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Abstract. It is known that the submerged seamount/ridge is a source for the genera-
tion of internal tides. In this paper, a three-dimensional two-layer model is set up to
study the generation of internal tides by tidal flows over a submerged seamount/ridge
in the channel. Several numerical experiments with different topographic features,
upper layer depths, tidal flows and background currents are carried out to study the
variations of the induced internal tides. It is shown that, for the specific stratifica-
tion, the seamount feature, the slope, the initial upper layer depth and the imposing
driven force determine the Froude number near the seamount peak. Once when the
Froude number is supercritical, the associated maximum amplitude of the induced in-
ternal tide is so large that the internal tide begins to disintegrate, which brings about
severe variations of the current velocity and the water elevation fields, and the asso-
ciated induced baroclinic tidal energy around the seamount peak is much larger than
the barotropic one. The Richardson number greater than 1/4 is a criterion for stability
of shear flow. Since the maximum tidal velocity changes within 0 ∼ 360◦ with time
in a period around the seamount peak, the induced internal tide does not stride the
seamount peak before it disintegrates, which is different from the two-dimensional
modeled results. The asymmetrical slope of the submerged seamount is a mechanism
for the asymmetrical internal tide generation.
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1 Introduction

The sill straits among the Luzon Strait are the sources for the generation of internal soli-
tary waves (Fig. 1, literature [1,2]). It is interesting that almost all internal solitary waves
are observed to propagate westward to the northern South China Sea (SCS), whilst few
are observed to propagate eastward to the Pacific [3]. Zheng et al. [4] suggested that
the eastward propagating disturbances have no chance to grow up into internal solitary
waves, so that they hardly appear on the east side of the submarine ridges in the eastern
Luzon Strait. According to the numerical results based on a two-dimensional (i.e., in the
directions of x and z) composite model in the Luzon Strait [2], it is shown that only when
the amplitude of an internal tide is large enough would a train of internal solitary waves
be induced, and a constant mean westward background flow in the Luzon Strait has a
great damping effect on the amplitude of the induced internal tide toward the Pacific,
thus the induced internal tide toward the Pacific has no chance to grow up into inter-
nal solitary waves. However, some questions about this asymmetrical propagation of
the internal solitons in the Luzon Strait remain unknown, e.g., according to the previous
studies [5, 6], the background current in the Luzon Strait is not always westward, which
may not support the conclusion by Cai et al. [2] that the westward propagation of the
induced internal solitons is due to the westward background current. Therefore, is there
any other key factor affecting the asymmetrical propagation of the internal solitons in the
northern SCS?

Usually the problem on the generation and propagation of internal solitary waves is
separated into a ”generation phase”, for which the hydrostatic approximation is applied
[7, 8], and a ”propagation phase”, for which a nonhydrostatic description is required [9,
10]. To simplify the question, we limit our study to the generation of internal tides, since
Cai et al. [2] showed that only when the amplitude of the induced internal tide is large
enough could a train of internal solitary waves be released and propagate away from the
source. Thus, if we could reveal some characteristics of the asymmetrical distribution
of the internal tide generation, we may find the key factor affecting the asymmetrical
propagation of internal solitons.

The submerged seamount or ridge is a source for the generation of internal tides,
e.g., Dushaw et al. [11] found that the significant semidiurnal internal tide in the deep
ocean far away from the north of Hawaiian Islands is generated over the Hawaiian Ridge,
and it is testified by the three-dimensional POM model study [12]. Numerical modeling
around Fieberling Guyot in response to tidal flows [13, 14] had been carried out before.
Recently, there are some three-dimensional continuously stratified layers models studies
on the internal waves generation by different bottom topographies [15–18]. However,
the horizontal distributions of the induced barotropic and baroclinic tidal energies by
submerged seamounts or ridges, especially in a sill channel, have still not been clearly
revealed by them.

In this paper, we try to study the above problem based on a three-dimensional two-
layer model forced by barotropic tidal flows. We limit our simulation domain to the
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Figure 1: Sketch of the observational sites (A, B and C) and possible source sites (S1, S2 and S3) of the internal
solitons in the South China Sea (S1 denotes the channel between the Batan and Sabtang islands, S2 between
the Jialayan and Dalupili islands, while S3 between the Fujia and Luzon islands).

small-scale sill channel, similar to that between the Batan and Sabtang islands in the
Luzon Strait [2]. In the following, the model description and choice of parameters are
given in Section 2. In Section 3, the numerical experimental results and discussions are
presented, and Section 4 is the conclusion.

2 Description and choices of parameters of the two-layer model

In reality, the ocean is continuously stratified, however, the simplification of two super-
posed fluids of different density that are immiscible (e.g., the well mixed layer water and
the water below in the ocean) is considered for the mechanism study of internal waves
by many authors [10, 19], since the major first baroclinic mode of internal wave could be
revealed by a two-layer model. The model set up here is a three-dimensional two-layer
hydrostatic approximation model based on the two-dimensional one [2]. The means of
describing the situation is shown in Fig. 2a, where the subscripts 1 and 2 refer to the up-
per and lower layer, respectively. The free sea surface displacement, whose equilibrium
position is Z=0, has perturbed position Z=η1, the interface displacement is η2 (it is also
called as the pycnocline height anomaly, or PHA in short), h1 = H1+η1−η2, h2 = H2+η2,
H1 and H2 are the undisturbed initial depths within the upper and lower layers, and the
initial water depth H = H1+H2. The free surface boundary conditions are given by the
kinematic condition,

W =0 at Z=η1 (2.1)

and the dynamic condition

p=0 at Z=η1 (2.2)
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where W is the vertical velocity and p is pressure. At the interface, the kinematic condi-
tion is,

W =0 at Z=−h1 (2.3)

it follows from the hydrostatic equation
∂p
∂Z =−ρg and the dynamic condition is that the

pressure in both layers is equal, i.e.,

p=−ρgh1 at Z=−h1 (2.4)

and the bottom boundary condition is,

W =0 at z=−H. (2.5)

Retaining only the first term in the perturbation expansion for the advective terms, the
vertically integrated equations of motion used in the models are [19, 20],

∂
−→
V1

∂t
+(∇·

−→
V1 +

−→
V1 ·∇)−→υ1 +

−→
k × f

−→
V1

=−(H1+η1−η2)g∇η1−
−→τI /ρ1+AH∇

2−→V1 , (2.6)

∂
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V2

∂t
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−→τB =ρ2CB
−→υ2

∣

∣

−→υ2

∣

∣. (2.11)

Here, ρ is the water density,
−→
Vi and −→υi (i=1, 2) are vertical integral transport and depth-

mean velocity, respectively, g′ = g(ρ2−ρ1)/ρ1 = g∆ρ/ρ1 is reduced gravity acceleration.
−→τI and −→τB denote interfacial and bottom friction stress, CI and CB are the coefficients of
interface and bottom friction, respectively. The Coriolis parameter f = 2Ωsinϕ, Ω is the
earth angular velocity and ϕ is the latitude (here we set ϕ=20.4◦N, where the latitude is
near the channel between the Batan and Sabtang islands in Fig. 1), and AH is the lateral
friction coefficient.

The coefficient of bottom friction is changed with the bottom topography [21], i.e.,

CB =

{

CB1×(300−H)/300, H 6300m,
0, H >300m,

(2.12)

where CB1 is the basic coefficient of bottom friction.
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(a) (b)

Figure 2: (a) Sketch of the two-layer model, and (b) bottom topography in the channel (unit: m).

Many previous model studies have been limited to idealized Gaussian-shaped sea-
mounts. Here, the bathymetry is also defined through a Gaussian distribution as [12],

h(x,y)= H−h0 exp

[

−
(x−x0)2

a2
−

(y−y0)2

b2

]

, (2.13)

where H=1000m is the maximum water depth, h0=840m is the height of the topographic
feature above the seabed, h(x,y) is the water depth, and (x0,y0) is set at the center of the
model domain. The values of a and b define the width of the feature. If a= b, the feature
is referred to as a submerged seamount (Fig. 2b, the seamount is centered at the middle
of the channel); if a>b (a<b), the feature becomes a ridge along the y (x) direction. The
Gaussian-shaped topographies are defined with steep slopes. Both the north and south
boundaries are solid walls, whilst the east and west boundaries are open.

The model is forced by the following barotropic tidal current in the upper layer at the
east open boundary,

u1e = A0+A1cos

(

2π

T
t

)

. (2.14)

Here, A0 is the background current (usually A0 =0), A1 is the tidal flow amplitude, T is
the tidal period (here we set T=12.42h for M2 tide), and t is the time. For the upper layer
current at the west open boundary, and for the lower layer current at both east and west
open boundaries, a radiation boundary condition [22],

∂φ

∂t
+C

∂φ

∂x
=0 (2.15)

is used, where φ is any variable stated above, and C is the phase velocity of the waves.
According to several sensitive experiments, it is found that, within the 10 grids away from
the both open boundaries, when a sponge boundary condition [23] is used, the energy
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Table 1: Experimental cases with different conditions.

E1 Imposing tidal flow amplitude at east open boundary A1 =8.0cm/s,
A0 =0, H1 =80m, and a=b=1000, with a symmetric slope of about 27.8◦

E2 Same as E1, but a=1000 and b=1200
E3 Same as E1, but a=b=2500, with a symmetric slope of about 12.1◦

E4 Same as E1, but H1 =70m
E5 Same as E1, but H1 =85m
E6 Same as E1, but the imposing tidal current amplitude at eastern boundary

A1 =8.8cm/s
E7 Same as E1, but the imposing tidal flow amplitude at east open boundary

A1 =5.9cm/s and A0 =−0.5cm/s
E8 Same as E1, but the slope is about 27.8◦ in the western half part of the channel

whilst it is about 12.1◦ in the eastern half part

reflection at the open boundaries can be effectively prevented. In the solid boundaries of
the channel, a no-slip condition is prescribed on the tangential flow.

In the computation, the above Eqs. (2.6)-(2.11) about ηi and
−→
Vi (i = 1, 2) are solved

on ’Arakawa C’ grid using a similar semi-implicit scheme [20]. The time differencing is
leapfrog, for advection a Scheme C from Grammeltvedt [24] is used, the Holland and
Lin [25] scheme is used for the Coriolis force, and the horizontal friction is lagged in time
for computational stability. Finally, by taking the divergence of momentum equations
and substituting into the continuity equations, the problem is reduced to the solution of
Helmholtz equations in favor of η1/η2 in case of the above prescribed boundary condi-

tions for
−→
Vi (i=1, 2).

The coefficients of interface and bottom friction are CI =0 and CB1 =2×10−3, respec-
tively, and the lateral friction coefficient is 3m2s−1. The relative density difference value
between the upper and lower layer is ∆ρ/ρ=0.001. The computational domain is within
a square with a side of 6km, the gird size is 50m and the time step is 30s.

3 Simulation experiments results and discussions

Seven experiments are designed (Table. 1). Each experiment starts from the rest state and
gets quasi-equilibrium after running about 1 tidal period, and the data from the 2nd to
the 6th tidal period are saved for analyses. In the standard experiment E1, the seamount
is symmetric with a steep slope of about 27.8◦, and it is driven by the imposing tidal
flow at the east boundary with A1 =8.0cm/s. The other experiments are designed to test
whether the variations of the seamount feature, the slope, the initial upper layer depth
and the imposing driven force affect the characteristics of the induced internal tides or
not.
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3.1 Experiment E1

To facilitate easy comparisons, before discussing the three-dimensional simulation re-
sults, we would like to simply describe the processes of the disintegrating of the internal
tide and the propagating of the internal waves by the two-dimensional models [2,10]: At
maximum eastward tidal flow, the interface at the sill (seamount peak) is lifted upward,
while an internal tide (interfacial depression) east of the sill is present. At slack tide the
tide starts to propagate westward toward the sill. After the tide strides the sill, it disinte-
grates. At maximum westward tidal flow, the interface at the sill is again lifted upward,
while an internal tide west of the sill is present. At slack tide the tide starts to propagate
eastward toward the sill. As for the evolution of the westward propagating internal tide,
this tide passes the sill and disintegrates.

We now study the generation process of internal tides during a tidal period by the
variation of interface displacement. In Fig. 3, the interface displacement in the middle
sections of the channel along the east-westward and south-northward directions for eight
different times separated by 1/8 of the tidal cycle is shown. The arrows indicate the direc-
tion and the strength of the tidal flow at the seamount peak. In the left and right panels,
the interface displacement in the middle section of the strait along the east-westward di-
rection (in the following, this section is called section A in short, i.e., the section along
y=61 in Fig. 2b) and along the south-northward direction (i.e., the section along x=61 in
Fig. 2b) are shown, respectively. The case in the left panel of Fig. 3 is somewhat different
from that by the two-dimensional models: in our model, first, it seems that the induced
internal tide doesn’t stride the seamount peak before it disintegrates, it only stays near
the seamount peak; second, there is no indication of the internal solitary waves propa-
gation after the disintegration of the induced internal tide near the seamount peak. The
reason for the first difference may be that, in our three-dimensional model, the maximum
tidal velocity changes within 0∼ 360◦ with time in a period around the seamount peak,
thus the induced internal tide doesn’t stride the sill; whereas in the two-dimensional (i.e.,
in the directions of x and z) model, the tidal current reciprocates from east to west out-
standingly, thus the induced internal tide strides the sill at slack tide. Therefore, the stride
back and forth over the sill of the induced internal tide in the two-dimensional model is
somewhat misleading. The reason for the second difference is because our hydrostatic
model fails to describe the propagation of nonlinear internal waves after the disintegra-
tion of a tidal baroclinic tide correctly. Similar case could be found in the right panel of
Fig. 3. The clear scenes of the internal tide disintegration are shown from the interface
displacement in section A for eight different times separated by 1/48 of the tidal cycle
(i.e., from 8T/48 to 15T/48, Fig. 4). We can notice that the interface displacement in the
western channel fluctuates up and down. The bottom of the induced ’V’-like internal
tide begins to distort before its disintegration at about 7T/48 (figure omitted). Does the
variation of internal tides have a similar period like tidal current? The variation of the
interface displacement in section A with time versus distance from the west to east of the
channel is also shown in Fig. 5, the small ’spot-like’ signals shown as isolated contours at
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Figure 3: Space-time evolution of the interface displacement (m) for eight different times at the 6th period in
experiment E1. The left panel is at section A, along the middle channel in x-direction, and the right panel is
along the middle channel in y-direction. This shows the generation of internal tides around the seamount peak.

about 2.2T and 2.7T indicate that the disintegrating of the internal tides happen twice in
a tidal period.

Now we have a look at the variation of sea surface and interface displacement fields
before and after the disintegration of internal tides. Fig. 6 shows some snap-shots of
the sea surface displacement and the interface displacement fields at 7T/48 before the
disintegration of the internal tide and at 10T/48 after its disintegration (note that the cross
”+” denotes the position of the seamount peak). Before the internal tide disintegrates
at 7T/48, there are some alternating bright/dark wave bands (in fact, these bands are
the alternating high/low variation gradient of the water elevation) in the sea surface
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Figure 4: Space-time evolution of the interface displacement (m) in section A for eight different times separated
by 1/48 of the tidal cycle in experiment E1. This shows the clear scenes of the internal tide disintegration with
time.

displacement and the interface displacement fields (Figs. 6a, c); the internal tide begins
to disintegrate at about 8T/48 (Fig. 4), however, there exists no bright/dark wave band in
the sea surface displacement field at this time (figure omitted); after the disintegration of
the internal tide at 10T/48, the bright/dark wave bands in the sea surface displacement
and the interface displacement fields appear again (Figs. 6b, d). This demonstrates that
the bright/dark wave bands do not appear continuously during the disintegrating of the
internal tide. The horizontal structure of the internal tide is somewhat like a broad bean
centered at the seamount peak, the internal tide seems to be trapped by the seamount
peak topography. Meanwhile, there exist some separate small bright/dark spots near
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Figure 5: Variation of the interface displacement (m) in section A with time versus distance in experiment E1.
This shows the disintegration of internal tides happen twice in a tidal period.

the seamount peak in Fig. 6b and Fig. 6d, which means that the water elevation near the
source site of the internal tide changes severely during the disintegration.

It is interesting to discuss the energy densities of both the barotropic and baroclinic
tides near the seamount. The barotropic and internal tide energies, averaged over a wave
period, are given as [12],

Eb =
1

4
ρ
{

gη2
1 +H(U2

b +V2
b )

}

, (3.1)

Eit =
1

4

{

ρ1[g
′η2

2 +h1(u2
c1+v2

c1)]+ρ2h2(u2
c2+v2

c2)
}

, (3.2)

where Ub and Vb are the east and north components of the barotropic tidal flow, uc1, uc2,
vc1 and vc2 are the east and north components of the baroclinic tidal velocity in the upper
and lower layers, respectively.

We try to understand the variation of barotropic and baroclinic tidal energies during
and after the disintegration of internal tides. Fig. 7 shows the barotropic and baroclinic
tidal energies at 8T/48 (during the disintegrating of the internal tide) and 16T/48 (af-
ter the disintegration of the internal tide) in experiment E1, respectively. The maximum
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(a) (b)
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Figure 6: Some snap-shots of the sea surface displacement and the interface displacement fields at 7T/48 before
the disintegration of an internal tide and at 10T/48 after its disintegration in experiment E1 (note that the
cross ”+” denotes the position of the seamount peak). (a) sea surface displacement (cm) at 7T/48, (b) sea
surface displacement (cm) at 10T/48, (c) interface displacement (m) at 7T/48, and (d) interface displacement
(m) at 10T/48. This shows the variation of sea surface and interface displacement fields before and after the
disintegration of internal tides.

barotropic tidal energy mainly appears to the south of the seamount peak (i.e., the max-
imum is centered at near (x =65, y=25) in Figs. 7a and 7b) other than around the peak,
whilst the maximum baroclinic tidal energy appears around the peak (i.e., the maximum
is centered at near (x=61, y=61) in Figs. 7c and 7d). Usually, the barotropic tidal energy is
larger than the baroclinic one for the whole domain (e.g., Figs. 7b and 7d), however, dur-
ing the disintegrating of the internal tide, the baroclinic tidal energy around the seamount
peak is much larger than the barotropic one (Figs. 7a and 7c). Moreover, the baroclinic
tidal energy seems to reduce rapidly and radiate away from the seamount peak, which
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(a) (b)

(c) (d)

Figure 7: Distribution of the (a) barotropic tidal energy (unit: W/m, here and subsequently) at 8T/48, (b)
barotropic tidal energy at 16T/48, (c) baroclinic tidal energy at 8T/48, and (d) baroclinic tidal energy at
16T/48 in experiment E1. This shows the variation of barotropic and baroclinic tidal energies during and after
the disintegration of internal tides.

agrees with a linearised three-dimensional model results (Baines, 2007), although the
seamount shapes in both studies are different.

3.2 Experiments E2-E8

In the following, another 7 experiments (Table 1) are carried out. Here we choose the
result in experiment E1 as the comparison standard. In experiment E2, the former sym-
metric seamount is elongated into a ridge whose broad axis is oriented along the channel;
in experiment E3, the former steep slope with an angle up to 27.8◦ is reduced to that with
an angle of 12.1◦; in experiments E4-E5, the initial upper layer depths are shallowed and
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Figure 8: Comparison of the maximum amplitudes of the internal tides in part of section A in the eight
experiments (note: E1-solid line, E2- thick grey line, E3-triangular line, E4-circled line, E5-squared line, E6-
dashed line, E7- crossed line and E8- blocked circled line). This shows that the disintegration of the internal
tide is associated with the amplitude of internal tides.

deepened, respectively; in experiment E6, the imposing tidal flow amplitude at east open
boundary is enlarged; in experiment E7, a constant westward background current is ex-
erted; and in experiment E8, the slope of the seamount is no longer symmetric, with
about 27.8◦ and 12.1◦ in the western and eastern half parts of the channel, respectively.

According to the above experimental results, it is found that the disintegration of the
internal tide is associated with the amplitude of internal tides. Since the maximum am-
plitudes of the internal tides may appear at different time, thus, comparison of the max-
imum amplitudes of the internal tides in part of section A in the former half of the tidal
period (i.e., before the disintegration of the internal tide in experiment E1) in the eight
experiments is shown in Fig. 8 (here the curves with solid line, thick grey line, triangular
line, circled line, squared line, dashed line, crossed line and blocked circled line denote
the results of experiments E1, E2, E3, E4, E5, E6, E7 and E8, respectively), the maximum
amplitudes of the induced internal tides change largely. According to the simulated re-
sults, it is found that, in experiments E2, E5, E6, and E8, the maximum amplitude of the
induced internal tide is larger than that in experiment E1, and the induced baroclinic
tidal energy are also stronger. The result from experiment E2 agrees with that in [12],
they found that, for symmetric seamounts only a weak internal tide is induced; when
elongated into a ridge, an energetic internal tide is induced. In experiments E3 and E4,
the maximum amplitudes of the induced internal tides are much less than that in experi-
ment E1, thus the internal tides fail to disintegrate, correspondingly, the variation of sea
surface and velocity fields in a tidal period are regular and small. However, even no dis-
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Figure 9: Snap-shot of the sea surface displacement (cm) at 10T/48 in experiment E4. This shows that even
there is no disintegration of the internal tide, there also exist some bright/dark wave bands in the sea surface
displacement fields.

integration of the internal tide happens, there also exists some bright/dark wave bands
in the sea surface displacement fields, e.g., this phenomenon could be shown in the sea
surface displacement fields at 7T/48 (figure omitted) and 10T/48 (Fig. 9) in experiment
E4, but the variation gradient of the sea surface displacement is much less than that in
experiment E1 (Fig. 6b). The major difference between experiments E1 and E4 is that, the
current velocity and the water elevation fields in experiment E1 change severely during
the disintegrating of the internal tide, whilst those in experiment E4 change smoothly
since there is no internal tide disintegration in this case, e.g., Fig. 10 (here the curves
with solid line and dashed line denote the results of experiments E1 and E4, respectively)
shows the comparison of the time series of the mean upper layer current velocities at the
same position (x=60, y=61) near the seamount peak in the these two experiments. Thus,
it is not enough to distinguish whether there exist internal solitary waves in some sea
areas or not only based on the SAR images [26–28], sometimes the in situ observational
hydrologic data (such as the data of current speed, temperature and water elevation, etc.)
are needed to support the conclusion. In fact, we can notice that there exist some separate
small bright/dark spots near the source site of the internal waves in Fig. 6b other than in
Fig. 9, which means that the water elevation near the source site changes severely during
the disintegrating of the internal tide.

In experiments E7 and E8, the disintegration of the internal tide happens only one
time in a tidal period. In experiment E7, only when both the maximum tidal flow and
the background current are westward does the induced internal tide disintegrates, oth-
erwise there is no internal tide disintegration. Fig. 11a shows the comparison of the
maximum amplitudes of the internal tides in part of section A at an interval of T/2 (here
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Figure 10: Comparison of the time series of the mean upper layer current velocities (cm/s) at the grid point
(x =60, y=61) near the seamount peak in experiments E1 and E4 (note: E1-solid line, E4-dashed line). This
shows the difference of the variation of the current fields for the cases with and without a disintegration of the
internal tide.

the curves with solid line and dashed line denote the results at 10T/48 and 34T/48, re-
spectively) in experiment E7. The maximum internal tide amplitude at 10T/48 (i.e., just
before the disintegration of the internal tide) is about 7m larger than that at 34T/48 (then
no disintegration of the internal tide happens afterwards). This demonstrates that, in the
presence of a constant mean background current, when the imposing tidal flow is against
the background current, then the background current has a great damping effect on the
induced internal tide. This conclusion agrees with the previous two-dimensional com-
posite model results [2]. Fig. 11b also shows the comparison of the maximum amplitudes
of the internal tides in part of section A at an interval of T/2 (here the curves with solid
line and dashed line denote the results at 10T/48 and 34T/48, respectively) in experiment
E8. It is found that, only in the western part of the channel where the slope of the mount
is steep does the induced internal tide is large enough to disintegrate, whereas in the
eastern part of the channel where the slope of the seamount is gentle, there is no internal
tide disintegration.

It is also found that, whether an induced internal tide disintegrates or not is associated
with the Froude number. Here, if the composite Froude number F, defined by

F2 =
υ2

1

g′h1
+

υ2
2

g′h2
(3.3)

is larger than 1, the flow is supercritical. Meanwhile, a Richardson number is defined by

Ri =−
g

ρ

∂ρ

∂z
/

[

(
∂u

∂z
)2+(

∂v

∂z
)2

]

≈
0.5g′(h1+h2)

[(u1−u2)2+(v1−v2)2]
, (3.4)
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Figure 11: Comparison of the maximum amplitudes of the internal tides in part of section A at an interval of
T/2 (at 10T/48-solid line, at 34T/48-dashed line) (a) in experiment E7 and (b) in experiment E8. This shows
the effects of the background current and the slope of the seamount on the disintegration of the internal tide.

where u1, u2, v1 and v2 are the east and north components of the depth-mean tidal ve-
locity in the upper and lower layers, respectively. Fig. 12 shows the comparison of the
variations of maximum Froude number and minimum Richardson number for the whole
field in a tidal period in the eight experiments (here the curves with solid line, thick grey
line, triangular line, circled line, squared line, dashed line, crossed line and blocked cir-
cled line denote the results of experiments E1, E2, E3, E4, E5, E6, E7 and E8, respectively).
The maximum Froude number and minimum Richardson number always appear near
the seamount peak. In the above experiments, only the maximum Froude number in
experiments E3 and E4 is always less than 1, thus the corresponding amplitude of the
induced internal tide is too small to disintegrate (Fig. 12a). In the other experiments,
once when the maximum Froude number approaches 1 during a tidal period, the bottom
of the induced ’V’-like internal tide would distort, and then after the maximum Froude
number gets larger than 1, the distorted internal tide begins to disintegrate. In experi-
ments E1, E2, E5 and E6, the disintegration of an internal tide happens twice in a tidal
period, corresponding to the maximum Froude number larger than 1 at about t = 2.16T
and t=2.68T, whilst in experiments E7 and E8, it happens only one time in a period, corre-
sponding to the maximum Froude number larger than 1 at about t=2.25T in experiments
E7 and about t = 2.71T in experiments E8, respectively. In all of the experiments except
experiment E2, the minimum Richardson number is always greater than 1/4 (note that in
Fig. 12b, the y-axis is labeled in log10 form and every mark value increases 0.1 when the
Richardson number is less than 1), which agrees with the sufficiency criterion Ri > 1/4
for stability of shear flow of a stratified fluid [29]. However, in experiment E2, at about
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Figure 12: Comparison of the variations of maximum Froude number and Richardson number in a tidal period.
(a) Froude number, and (b) Richardson number (note: E1-solid line, E2- thick grey line, E3-triangular line,
E4-circled line, E5-squared line, E6-dashed line, E7- crossed line and E8- blocked circled line. In Fig. 12b, the
y-axis is labeled in log10 form and every mark value increases 0.1 when the Richardson number is less than
1). This shows that the maximum Froude number and the minimum Richardson number vary with different
experimental conditions.

t=2.17T, the minimum Richardson number reaches 0.225, the current field is still stable,
this may be due to the error caused by the two-layer stratified fluid model itself, but in
our additional experiment, if the imposing tidal flow is strengthened based on experi-
ment E2, the minimum Richardson number would get even smaller, the corresponding
current field gets unstable and the model running is divergent thereafter.

According to the above experiments, it is shown that, whether an induced internal
tide disintegrates or not depends on the Froude number. Once when the Froude number
is larger than 1, the associated maximum amplitude of the induced internal tide is so
large that the internal tide could disintegrate, whilst when the Froude number is less
than 1, the associated maximum amplitude of the induced internal tide is too small to
disintegrate. This can also be clearly shown by the comparison of the variations of Froude
number versus the amplitude of the internal tide with time for only 1/4 of a tidal period
in experiments E1 and E3 (Fig. 13). In experiment E1, the internal tide could disintegrate
after the Froude number gets larger than 1, whilst in experiment E3, no disintegration of
internal tide happens since the Froude number is always less than 1.

Whether the Froude number can reach 1 or not, it depends on the seamount feature,
the slope, the initial upper layer depth and the imposing driven force including the tidal
flow and the background current. According to Eq. (3.3) and the additional experiment
based on experiment E2, for the specific stratification, the tidal flow velocity seems to be
the most important and sensitive factor affecting the Froude number. Generally speaking,
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Figure 13: Comparison of the variations of Froude number versus the amplitude of the internal tide with time
for only 1/4 of a tidal period at the grid point (x=59, y=61) near the seamount peak in experiments E1 and
E3 (note: E1-solid line, E3- dashed line, the variation of the variables with time is along the arrow direction).
This shows the condition for the disintegration of the internal tide.

the Richardson number >1/4 is a criterion for stability of shear flow of a stratified fluid.

In the Luzon Strait, since the background current in the Luzon Strait is not always
westward [5,6], thus the uni-directional (only westward) propagation of the internal soli-
tary waves may be due to the asymmetrical slope of the sill channel in the Luzon Strait,
in fact, in the channel between the Batan and Sabtang islands, the sill slope facing the
SCS is steeper than that facing the Pacific [1].

4 Conclusion

In this paper, a three-dimensional two-layer model is employed to study the generation
of internal tides by tidal flows over a submerged seamount in the channel. Several nu-
merical experiments with different topographic features, upper layer depths, tidal flows
and background currents are carried out to study the variations of the internal tide gen-
erations. According to the above experimental results, the following conclusions can be
reached:

For the specific stratification, the seamount feature, the slope, the initial upper layer
depth and the imposing tidal flow and background current determine the Froude number
near the seamount peak. When the Froude number is less than 1, the induced barotropic
tidal energy is larger than the baroclinic one, and the maximum barotropic tidal energy
mainly appears to the south of the seamount peak, whilst the maximum baroclinic tidal
energy appears around the peak, where it reduces rapidly and radiates away from the
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peak. When the Froude number is larger than 1, the associated maximum amplitude of
the induced internal tide is so large that the bottom of its shape begins to distort, finally
it disintegrates; meanwhile, the current velocity and the water elevation fields change
severely during the disintegrating of the internal tide, and the baroclinic tidal energy
around the seamount peak is much larger than the barotropic one. The Richardson num-
ber >1/4 is a criterion for stability of shear flow of a stratified fluid.

Since in the three-dimensional model, the maximum tidal velocity changes within
0∼360◦ with time around the sill, the induced internal tide does not stride the sill before
it disintegrates, which is different from the two-dimensional model results.

The possible reason for the uni-directional propagation of the internal solitary waves
in the northern SCS may be related to the asymmetrical slope of the sill channel in the
Luzon Strait.
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