2, tothe GM79 vertical kinetic energy (WéM ), the ratio of
E; to GM total energy (Egps ), the vertical kinetic energy
in the high-frequency regime (1073s7! < w < N) W2 _ the
total energy in the high-frequency regime FEjg,,, the percent-
age of WZ.QSw in wa (%WZ.QSM)7 and the percentage of Ejgqy in
Eiw (%Ezsw)

Stn W2, Eiw T B W2, Eisw %W2, %FBisw
em?)  (em?) ey (e (%) (%)
L2 NA 546 NA 10.2 NA NA NA 10
IW1 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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mesoscale eddies, and by the surface wind and buoyancy
forcing in the entire SCS including Luzon Strait. The simple
relation (5) includes only one of many important parame-
ters, implying an invariant conversion rates from barotropic
to internal tides, and from internal tides to ISW. The fair
success of this simple relation comes from 1) that other pa-
rameters are nearly invariant in a monthly time scale, and
2) that, at IW1, internal tides generated remotely in Luzon
Strait dominates that generated locally. The linear trend of
ow (Fig. 5c) represents effects of processes expressed in (5).

Summary

Distinct low-frequency and high-frequency internal wave
properties are revealed at four different locations in SCS. At
the path of the model internal tidal beam west of continental
slope, the internal wave energy is 13 times GM, the vertical
energy is 54 times GM, the tides are nonlinear, and ISW of
O(100m) amplitude are observed repeatedly. These results
suggest ISW are primarily caused by the nonlinear inter-
nal tides amplified near the continental slope on their beam
path. Large-amplitude ISW are not observed near Luzon
Strait suggesting that ISW are not escaping lee waves. The
”big wave” near Luzon Strait observed on June 16 1995 is
a rare even, resulted from an abnormally strong barotropic
tidal forcing.

The rms vertical velocity observed near TungSha Island is
linearly proportional to the barotropic tide in Luzon Strait.
This provides a zeroth order prediction of ISW energy in
SCS. A more accurate prediction should include processes
describing energy conversion among barotropic tides, inter-
nal tides, and internal solitary waves, internal tidal beam
structure and propagation properties, and dissipation of
ISW. Further observations and numerical models are needed
to improve our understanding of the details of these pro-
cesses, and implement into the prediction of ISW.
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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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5. Summary

The proposed work has been done. The collected data show a number of
interesting features. The future work will be primarily to study those features.
The study will include not only the present data it also will include the previous
data. An integrated investigate is required. Except the academic study, the
work in the next fiscal year will be the mooring refurbishment and exchange
ideas among the domestic Pls as well as the foreign PIs.





