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The Luzon Strait is blocked by two meridional ridges at depths, with the east ridge
somewhat higher than the west ridge in the middle reaches of the Strait. Previous
numerical models identified the Luzon Strait as the primary generation site of inter-
nal M2 tides entering the northern South China Sea (Niwa and Hibiya, 2004), but the
role of the west-versus-east ridge was uncertain. We used a hydrostatic model for the
northern South China Sea and a nonhydrostatic, process-oriented model to evaluate
how the west ridge of Luzon Strait modifies westward propagation of internal tides,
internal bores and internal solitary waves. The dynamic role of the west ridge de-
pends strongly on the characteristics of internal waves and is spatially inhomogene-
ous. For M2 tides, both models identify the west ridge in the middle reaches of Luzon
Strait as a dampener of incoming internal waves from the east ridge. In the northern
Luzon Strait, the west ridge is quite imposing in height and becomes a secondary
generation site for M2 internal tides. If the incoming wave is an internal tide, previ-
ous models suggested that wave attenuation depends crucially on how supercritical
the west ridge slope is. If the incoming wave is an internal bore or internal solitary
wave, our investigation suggests a loss of sensitivity to the supercritical slope for in-
ternal tides, leaving ridge height as the dominant factor regulating the wave attenua-
tion. Mechanisms responsible for the ridge-induced attenuation are discussed.

(central) reaches of the west ridge and thereafter progress
to the west-northwest, presumably caused by bottom steer-
ing. In northern reaches of the Luzon Strait (>21°N), the
east ridge does not appear to generate energetic internal
tides as the internal energy flux shows little divergence
over it (Fig. 1(a)). Instead, the northern, shallow portion
of the west ridge shows modest zonal divergence of in-
ternal tide energy flux (Fig. 1(a)) and therefore appears
to be a secondary source of M2 internal tides for the north-
ern South China Sea.

Conceivably, energetic internal tides lead to ubiq-
uity of internal solitary waves in the northern South China
Sea (Lynch et al., 2004). Figure 2, reproduced from Zhao
et al. (2004), shows a composite of internal solitary waves
derived from satellite images from 1995 to 2001. These
waves appear to the west of the west ridge. Excluding the
continental shelf and slope region in the far west, they
are mostly single waves (dashed lines in Fig. 2). Occa-

1.  Introduction
The Luzon Strait, which is a passage from the west-

ern Pacific to the South China Sea, is blocked by two
ridges at depths (Fig. 1). For the most part, the east ridge
is higher than the west ridge (rectangular area in Fig. 1)
except in areas off southern Taiwan, where the west ridge
meets the continental shelf. Figure 1(a) also shows the
depth-integrated M2 internal tidal energy flux predicted
by the three-dimensional tidal model of Niwa and Hibiya
(2004). Zonal divergence of this energy flux, indicative
of internal tide generation, suggested two generation sites
for the internal M2 tide. The primary source of M2 inter-
nal tides entering the northern South China Sea appears
to originate from the east ridge, propagate over the deeper
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sional packets of multiple waves (solid lines) also ap-
peared to the immediate west of the west ridge. Over the
continental shelf and upper continental slope in the far
west (west of 118°E), these waves become packets of
multiple waves; shoaling bottom topography could con-
ceivably lead to the transformation.

A brief preview of internal solitary wave generation
helps put the forthcoming numerical results in perspec-
tive. Figure 3 illustrates, to lowest order, how a tall ridge
such as the east ridge of the Luzon Strait transforms
barotropic tides into internal solitary waves. The ridge
first converts barotropic tides to internal tides propagat-
ing westward (Fig. 3(a)). Because the wave trough propa-
gates faster than the surrounding portion, the continuous
wave steepening transforms the internal tide to an inter-
nal bore (Fig. 3(b)). The internal bore will evolve into an
internal solitary wave at a distance (L) away from the ridge
(Fig. 3(c)). If the ridge is sufficiently tall or the tide is
sufficiently strong, the solitary wave will further develop
into a packet of rank-ordered internal solitary waves (Fig.
3(d)). Otherwise the solitary wave will remain as a single
wave as it continues its westward track before moving

onto the shoaling continental slope and shelf. The entire
transformation process also shortens the wavelength con-
tinuously.

The distance between the ridge and first appearance
of the internal solitary wave (L in Fig. 3(c)) depends on
the tidal strength, ridge height and tidal frequency. For
strong tides or tall ridges, L can be as short as a few tens
of kilometers. For weaker tides or milder ridge heights, L
can increase to a few hundreds of kilometers. The dis-
tance also depends on the tidal frequency. The wavelength
of a diurnal internal tide is about twice as long as that of
a semidiurnal internal tide. Transformation from internal
tide to internal bore through nonlinear wave steepening
requires the wave trough to move from the center of a
moving wavelength to the forefront. Roughly speaking,
diurnal internal tides will have to travel twice as far as
semidiurnal counterparts to complete the transformation,
and the zonal extent of the northern South China Sea may
not be wide enough to allow for the complete transfor-
mation. Thus, in terms of the occurrence of internal soli-
tary waves, the theoretical expectation favors the trans-
formation from semidiurnal internal tides. In the north-

Fig. 1.  (a) Bathymetry of northern South China Sea and model-predicted distribution of depth-integrated M2 baroclinic energy
flux by Niwa and Hibiya (2004). The rectangle delineates the deeper portion of the west ridge in the Luzon Strait; ridge height
in this portion will be reduced by 20% in a numerical experiment below. (b) Zonal section of bottom topography at 21°N with
the thick line showing 20% reduction of the west ridge height.
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ern South China Sea, however, the semidiurnal internal
tide contains a strong diurnal beat (Yang et al., 2004; Liu
et al., 2006). The interaction between the two tidal con-
stituents should be responsible for the diurnal beat, but is
beyond the scope of this work.

Beyond the first order depiction of Fig. 3, the west
ridge adds further complexities. First and foremost, the
west ridge may help “lock” the Kuroshio front in place.
Figure 4, derived from a hydrostatic model to be described
in Section 2, shows the mesoscale circulation in and
around the Luzon Strait at 150 m depth (Fig. 4(a)) and a
zonal section of meridional currents and temperature at
21°N (Fig. 4(b)) on April 28, 2005. The Kuroshio en-
croachment is evident. At 21°N, the Kuroshio Current is
centered over the west ridge with a depth scale of about
700 m (Fig. 4(b)). Isotherms (white curves) rise west-
ward in support of the northward current. Rising isotherms
decrease the phase speed of internal waves with distance
westward. In consequence, westward propagating inter-
nal waves may decelerate, amplify, and even transform
into internal solitary waves without the aid of other trig-
gers such as a ridge (Global Ocean Associates, 2004);
this remains to be verified by observations.

Leaving complicating factors of the Kuroshio aside,
the west ridge itself is also capable of modifying internal
tides, internal bores and internal solitary waves in two
ways. First, it presents a partial physical barrier to the
incoming internal waves from the east ridge. Second, it
can also generate some internal waves that may add con-
structively to the westward propagation. Weighing these
two competing factors, whether the west ridge reinforces
or dampens the transmission of westward propagating
internal waves is intuitively unclear.

Fig. 2.  Composite (1995–2001) satellite image of internal solitary waves in the northern South China Sea (adopted from Zhao et
al., 2004). Dashed and solid lines indicate surface signatures of single waves and packets of multiple waves, respectively.

The objective of this study is to evaluate the west
ridge of the Luzon Strait as an internal wave mediator,
using a fine-resolution hydrostatic model and a process-
oriented nonhydrostatic model. By definition, a hydro-
static model disallows internal wave dispersion and there-
fore cannot produce internal solitary waves. Further, the
resolution of the regional ocean model is too coarse to
resolve internal solitary waves. Nevertheless, the hydro-
static model captures early phases of transition from in-
ternal tides to internal solitary waves. As we demonstrate
below, this enables the hydrostatic model to reproduce
the location and timing of internal solitary waves in the
northern South China Sea as revealed by satellite images
and in-situ observations. The nonhydrostatic model is used
mainly to resolve internal solitary waves. With such fine
resolution, it is incapable of accommodating large scale
features such as the Kuroshio. Nevertheless, it provides
useful diagnoses to collaborate with findings from the
hydrostatic model.

2.  Hydrostatic Simulations
We use the Ocean Nowcast/Forecast System (ONFS)

of the Naval Research Laboratory to facilitate the study.
The model domain (Fig. 4) covers the northern South
China Sea, the Luzon Strait and a portion of the western
Pacific Ocean with a horizontal resolution of 2.3 km. In
terms of vertical resolution, there are 11 σ-layers in the
top 147 m and 29 z-layers below. The ONFS system de-
rives its ocean bottom topography from the Digital
Bathymetry Data Base in 2-minute (DBDB2). Open
boundary conditions are derived from a larger scale ONFS
for the entire East China Sea (Ko et al., 2007). The Or-
egon State University (OSU) tidal forcing drives the tidal
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currents. A global weather forecast model (Navy Opera-
tional Global Atmospheric Prediction System or
NOGAPS) and a regional weather forecast model (Cou-
pled Ocean/Atmosphere Mesoscale Prediction System or
COAMPS) provide the ocean surface forcing. The Ocean
Nowcast/Forecast System also assimilates satellite altim-
eter data and Multi-Channel Sea Surface Temperature
(MCSST) from satellite-derived AVHRR to further im-
prove accuracy.

We use the ONFS to assess the effect of west ridge
on wave formation in a realistic setting. In addition to
the main experiment, which simulates the realistic set-
ting, we also reduce the west ridge height by 20 percent
in a parallel experiment. The area of west ridge height
reduction is shown in Fig. 1(a). The strategy was to re-
duce the west ridge height sufficiently to induce visible

changes in internal wave behaviors while minimizing
changes in the Kuroshio, allowing us to assess the role of
the west ridge alone. In this light, the 20 percent reduc-
tion turns out to be optimal.

Figure 5 shows the sea surface height at 05:00 GMT,
April 29, 2005 produced by the ONFS. At this time there
are three wave fronts, characterized by surface flow con-
vergence and therefore sea surface elevation of varying
strength, propagating westward from the Luzon Strait.
Thick white curves are corresponding surface signatures
of internal solitary waves inferred from a contemporane-
ous MODIS satellite image (not shown). The modeled
wave fronts agree with satellite-inferred fronts reason-
ably well, even though the ONFS lacks horizontal reso-

Fig. 3.  Nonlinear transformation from barotropic tide to inter-
nal solitary waves by a ridge: (a) ridge-induced linear in-
ternal tide; (b) subsequent transformation to internal bore
through nonlinear wave steepening; (c) first appearance of
soliton-like feature; and (d) final emergence of rank-ordered
solitary waves if the incoming tide is too strong or the ridge
is too tall.

Fig. 4.  (a) Model-produced potential temperature and flow
fields at 150 m depth in the vicinity of Luzon Strait at 12:00
GMT, April 28, 2005, after filtering out high-frequency sig-
nals by a 48-hour low-pass filter. (b) Corresponding zonal
section of potential temperature and meridional flow at
21°N. Northward and southward currents are contoured by
solid and dashed lines, respectively, at intervals of 10 cm s–1.
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lution and nonhydrostatic dynamics to produce internal
solitary waves.

Figure 6(a) shows the model-produced temperature
field at 150 m depth at 12:00 GMT, April 28, 2005, while
Fig. 6(b) shows the corresponding feature with the west
ridge height (in the inserted rectangle in Fig. 1(a)) re-
duced by 20 percent. Westward propagating wave fronts
manifest densely packed, north-south running isotherms.
Judging from the zonal temperature gradient, the wave
front at about 119°E appears to be the most prominent.
With and without the west ridge height reduction, the
Kuroshio front distribution changes little and the differ-
ence in wave fronts is subtle. One could argue, with sub-
stantial subjectivity, that the signals are slightly stronger
if the west ridge height is reduced (Fig. 6(b)). This re-
quires further confirmation, which is explored below.

Figure 7 shows corresponding temperature sections
along 21°N with and without west ridge height reduc-
tion. At issue are waves located sufficiently to the west
after they have adjusted fully to the impact of west ridge.
Focusing on the most prominent deep-ocean wave front
at about 119°E, the west ridge height reduction in Fig.
7(b) leads to deeper and narrower isotherm depression.
West of 118°E (near the western model boundary), a wave
front is significantly amplified by the shoaling continen-
tal slope. In this case, the west ridge height reduction in
Fig. 7(b) leads to much deeper, but not necessarily nar-

rower, isotherm depression. Apparently, a reduced west
ridge height allows the incoming internal wave to pass
by with less attenuation; thereafter the transmitted wave
develops better into a sharper wave front through
nonlinear wave steepening.

Figure 8 shows corresponding zonal velocity sections
along 21°N. Zonal currents extend deeper between two
ridges, in keeping with the deep Kuroshio Current. West
of the Luzon Strait, zonal currents are mostly surface-
trapped. An alternate series of westward and eastward
velocity cores propagates westward from the Luzon Strait
with a wavelength exceeding 100 km. The vertical and
horizontal scales indicate the predominance of first-mode
internal tides. With or without the ridge height reduction,
the patterns are similar. In the deep ocean west of the
Luzon Strait, the height reduction of west ridge (Fig. 8(b))

Fig. 5.  Model-produced sea surface height at 05:00 GMT, April
29, 2005. Contour interval for the sea surface height is 2
cm. Thick white lines are locations of internal solitary waves
inferred from a contemporaneous MODIS image.

Fig. 6.  (a) Model-produced temperature field at 150 m depth
(12:00 GMT, April 28, 2005) with no ridge height reduc-
tion. (b) Corresponding plot with 20% reduction of west
ridge height.
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generally leads to stronger and shallower internal tidal
currents near the surface. Focusing on the most promi-
nent deep-ocean wave front at about 119°E, the west ridge
height reduction in Fig. 8(b) apparently strengthens the
westward surface current behind the wave front. Thus,
all indications seemingly suggest stronger wave fronts
propagating westward if the west ridge height is reduced.

Without ridge height reduction, Fig. 9 shows model-
produced upper 900 m isotherms at 119°E and 21°N from
April 25 to May 2 of 2005. Large depressions arrive di-
urnally, with weaker semidiurnal waves in between. Hy-
drostatic approximation and coarse horizontal resolution
prevent large depressions from evolving further into soli-
tary waves. Nevertheless, these large depressions retain
structures similar to that of internal solitary waves.

The foregoing instantaneous snapshots are far from
being conclusive. To quantify further, Fig. 10 shows the

depth-integrated zonal energy flux of internal tides, in-
cluding both semidiurnal and diurnal components, with
and without the west ridge height reduction. Following
Nash et al. (2005), we compute the energy flux as

F p u dz= ( )∫ ′ ′ , 1

where p′ and u′ are baroclinic pressure and zonal
baroclinic velocity within a tidal frequency band, and the
angle bracket denotes time averaging over 14 days. The
semidiurnal and diurnal frequency bands are defined as
0.06–0.1 cycles per hour, and 0.03–0.05 cycles per hour,
respectively. Pressure is computed from the model den-
sity field assuming hydrostatic balance.

For the semidiurnal internal tides (Fig. 10(a)), the
major source of internal tides comes from the east ridge

Fig. 7.  (a) Model-produced zonal section of potential tempera-
ture at 21°N (12:00 GMT, April 28, 2005) without ridge
height reduction. (b) Corresponding zonal section with 20%
reduction of west ridge height.

Fig. 8.  (a) Model-produced zonal section of zonal flow at 21°N
(12:00 GMT, April 28, 2005) without ridge reduction.
(b) Corresponding zonal section with 20% reduction of west
ridge height. Solid and broken contours indicate westward
and eastward velocities with a contour interval of 20 cm s–1.
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Fig. 9.  Model-produced temperature time series without ridge height reduction at 21°N and 119°E from April 25 to May 2 of
2005.

Fig. 10.  Depth-integrated zonal energy fluxes of internal tides
for (a) semidiurnal component and (b) diurnal component.
Red and black correspond to results with and without west
ridge height reduction, respectively. The contour interval
for water depth is 1000 m.

Fig. 11.  (a) Zonal-temporal section of vertical isotherm dis-
placements at 103 m depth along 21°N between April 26
and May 1 in 2005 predicted by the hydrostatic model. Red
zigzag lines represent contemporaneous ship tracks. Grey
filled symbols represent shipboard observations of internal
solitary waves with amplitudes in excess of 100 m. Symbol
size corresponds to the amplitude of internal solitary waves.
(b) Corresponding section with 20% reduction of west ridge
height.
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in the middle reaches of the Luzon Strait between 19.5
and 20.5°N, where the depth-integrated internal energy
flux diverges. Following this beam of energy westward
into the deep northern South China Sea, the height re-
duction of the west ridge leads to, on average, larger west-
ward internal energy flux. The enhancement is most vis-
ible at 119.5°E. This result points to the west ridge in the
middle portion of the Luzon Strait as an energy blocker
for the incoming internal tides from the east ridge. Al-
though the west ridge in the middle reaches of the Luzon
Strait could conceivably generate some semidiurnal in-
ternal tides by itself, this unknown amount of internal
tide energy does not overcome the damping effect exerted
by the west ridge. Moving farther westward onto the con-
tinental shelf, the west ridge height reduction does not
necessarily lead to larger westward internal energy flux.
This inconsistency is understandable, as internal tide dis-
sipation over the shallow shelf introduces additional un-
certainties in assessing the effect of west ridge height on
internal tide propagation.

Model results indicate the northern shallow reaches
of the west ridge as another generation site for the
semidiurnal internal tides (Fig. 10(a)). West of 120°E, the
two energy beams of semidiurnal internal tides are com-
parable in magnitude and meridional scale. Following the
northern beam of energy westward, the height reduction
of the west ridge actually reduces the westward internal
energy flux. This is also understandable, as a lower ridge
normally reduces the generation of internal tides.

For the diurnal internal tides (Fig. 10(b)), the major
source of internal tides also comes from the east ridge in
the middle reaches of the Luzon Strait where the depth-
integrated internal energy flux diverges. Following this
beam of energy westward, the height reduction of the west
ridge actually reduces the westward energy flux. Although
the west ridge is a physical barrier to incoming internal
tides from the east ridge, it also generates some internal
tides that apparently add constructively to the westward
transmission to overcome the west ridge damping effect.
In contrast to the semidiurnal internal tides, the northern
shallow portion of the west ridge does not generate diur-
nal internal tides (Fig. 10(b)).

To further validate ONFS results by concurrent ship
observations along 21°N (Lien, private communication),
Fig. 11 shows zonal-temporal sections of vertical isotherm
displacements at 103 m depth from April 26 to May 1 in
2005. Upper (a) and lower (b) panels are model results
without and with west ridge height reduction, respectively.
Zigzag lines in red are contemporaneous ship tracks with
dots representing observed internal solitary waves with
amplitudes greater than 100 m. The shipboard observa-
tions bear out the ONFS results reasonably well. The level
of agreement is visually indistinguishable with or with-
out the west ridge height reduction. The west ridge east

of 120°E also excites a large isotherm elevation (red-or-
ange spots) between each pair of westward transmissions
of isotherm depressions (blue-green spots), but elevation
signals appear to be localized as they do not move far
westward. Over the continental shelf west of 118°E, in-
ternal tides arrive semi-daily with alternate strengths,
apparently modulated by a diurnal beat. They also am-
plify and decelerate over the shoaling ocean bottom, in
keeping with theoretical expectations.

3.  Nonhydrostatic Simulations
The three-dimensional nonhydrostatic numerical

model of Shaw and Chao (2006) is used below. The model
is formulated under Boussinesq and rigid-lid approxima-
tions, and solves for three-dimensional velocity vector
(u, v, w) in the eastward, northward and vertically up-
ward directions, and the perturbation density (ρ) about a
reference seawater density (ρ0 = 1022 kg m–3). The
Coriolis parameter ( f ) is fixed at 20°N. The horizontal
eddy viscosity and diffusivity are 4 × 104 cm2s–1. The
vertical viscosity and diffusivity are 1 cm2s–1 and 0.1
cm2s–1, respectively.

The model uses the Arakawa-C grid system, and spa-
tial derivatives are center differenced to second-order
accuracy. Vertical discretization follows a z-coordinate
formulation. The horizontal and vertical resolutions are
250 m and 30 m, respectively. The time step is 30 s. On
east and west open boundaries, waves are allowed to
propagate through with an appropriate phase speed with-
out reflection. Zero normal gradients for horizontal ve-
locities and perturbation density are enforced at the ocean
surface. No-slip boundary conditions for horizontal ve-
locities and a zero normal gradient for the perturbation
density are applied at the ocean bottom.

The model has been used mostly to study the three-
dimensional aspects of the internal solitary wave propa-
gation (Chao and Shaw, 2006). In the present applica-
tion, it is rendered two-dimensional by disallowing vari-
ations in the meridional (y) direction. Figure 12 shows
two model domains to be used below. In single-ridge ex-
periments (Fig. 12(a)), the water depth over the ridge is

h x m
h

x x l

m

m m

( ) = − +
+ −( )[ ]

( )3000
1

22 .

Unless otherwise stated, we choose xm = 0 and lm = 10
km. The ridge height (hm) is 1800 m in Fig. 12(a), but can
be changed in each experiment. The ridge topography is
truncated at 3lm away from the peak, so that the ridge
width is 6lm. In double-ridge experiments (Fig. 12(b)),
both ridges have the same analytical form as in single-
ridge experiments. The peak-to-peak distance between
two ridges is 120 km. The peak height (hm) is 2600 m for
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the east ridge and 2000 m for the west ridge in Fig. 12(b).
However, the height of the west ridge changes in each
experiment.

Our preliminary experiments indicated that the model
is not sensitive to the topographic profiles of ridges.
Rather, it is sensitive to the ridge peak depth relative to
the nodal depth of the first baroclinic mode profile. Fig-
ure 13 shows the typical potential density profile between
two ridges (Fig. 13(a)), mode-1 profile for the horizontal
currents (Fig. 13(b)), and mode-1 profile for the vertical
velocity or density (Fig. 13(c)). Dashed lines are derived
from Levitus climatology; solid lines are derived from
analytically fitted perturbation density profile given by

ρ ρ ρ
b z

z z

D

z z

D
( ) = − + −
















− + −

















( )

∆ ∆1 1

1

2 2

22
1

2
1

3

tanh tanh ,

which is used as initial perturbation density in the model.
The optimum fit leads to ∆ρ1 = 4.2 kg m–3, z1 = –200 m,
D1 = 550 m, ∆ρ2 = 3.8 kg m–3, z2 = –50 m and D2 = 100
m. For both climatology and the analytical fit, the nodal
depth for horizontal currents is 800 m. The phase speed
for the first baroclinic mode (c1) is 2.52 m s–1 for the
climatologic stratification and 2.7 m s–1 for the analyti-

cal fit. At semidiurnal frequency (ω), the wavelength for
mode-1 internal tide,

λ π ω1 1
2 22 4= − ( )c f ,

is 120 km for the climatologic stratification and 129 km
for the analytical fit; both are comparable to the peak-to-
peak distance between two ridges in the model (120 km).

Although our experiments cover a wide range of pa-
rameter space including ridge height, ridge shape, sepa-
ration distance between two ridges, tidal frequency and
Coriolis parameter, Table 1 lists only six experiments to
be discussed at some length below. Experiments 1–3 sum-
marize how a single ridge such as the west ridge of the
Luzon Strait affects incoming internal waves. Experi-
ments 4–6 reassess the role of the west ridge in a double-
ridge setting.

3.1  Single-ridge experiments
If one regards the two ridges as being sufficiently

far apart, the west ridge can be perceived as a distant pas-
sive receiver of incoming internal waves generated by the
east ridge. Depending on the tidal strength, incoming
waves can be internal tides, internal bores or internal soli-
tary waves. For incoming internal tides of the first
baroclinic mode, the west ridge will always dampen their

Fig. 12.  Model domains of nonhydrostatic simulations with
(a) a single ridge and (b) two ridges. For single-ridge ex-
periments (a), stippling indicates the primary region con-
taining a tidal generating force that produces westward pro-
gressive tide of the first baroclinic mode. For double-ridge
experiments (b), the incoming tide is barotropic and enters
the domain from the eastern boundary.

Fig. 13.  Initial σθ profile in kg m–3 (a), first baroclinic modal
structure for horizontal current (b), and first baroclinic
model structure for vertical velocity or density (c). Dashed
lines are derived from Levitus climatology between west
and east ridges of the Luzon Strait (20°N, 117°E); solid lines
are analytical fits.
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Table 1.  List of experiments.

is the eastern boundary of the domain, k = ω 2 2− f /c1

and φ1(z) the mode-1 profile for horizontal currents as
shown in Fig. 13(b). Excluding the last term on the right
side, Eq. (6) is resonant forcing for the first mode inter-
nal tides. To offset unlimited growth of internal tides in
time, the tidal forcing is subject to spatial decay away
from the eastern boundary with an e-folding scale of 30
km, so that ki = (30 km)–1. Setting up the forcing this
way, the amplitude (a1) dictates whether incoming waves
are internal tides, internal bores or internal solitary waves.
With our choice of a1, the transition from internal bore to
internal solitary wave occurs shortly before the wave ap-
proaches the ridge peak. Other choices of a1 will never-
theless lead to the same conclusion that the ridge will
always dampen regardless of the type of incoming waves.

Figure 14, from experiment 1 in Table 1, shows in-
ternal wave transformation without the ridge. At hour 16,
an internal bore is in the process of forming at x = 35 km
(Fig. 14(a)). Further transformation changes the bore to a
packet of rank-ordered internal solitary waves as it propa-
gates westward (Figs. 14(b), (c), (d)). If the internal tidal
forcing is weaker, the end state can be a single solitary
wave (results not shown). For the lead wave at hour 29
(Fig. 14(d)), the maximum westward and downward
speeds are 213 cm s–1 and 32 cm s–1, respectively. The
corresponding maximum isopycnal depression is 217 m.
The depression is admittedly too large, but will be re-
duced to realistic amplitudes after a ridge is imposed.

In experiment 2, a ridge extends to 1200 m below
the sea surface. The ridge peak is well (400 m) below the
nodal depth of the first baroclinic mode for horizontal
currents (800 m); one expects modest damping by the
ridge. Corresponding vertical snapshots (Fig. 15) shows
little change in the transformation from internal bore to
internal solitary wave as the wave approaches the ridge
peak (Figs. 15(a) and (b)). Moving over to the west side
of the ridge, the differential increase in water depth for
each wave within the packet, and hence differential in-
crease in phase speed, spreads out the packet of internal
solitary waves. Since the lead wave attains greater propa-
gation speeds for longer periods of time, however slightly,

westward transmission. This is a foregone conclusion
reached by Johnston and Merrifield (2003) using a hy-
drostatic model in a deep ocean setting similar to the
present one. The amount and nature of damping are sen-
sitive to the ridge slope and hence ridge height. The slope
of an M2 internal tidal wave characteristic is

s z
f

N z
( ) = −

( ) −
( )ω

ω

2 2

2 2 5,

where N(z)2 is the Brunt-Väisälä frequency. The ridge
slope [α(z)] is supercritical if α > s over a portion of the
slope, near-critical if α ≈ s at a certain depth, and
subcritical if α < s everywhere. With sub-critical or near-
critical ridges, damping is modest and arises mainly from
energy transfer to higher baroclinic modes and dissipa-
tion. With supercritical ridges, damping increases dramati-
cally mainly due to wave reflection by the ridge. The slope
of a ridge also determines the conversion of internal tides
into higher modes in the lee of the ridge (Müller and Liu,
2000). Since internal tides of the first baroclinic mode
are dampened, further nonlinear transformation into in-
ternal solitary waves west of the ridge will also weaken.
In light of extensive coverage by Johnston and Merrifield
(2003), our experiments below preclude cases with in-
coming waves as internal tides.

What remains to be investigated is how a single ridge
affects the transmission of internal bores and internal soli-
tary waves. As it turns out, the ridge damping is not only
for internal tides, but also includes internal bores and in-
ternal solitary waves. This is demonstrated below. As de-
picted in Fig. 12(a), a mode-1 M2 tidal forcing is used to
generate progressive tidal waves propagating westward
toward the single ridge. Mathematically, a body force (F)
is imposed in the x-momentum equation as

F x z t a k x x c t z k x xi, , sin exp ,( ) = − +( )[ ] ( ) −( )[ ] ( )1 0 1 1 0 6φ

where a1 = 1.5 × 10–4 m s–2 is the amplitude, x0 = 140 km
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it eventually leaves trailing waves behind and is in the
process of becoming a single soliton (Fig. 15(d)). Thus
differential propagation over the west side of the ridge
appears to be the major damping factor for the transmit-
ted wave. For the surviving lead wave at hour 29 (Fig.
15(d)), the maximum westward and downward speeds are
196 cm s–1 and 26 cm s–1, respectively. The correspond-
ing isopycnal depression is 203 m.

In Fig. 16 (experiment 3), the ridge height extends
to 700 m below the sea surface or 100 m above the nodal
depth of the first baroclinic mode for horizontal currents.
Severe damping follows. After moving over to the west
side of the ridge, the disintegration of the wave packet
due to differential propagation becomes severe and the
surviving lead solitary wave is considerably weaker (Fig.
16(d)). In addition, a reflection wave emerges on the east
side of the ridge (Fig. 16(d)), further removing energy
from the transmitted wave. At hour 29 (Fig. 16(d)), the
maximum westward and downward speeds for the lead

wave are 89 cm s–1 and 15 cm s–1, respectively. The cor-
responding isopycnal depression is 114 m. If the ridge is
even taller, the reflection wave will become even stronger
at the expense of the transmitted wave. This quantitative
aspect of the problem is not illustrated further.

For internal tides, the amount of wave transmission
is sensitive to the ridge slope (Johnston and Merrifield,
2003). This sensitivity is lost if the incoming wave is
transforming into an internal bore or internal solitary
wave, even though the bore or internal solitary wave is
embedded in each internal tidal wavelength and should
be considered as part of an internal tidal wave. Instead,
the transmission of internal bores or internal solitary
waves is sensitive to the ridge peak depth relative to the
nodal depth of the first baroclinic mode profile for hori-
zontal currents. To verify this, Fig. 17 shows the trans-
mitted wave strength as a function of ridge peak depth
(H) and ridge width (6lm). Without the ridge, the lead wave
of the packet at hour 29 (Fig. 13(d)) is used as a refer-
ence. We use its maximum westward speed (u = 213
cm s–1), maximum sinking speed (w = 32 cm s–1) and
maximum isopycnal depression (∆ = 217 m) as normali-

Fig. 14.  Sequential vertical sections of zonal-vertical flow and
potential density from experiment 1, showing the transfor-
mation from internal tide to internal solitary waves without
a ridge. Contour interval for potential density is 1 kg m–3.
Maximum zonal and vertical speeds for the lead solitary
wave are given at the top of each panel.

Fig. 15.  As Fig. 14 except from experiment 2, which contains
a ridge with its peak reaching 1200 m below sea surface.
The internal solitary wave disintegrates and weakens after
passing over the ridge.
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zation factors. After normalization, corresponding results
at the same time and approximately the same location are
expressed in percentage units.

Figure 17 shows little attenation of the transmitted
wave strength if the ridge peak depth is well below the
nodal depth (~800 m), but rapid attenuation as the ridge
peak depth rises above the nodal depth. In contrast, the
transmitted wave strength is insensitive to the ridge width
and hence the critical ridge slope. Taking a ridge width
of 60 km as an example, the ridge slope becomes
supercritical for internal M2 tides if the ridge peak depth
rises above 1200 m depth. However, the transmitted wave
strength shows no sensitivity to this criterion.

To put the width insensitivity issue in perspective,
our range of ridge width variation (from 12 km to 180
km) is generous enough to cover normal width scales of
the west ridge. In this range the bore or soliton transmis-
sion is insensitive to ridge width and hence to critical
slope. However, if one widens a tall ridge further by or-
ders of magnitude, the ridge peak then becomes a “conti-
nental shelf” for the incoming bore or soliton. In this wide

ridge limit, severe attenuation results, even though the
ridge slope becomes subcritical.

3.2  Double-ridge experiments
If one regards the separation distance between two

ridges as insufficient, then the east ridge must be included.
In this setting (Fig. 12(b)), the incoming tide is barotropic
and imposed on the east boundary as u = u0sinωt, where
u0 = 7 cm s–1. The amplitude (u0) and height of the east
ridge dictate the strength of internal solitary waves and
where an internal solitary wave will first appear. In the
absence of the west ridge, our choices of u0 and peak depth
of the east ridge (400 m) produce an essentially single
solitary wave that first appears some 175 km west of the
ridge peak in every semidiurnal tidal cycle.

To establish a reference state, Fig. 18 (from experi-
ment 4) shows the transformation from an internal tide to
an internal soliton by the east ridge in the absence of the
west ridge. At hour 12, the leading edge of the internal
tide is around x = –65 km, characterized by visible
downwelling motion (Fig. 18(a)). At hour 18, the tidal
wave is in the process of becoming a bore around x =
–120 km with much strengthened downwelling motion
(Fig. 18(b)). The internal soliton fist appears around x =
–175 km at hour 24 with even stronger downwelling mo-

Fig. 16.  As Fig. 14 except from experiment 3, which contains
a ridge with its peak reaching 700 m below sea surface.
The tall ridge reflects the incoming solitary wave and greatly
dampens the transmitted wave.

Fig. 17.  Percentage of transmission for internal solitary waves
passing over a single ridge as a function of ridge width and
ridge peak depth (H). Maximum isopycnal depression (∆),
westward current speed (u) and downward speed (w) of the
transmitted internal solitary wave are normalized by corre-
sponding results without a ridge (∆ = 217 m, u = 213
cm s–1 and w = 32 cm s–1). Contours for ∆, u and w are from
10% to 90% at intervals of 10%.
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tion at the leading edge (Fig. 18(c)), and reaches matu-
rity at hour 30 and x = –240 km (Fig. 18(d)). The maxi-
mum westward and downward speeds are 94 cm s–1 and
9 cm s–1, respectively, for the mature soliton. The corre-
sponding maximum isopycnal depression is 118 m.

By including a west ridge with a peak depth of 1000
m in experiment 5, Fig. 19 shows consequent modifica-
tions. At hour 12, the west ridge has not exerted its influ-
ence on the incoming internal tide (Fig. 19(a)). Moving
closer to the west ridge peak, the shoaling bottom depth
accelerates the transformation from an internal tide to an
internal bore (Fig. 19(b)). However, the premature de-
velopment is not in phase and therefore does not help
subsequent growth of an internal solitary wave further
westward. By hour 30, the location of the mature soliton
lagged slightly behind due to the earlier encounter with
the west ridge (Fig. 19(d)); the characteristic maximum
westward speed at sea surface (74 cm s–1) and maximum
downwelling speed at the leading edge (7 cm s–1) for the

soliton are more than 20 percent weaker as a result of
west ridge modification. The corresponding maximum
isopycnal depression of the soliton is 120 m.

Increasing the west ridge height further to a peak
depth of 400 m below the sea surface, both ridges be-
come equally imposing in experiment 6. This is a sce-
nario comparable to the setting in the northern reaches of
the Luzon Strait. Figure 20, from experiment 6, shows
corresponding snapshots. Severe blocking by the west
ridge to a large extent eliminates incoming internal tides
from the east ridge. This can easily be seen by comparing
surface currents in Fig. 20 with that in Fig. 18, which
excludes the west ridge. Between two ridges, the west
ridge greatly weakens the incoming surface currents as
they approach the peak (Fig. 20). In this case, the west
ridge becomes the primary wave maker, generating inter-
nal bores and internal solitary waves to its west at the
semidiurnal frequency. At hour 18, an internal bore is
formed at about x = –240 km (Fig. 20(b)). At hour 30, an
internal solitary wave appears at about x = –235 km (Fig.
20(d)). Its maximum westward and downward speeds at
the leading edge are 75 cm s–1 and 5 cm s–1, respectively.

Fig. 18.  Sequential vertical sections of zonal-vertical flow and
potential density from experiment 4, showing barotropic tide
over a tall ridge similar to the east ridge of the Luzon Strait
and subsequent generation of internal tide (IT), internal bore
(IB) and internal solitary wave (IS). Contour interval for
potential density is 1 kg m–3. Maximum zonal and vertical
speeds are given at the top of each panel.

Fig. 19.  As Fig. 18 except from experiment 5, to which a west
ridge is added with its peak reaching 1000 m below sea
surface.
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The maximum isopycnal depression for the soliton in Fig.
20(d) is 127 m.

3.3  Model sensitivity to other parameters
Other single- or double-ridge experiments are noted

below without figures. Given the same tidal strength and
ridge height, the transformation from diurnal internal tides
to internal solitary waves takes, roughly speaking, twice
the length of time and distance from the east ridge to com-
plete, to the point that the zonal extent of the northern
South China Sea may be inadequate to allow for the com-
plete transformation. The Coriolis force normally diverts
a little energy from zonal to meridional, thus making the
internal tides, internal bores and internal solitary waves
slightly weaker. The model is very insensitive to eddy
viscosities, eddy diffusivities and bottom drag; a ten-fold
increase, for example, brings about little visible change.

We have also varied ridge heights, ridge widths, ridge
shapes and distance between two ridges. The possible
combinations are virtually inexhaustible. Nevertheless,
these numerical experiments, too numerous to be included

here, failed to produce even one counterexample of the
west ridge actually enhancing a transmitted internal wave.

4.  Conclusions
Entering the Luzon Strait, a portion of the barotropic

M2 tides is blocked and converted to internal M2 tides by
the east ridge in the middle portion of the Strait (Niwa
and Hibiya, 2004). Subsequent transformation to inter-
nal bores and internal solitary waves requires some propa-
gation distance. Depending on the tidal strength, the west
ridge at the receiving end may be approached by internal
tides, internal bores or internal solitary waves. A hydro-
static nowcast/forecast system for the northern South
China Sea and a nonhydrostatic process-oriented model
are used to evaluate how the west ridge of Luzon Strait
modifies westward propagation of these waves. The
former model is all-inclusive, but is ill-suited to resolv-
ing fine-scale internal bores and internal solitary waves.
The latter model overcomes this deficiency, but its fine
grid size—necessary to cope with internal bores and in-
ternal solitary waves—precludes the possibility of includ-
ing large-scale features such as the Kuroshio. In the hy-
drostatic nowcast/forecast system, the strategy taken is
to reduce the height of the west ridge by a small amount
to minimize changes in the Kuroshio strength and loca-
tion. The height reduction of the west ridge leads to the
amplification of nonlinear internal waves entering the
northern South China Sea from the east ridge. The
nonhydrostatic model employs a variety of ridge heights,
widths, shapes and distance between two ridges. In all
cases, the west ridge dampens the westward propagation
of M2 internal waves originating from the east ridge.

In assessing the west ridge’s contribution to the M2
internal wave field of the northern South China Sea, one
must distinguish its deeper portion in the middle reaches
of Luzon Strait from shallow reaches in the north. The
west ridge in the middle reaches of Luzon Strait creates a
deficit by dampening westward transmission of internal
waves coming from the east ridge; its own generation of
internal waves is inadequate to overcome the deficit. The
northern, shallow portion of the west ridge is a genera-
tion site for internal tides on its own and therefore con-
tributes positively to the internal wave field of the north-
ern South China Sea.

The west ridge not only modifies the westward propa-
gation of internal waves, but also provides an anchor for
the shoaling thermocline associated with the Kuroshio.
Theoretically, the rising thermocline can by itself be a
source of internal solitary waves. The possible genera-
tion of internal solitary waves by the rising thermocline,
if identified in the future, will be regarded by us as
Kuroshio-induced. The west ridge serves an indirect role
of partially locking the Kuroshio in place.

Leaving aside the uncertain complications created

Fig. 20.  As Fig. 18 except from experiment 6, to which a west
ridge is added with its peak reaching 400 m below sea sur-
face.
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by the Kuroshio front, the ridge reduction experiment in
the presence of the Kuroshio points to the deeper portion
of the west ridge in its present-day condition as a damp-
ener of M2 internal waves originated from the east ridge.
Idealized nonhydrostatic experiments shed some lights
on the dampening process. In particular, the west ridge in
the middle reaches of the Luzon Strait hinders but does
not annihilate the wave transmission because of its mod-
est height. In the northern reaches of the Luzon Strait,
the west ridge becomes imposing in height and generates
westward propagating internal tides; this is evident in Fig.
1. Given enough lee time and distance, the internal tides
generated by the northern portion of the west ridge, if
strong enough, are potentially capable of transforming
into internal bores or internal solitary waves before they
reach the shallow Chinese continental shelf to the west.
Whether or not this actually occurs is, to our knowledge,
largely unknown and remains to be verified.
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