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[1] We present the results of three‐dimensional, nonhydrostatic simulations of internal
tides and waves in the South China Sea (SCS) using the SUNTANS model. Model results
accurately predict the observed wave arrival times at two mooring locations in the SCS.
Internal wave amplitudes are underpredicted which causes underprediction of internal
wave speeds due to a lack of amplitude dispersion. We show that the well‐known A and B
waves arise from the steepening of semidiurnal internal tides that are generated due to
strong barotropic flow over ridges in the Luzon Strait. A wave generation is stronger in the
southern portion of the Luzon Strait because diurnal internal tidal beams augment the
amplitude of the semidiurnal A waves. B wave generation is stronger in the northern
portion where the distance between the eastern and western ridges is approximately equal
to one internal tidal wavelength and leads to semidiurnal internal tidal resonance. The
orientation of the ridges produces large A waves that propagate into the northern portion of
the western SCS basin and stronger B waves that propagate into the southern portion.
When traced back in time along linear characteristics, A waves consistently line up close to
peak ebb (eastward) barotropic currents, while B waves consistently line up with peak
flood (westward) barotropic currents. This reinforces the notion that the lee wave
mechanism and associated hydraulic or nonlinear effects are weak, as demonstrated by a
simple linear model relating the amplitude of the simulated waves to the excursion
parameter at the ridges.
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nonlinear internal wave generation and propagation in the South China Sea, J. Geophys. Res., 116, C05022,
doi:10.1029/2010JC006424.

1. Introduction

[2] Internal gravity waves are generated when ocean tidal
currents interact with bottom topography, resulting in internal
tides, or internal waves of tidal frequency, that propagate
throughout the world’s oceans. Internal gravity waves are
visible from space through alterations in surface wave
behavior, and satellite imagery indicates that internal waves
exist in almost every corner of the globe. Upon formation,
internal tides have wavelengths of tens to hundreds of kilo-
meters, amplitudes of tens to hundreds of meters, and prop-
agate at speeds of 2–4 m s−1 depending on water depth and
stratification. If the amplitude upon generation is large
enough, internal gravity waves can disperse into trains of
weakly nonlinear solitary‐like waves. Like surface waves,
internal gravity waves diffract and refract around topography

and, upon encountering shallow water, a decrease in wave-
length is accompanied by an increase in amplitude, which
ultimately leads to breaking.
[3] Among the largest internal gravity waves are those

observed in the South China Sea (hereinafter referred to as
SCS; see Figure 1). Evidence for the existence of these
large‐amplitude and thus nonlinear internal gravity waves
has been primarily obtained by satellite imagery [Jackson
and Apel, 2004; Liu et al., 2004], and in situ observations
[Ramp et al., 2004, 2010; Duda et al., 2004; Alford et al.,
2010; Lien et al., 2005; Farmer et al., 2009]. Most of the
observed nonlinear internal waves (NLIW) appear as tidally
periodic groups that are widely recognized to originate from
topography in the Luzon Strait because of the irregular
topography and enhanced tidal currents there. Generation
sites have been determined primarily from three‐dimensional
simulations of internal tides and calculations of the energy
flux which indicate primary generation along the eastern
Luzon Ridge. Secondary, weaker generation occurs along the
western Heng‐Chun ridge [Zhang and Fringer, 2006; Niwa
and Hibiya, 2004; Jan et al., 2008]. The western ridge has
been shown to have the potential to reduce the magnitude of
westward propagating internal wave energy by Chao et al.
[2007]. Buijsman et al. [2010a] showed that the western
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ridge can amplify westward propagating waves owing to
resonance of the semidiurnal internal tide.
[4] Two prominent mechanisms exist for the possible

generation mechanism of waves in the SCS. The first is the
lee wave hydraulic mechanism of Maxworthy [1979], which
has been validated by a number of soliton observations and
numerical models [e.g., Liu et al., 1985; Lansing and
Maxworthy, 1984; Apel et al., 1985; Farmer and Smith,
1980]. In the Luzon Strait, Ramp et al. [2004] hypothesize
that this lee wave mechanism may occur when lee waves of
depression form on the eastern side of the Batan Islands
during the ebb (eastward) tide, and these are “released”
westward into the SCS upon reversal of the tidal currents.
The waves then evolve into trains of weakly NLIW as they
propagate toward the Chinese continent. Using numerical
simulations with an idealized two‐layer model, Cai et al.
[2002] show that nonlinear internal waves in the SCS
can evolve from the lee wave mechanism which occurs in
a narrow channel between Batan and Sabtang Islands.
Observations of Ramp et al. [2010] indicate peak displace-
ments of the isotherm at mooring B1 on the western side of
the SCS basin (see Figure 1) correspond to peaks of east-
ward tidal currents near the Batan islands. This suggests that
the internal waves observed in the western SCS basin are
generated during strong ebb tides at the Batan Islands
33 h earlier, which is the time it takes for the first‐mode
internal tide to propagate from the Batan Islands to where it
is observed in the basin. The observations also suggest that
the amplitude of the NLIWs is correlated with the spring‐
neap variability of the tidal currents, such that the largest
waves emerge during spring tides. Observations also indi-
cate that seasonal effects result in weak or no waves during
the weakly stratified winter.
[5] A second possible generation mechanism is the non-

linear internal tide mechanism. In this mechanism, an internal

tide initially generated due to barotropic flow over topog-
raphy is steepened and then forms an internal solitary wave
packet under the effects of nonlinearity and dispersion, as
demonstrated by Zhao and Alford [2006]. Using satellite
observations and numerical model results, Lien et al. [2005]
hypothesize that packets of nonlinear internal waves in the
SCS evolve from the nonlinear steepening of the baroclinic
tides and not necessarily fromwaves generated by the lee wave
mechanism. Using a two‐dimensional hydrostatic model, Du
et al. [2008] discuss two possible generation mechanisms,
namely the evolution of a depression wave formed during
flood tide, which is similar to the internal tide mechanism,
and the evolution of a disturbance resulting from internal
vertical mixing. Using two‐dimensional nonhydrostatic
ROMS, Buijsman et al. [2010b] suggest that rather than
evolving from lee waves of depression, westward propa-
gating solitons form on the backside of an elevation wave
lifted by the eastward tidal currents on the west side of the
ridge followed by a depression wave on the subsequent
westward tide. The internal tide mechanism is also demon-
strated to be a likely candidate for the observed nonlinear
waves in the SCS by Farmer et al. [2009]. They use the
weakly nonlinear two‐layer model of Gerkama [1996] to
reproduce observations of nonlinear steepening west of the
western Heng‐Chun ridge. Using the breaking criterion of
Boyd [1995], Farmer et al. show that purely semidiurnal
internal tides “break”, or evolve into trains of solitary waves
at 120.3°E, which is close to the longitude of 120.5°E east of
which no waves are observed in satellite imagery [Liu and
Hsu, 2004; Jackson, 2009]. Using a three‐dimensional
nonhydrostatic model, Shaw et al. [2009] indicate that both
lee waves and internal tides play a role in the internal soli-
tary wave (ISW) generation. The ridge slope determines the
occurrence of linear internal tide generation, while lee waves
contribute the energy needed to form nonlinear ISWs.

Figure 1. Bathymetry of the SCS (in m), showing the locations of mooring sites L1, B1, and S7 deployed
in the 2005 WISE/VANS experiment [Ramp et al., 2010]. Locations C1, C2, L2, B2, and S8 are referred to
in the text but do not have corresponding observations. Transects A, B, D, and I and II are also referred to in
the text. The white boxes indicate regions shown in detail in Figures 8 (dotted), 10 (solid), and 20 (dashed).
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[6] The complexity of the generation mechanism and the
physics that govern subsequent propagation and evolution
into trains of weakly NLIW are further complicated by
superposition of waves from numerous sources along the
ridges in the Luzon Strait. Superposition of first‐mode
waves generates complex interference patterns like those in
the vicinity of the Hawaiian Ridge [Rainville et al., 2010].
Internal wave beams can form attractors leading to
strengthening of the internal wave signal between multiple
sources (P. Echeverri et al., Internal tide attractors in double
ridge systems, submitted to Journal of Fluid Mechanics,
2010). The waves that are generated in the SCS are also
influenced by the Kuroshio intrusion which results in
westward propagating internal wave shoaling at a thermo-
cline that is deeper on the eastern side of the Luzon Strait
than on the western side [Buijsman et al., 2010a]. Horizontal
shear due to the Kuroshio may also steer the westward
propagating internal tide [Kunze, 1985], and Kuroshio‐
induced cross‐ridge subtidal flow can affect the generation
process. Cai et al. [2002] show that a mean westward cur-
rent reduces the amplitude of the eastward propagating
waves. Buijsman et al. [2010b] showed that the amplitude of
westward propagating solitons depends on the difference
between the peak eastward and westward currents rather
than the magnitude of the subtidal current.
[7] Simulation of NLIW in the SCS is difficult because

the waves are highly multiscale. They propagate over
hundreds of kilometers, yet their wavelengths range from
hundreds of kilometers near their origin down to hundreds
of meters after they disperse into trains of solitary‐like
waves. Upon reaching the shelf, the waves transform into
still shorter waves. These short waves dissipate their energy
through breaking at submeter scales. This multiscale
behavior necessitates a large amount of computational
resources if a broad range of scales is to be captured. As an
example, Barad and Fringer [2010] showed that three‐
dimensional simulation of shear instabilities in a single
solitary‐like wave with a wavelength of 500 m requires
three weeks using 1024 processors. Internal solitary‐like
waves are influenced by both rotational [Helfrich, 2007] and
nonhydrostatic dispersion, the latter of which requires
extensive computational resources because of the require-
ment to compute a three‐dimensional elliptic Poisson
equation for the nonhydrostatic pressure. This elliptic
equation can double the computation time [Fringer et al.,
2006] of an already prohibitively large computational
problem. The computational difficulties are further com-
pounded by the sensitivity of the results to the stratification,
which can vary seasonally and spatially due to the Kuroshio
intrusion. Furthermore, resolution of the bathymetry has
been shown to strongly affect internal wave amplitude [Jachec
et al., 2006]. Due to the many complexities associated with
simulation of NLIW in the SCS, the aforementioned modeling
studies have been limited to two‐dimensional (both hydro-
static and nonhydrostatic) simulations over idealized single‐ or
double‐ridged topography. While three‐dimensional simula-
tions have been performed, most have been hydrostatic and
employed on relatively coarse grids. Coarse grids suffice if the
primary concern is to calculate internal wave energetics to
assess generation sites.
[8] Recently, H. L. Simmons and L. St. Laurent (Dynamic

modeling of tidally generated internal waves in the South

China Sea, manuscript in preparation, 2010) performed
high‐resolution (1/64th degree), three‐dimensional hydro-
static simulations with observed stratification and bathym-
etry, and these simulations capture the nonlinear behavior of
the NLIW and yield excellent predictive capability. Similar
hydrostatic simulations have been performed using the
Northern South China Sea Nowcast/Forecast System
[Chapman et al., 2004], and this framework enables inclu-
sion of the Kuroshio current. While these simulations cap-
ture a bulk of the physics, they are hydrostatic. To this end,
in this paper we present simulation results using the non-
hydrostatic SUNTANS model [Fringer et al., 2006] which
we apply in three dimensions with the observed bathymetry,
stratification and tides. The objective is to understand the
generation mechanisms and sources of the internal tides and
waves that are observed in the SCS. Section 2 introduces the
setup using the SUNTANS model, and in section 3 the
results are validated with remote sensing imagery and in situ
observations of barotropic tides and temperature profiles. In
section 4 we describe detailed model results to help identify
generation sites and to understand the mechanisms gov-
erning the generation and propagation physics. We sum-
marize and draw conclusions in section 5.

2. Methodology

2.1. The SUNTANS Model

[9] To simulate the generation and propagation of NLIW
in the SCS, we employ the parallel, unstructured grid,
nonhydrostatic ocean model SUNTANS [Fringer et al.,
2006]. The SUNTANS model solves the three‐dimen-
sional Navier‐Stokes equation under the Boussinesq
approximation on a finite volume grid which is unstructured
in plan and structured in the vertical. The free surface is
advanced semi‐implicitly to avoid stability limitations
associated with fast free surface gravity waves (which can
be as fast as 243 m s−1 in the SCS). A projection method is
used, whereby the hydrostatic solution is obtained first. The
hydrostatic solution is then updated with the nonhydrostatic
pressure in a way that locally conserves volume at each time
step. A two‐dimensional elliptic equation results from the
free surface discretization, and a three‐dimensional elliptic
equation results from the nonhydrostatic pressure projection
method. We employ a high‐resolution total variation di-
minishing (TVD) scheme [Harten, 1983] with the Superbee
limiter [Roe, 1985] for advection of the temperature and
salinity fields. This results in low numerical diffusion and is
essential for the simulation of NLIW (see Zhang [2010] for
details).

2.2. Model Setup

[10] Simulations are performed in the domain shown in
Figure 1 over the period 17 June to 2 July 2005, a time in
which extensive internal wave activity is observed [Ramp et
al., 2010]. The bathymetry data were obtained from Ocean
Data Bank of the National Center for Ocean Research,
Taiwan, with a resolution of 1 arc min (∼1800 m). The
boundaries of the model are forced with the first eight tidal
current components from the OTIS global tidal model
[Egbert and Erofeeva, 2002]. At all open boundaries, a
50 km wide sponge layer is imposed to absorb the internal
waves that may reflect back into the domain. The sponge
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layer is implemented in the model via a term on the right‐
hand side of the horizontal momentum equations of the
form

Sj x; y; z; tð Þ ¼ � uj x; y; z; tð Þ � uj x; y; tð Þ
�

s rð Þ: ð1Þ

Here, j = 1, 2 is the component of the horizontal velocity,
s(r) = exp(−4r/Ls) causes the sponge layer to decay expo-
nentially over the distance Ls = 50 km from the nearest
open boundary which is a distance r from the point x, y,
and t = 1000 s is the damping time scale. In equation (1),
the overline indicates a depth average, so that the sponge
has little effect on the barotropic currents but effectively
damps the baroclinic currents. The model is initialized with
horizontally uniform stratification obtained from observa-
tions as shown in Figure 2, and the initial velocity field is
quiescent. In what follows we refer to the nth‐mode eigen-
speed of the waves that propagate in the absence of rotational
and nonhydrostatic dispersion as cn,0. A wave propagating
with frequency w is then corrected to account for rotational
dispersion [see, e.g., Helfrich, 2007] with cn,w = cn,0 [1 −
(f/w)2]−1/2. The Coriolis parameter is constant in our domain
and is given by its value at a latitude of 20.5°, f = 5.1 × 10−5

rad s−1.
[11] The unstructured grid we employ is shown in

Figure 3. This grid has a mean resolution of 1358 m, a
mode of 687 m, a minimum resolution of 75 m, a maximum
resolution of 4740 m, and a standard deviation of 710 m. In
order to resolve the tidal‐scale generation physics at the
Luzon Strait and subsequent dynamics of interaction with
the continental shelf, the grid resolution is roughly 1 km
near the Dongsha Atoll and in the vicinity of the eastern
ridge in the Luzon Strait (around the Batan and Babuyan
Islands). The grid has a nominal resolution of 2 km in the
main SCS basin and 4 km near the boundaries of the

domain. In the vertical, 100 layers are used with a minimum
resolution of 10 m near the surface and expanding to 203 m
at the bottommost cell. In total, the three‐dimensional
domain is discretized with 11 million computational cells.
The model thus requires roughly 4 GB of RAM.
[12] The horizontal grid resolution can be much smaller

than the mean resolution of 1358 m in parts of the domain.
Therefore, the time step size must be chosen to ensure sta-
bility associated with temporally resolving the first‐mode
baroclinic wave (since the barotropic mode is discretized
implicitly) at the minimum grid spacing. The smallest hori-
zontal grid spacing ofDxmin = 75 m occurs where the depth is
1000 m. At this depth, the linearized first‐mode phase speed is
c1,K1 = 3.4 m s−1. Here we use the diurnal frequency to ensure
stability since it produceswaves that are 20% faster than those
with the semidiurnal frequency. Theoretically, the maximum
time step size is then given byDtmax = (Dx/c1,K1)min = 22 s. In
practice we find that stability is achieved with a Courant
number of Cmax = (c1,K1 Dt/Dx)max = 0.5. Therefore, we use
a time step size of Dt = Cmax(Dx/c1,K1)min = 11 s, which
requires 122 000 time steps to simulate the period encom-
passing 30 M2 tidal cycles that begins on 17 June 2005. The
horizontal diffusion coefficient is constant and given by nH =
1 m2 s−1 and the vertical diffusion coefficient is constant and
given by n = 10−4 m2 s−1. These are minimum values set by
stability requirements of central differencing for momentum
advection, and so decreasing them requires more grid reso-
lution. However, as discussed by Jachec [2007], increasing
the diffusion coefficients by 1 order of magnitude affects
short‐wavelength features but the large‐scale internal wave
energetics remain largely unaffected. No turbulence model
is employed and diffusion of scalars is ignored. We use
64 processors on the JVN LinuxNetworx 64EMT cluster at
the Army Research Laboratory Major Shared Resource
Center (ARL MSRC) in Aberdeen Proving Ground, MD.

Figure 2. Observed profiles of temperature and salinity used to initialize the simulations, along with the
computed buoyancy frequency. Data from Ramp et al. [2010].
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The model runs twice as fast as real time, requiring 7 wall
clock days, or 11 000 CPU hours, for the simulation results
presented in this paper.

3. Model Validation

3.1. Comparison to Barotropic Tides at the Batan
Islands

[13] Because internal waves are generated by the inter-
action of barotropic tidal currents with irregular topography,
reproduction of the barotropic tidal currents in the Luzon
Strait is essential to simulate the generation of internal
waves in the SCS. Figure 4 shows the east‐west barotropic
velocities from field observations obtained at mooring L1
(see Figure 1) during the 2005 WISE/VANS field program
[Ramp et al., 2010]. The observed tidal currents at mooring
L1 are characterized by a fortnightly cycle with strong
spring‐neap variability. During the simulation period the
strongest currents are predominantly diurnal and occur
around 23 June 2005. The weakest currents are predomi-
nantly semidiurnal and occur at the end of the month. The
currents also exhibit an asymmetry in that there are stronger
ebb tides toward the Pacific Ocean than flood tides toward
the SCS.

[14] A comparison between predicted and observed tidal
currents at mooring L1 is depicted in Figure 4. The observed
currents were obtained by averaging the moored velocity data
which extended over the range −450 to −380 m. Super-
imposed over this are the predicted barotropic currents
(averaged over the entire depth) from SUNTANS and OTIS
[Egbert and Erofeeva, 2002]. We also show SUNTANS
predictions averaged over the same portion of the water
column as the observations. The OTIS results underpredict
the barotropic currents. This is expected due to the under‐
resolved complex bathymetry in the OTIS model. The
SUNTANS barotropic currents at mooring L1 are larger
than the OTIS predictions because of the higher‐resolution
bathymetry employed in the SUNTANS model. However,
the SUNTANS barotropic predictions are still smaller
than the observations. To determine if the discrepancy
between the predicted currents and the observations is due to
baroclinicity at mooring L1, we average the SUNTANS
predictions over the same range as the observations. The
average over the limited portion of the water column pro-
duces peak ebb (positive) currents that are slightly stronger
than the predicted barotropic currents, although they are still
smaller than the observations. The strongest observed ebb
tide is 1.5 m s−1, while that computed by the SUNTANS

Figure 3. Unstructured grid of the domain used to simulate NLIW in the SCS. (top) Triangle vertices
(i.e., no edges) shown for clarity, and (bottom) grids within the boxed regions are depicted.
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model is 1.1 m s−1 (averaged over the same portion of the
water column). This mismatch is likely due to under‐
resolved bathymetry in the model that does not reproduce
the strength or the complexity of the currents around the
mooring. A much larger discrepancy between the limited
average and the full depth average occurs during the weaker
ebb tide. During this period, although the barotropic cur-
rents remain negative (or small), the limited average pro-
duces weak positive tidal currents, and the model predicts
these peaks very well. The large discrepancy between the
limited depth average and the barotropic currents during
weak ebb (by both the model and the observations) in-
dicates that the flow is strongly baroclinic, since the bottom
currents flow toward the Pacific Ocean while the net bar-
otropic flow is into the SCS.
[15] Model‐predicted tidal constituents of the velocity

averaged over the depth range −450 to −380 m are com-
pared to the observed constituents in Table 1. The mismatch
in the peak currents in Figure 4 arises predominantly from
an underprediction of the M2‐derived currents, since cur-
rents from the other constituents are predicted reasonably
well. We attribute the mismatch between the predicted and
observed inclinations to the complexity of the bathymetry
around mooring L1 that is not resolved by the model (see
Figure 9 of Ramp et al. [2010] for a detailed view of the
bathymetry in the vicinity of mooring L1).

3.2. Comparison to Temperature Profiles

[16] To further validate the SUNTANS model, tempera-
ture profiles obtained from in situ measurements during the
WISE/VANS program [Ramp et al., 2010] are compared to

SUNTANS simulation results. Figures 5 and 6 show the
comparison at the B1 and S7 mooring sites (see Figure 1 for
the locations). Figures 5 and 6 show that SUNTANS pre-
dicts the arrival times of the A and B waves reasonably well
at both moorings B1 and S7. However, as shown in Figure 6,
the stratification in the model is slightly overpredicted on the
shelf (higher temperatures exist in the upper water column in
the model). This may be due to an underprediction of ver-
tical mixing in the model. A constant vertical eddy diffu-
sivity is employed which does not account for vertical
mixing due to large‐amplitude internal waves or wind.
[17] Figure 7 compares the predicted to observed ampli-

tude of the 15° isotherm at moorings B1 and S7. On aver-
age, the model underpredicts the amplitude of waves by
53% at mooring B1 and 27% at mooring S7. Waves with
amplitudes that exceed 60 m at mooring B1 are the most
underpredicted. Omitting these waves shows that, on aver-
age, the model underpredicts the amplitude of waves at B1
by 29%. Table 1 shows that the sum of the computed
dominant semimajor axes for the barotropic tidal ellipses at
location L1 is 24% smaller than what is observed. This may
account for the amplitude error for the waves at B1 with
amplitudes less than 60 m. For the waves exceeding 60 m in
amplitude at mooring B1, the underprediction is magnified
due to lack of model resolution that cannot capture the
dispersion of the steep solitary‐like waves as they propagate
across the basin.

3.3. Comparison to Satellite Imagery

[18] Satellite imagery provides evidence for the existence
of nonlinear internal waves in the SCS via their surface

Figure 4. Comparison of east‐west currents at mooring site L1 during the period 17–30 June 2005. Pos-
itive velocity indicates ebb tide toward the Pacific Ocean. The observations (blue [from Ramp et al.,
2010]) are obtained by averaging the currents from −450 to −380 m. For SUNTANS model results,
the black line shows the barotropic velocity, while the red line shows the velocity averaged from −450 to
−380 m. The green line shows the OTIS results. Model‐data comparison of tidal constituents is shown in
Table 1.

Table 1. Harmonic Analysis of the Predicted and Observed Currents Averaged Over −450 to −380 m at Location L1 Using T_TIDEa

Constituent Period

Predicted Observed

Major Minor Inclination Major Minor Inclination

K1 23.93 0.25 ± 0.02 −0.04 ± 0.02 243 ± 4 0.27 ± 0.02 −0.05 ± 0.01 274 ± 2
M2 12.42 0.21 ± 0.06 0.01 ± 0.04 264 ± 11 0.35 ± 0.01 0.01 ± 0.01 285 ± 2
O1 25.82 0.20 ± 0.02 −0.05 ± 0.02 253 ± 5 0.27 ± 0.02 −0.06 ± 0.01 274 ± 2
S2 12.00 0.06 ± 0.06 −0.02 ± 0.03 267 ± 37 0.14 ± 0.01 −0.00 ± 0.01 288 ± 4

aPawlowicz et al. [2002]. The period is in h, while the semimajor and ‐minor axes are in m s−1 and the inclination is in degrees relative to true north. The
errors represent the 95% confidence intervals.
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