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Abstract

An internal gravity wave model was employed to simulate the generation of internal solitary waves (ISWs) over a
sill by tidal flows. A westward shoaling pycnocline parameterization scheme derived from a three-parameter
model  was adopted,  and then 14 numerical  experiments  were designed to  investigate  the influence of  the
pycnocline thickness, density difference across the pycnocline, westward shoaling isopycnal slope angle and
pycnocline depth on the ISWs.  When the pycnocline thickness on both sides of  the sill  increases,  the total
barotropic kinetic energy, total baroclinic energy and ratio of baroclinic kinetic energy (KE) to available potential
energy (APE) decrease, whilst the depth of isopycnal undergoing maximum displacement and ratio of baroclinic
energy  to  barotropic  energy  increase.  When  the  density  difference  on  both  sides  of  the  sill  decreases
synchronously,  the total barotropic kinetic energy, ratio of baroclinic energy to barotropic energy and total
baroclinic energy decrease, whilst the depth of isopycnal undergoing maximum displacement increases. When
the westward shoaling isopycnal slope angle increases, the total baroclinic energy increases whilst the depth of
turning point almost remains unchanged. When the depth of westward shoaling pycnocline on both sides of the
sill reduces, the ratio of baroclinic energy to barotropic energy and total baroclinic energy decrease, whilst the
total barotropic kinetic energy and ratio of KE to APE increase. When one of the above four different influencing
factors was increased by 10% while the other factors keep unchanged, the amplitude of the leading soliton in ISW
Packet  A  was  decreased  by  2.80%,  7.47%,  3.21%  and  6.42%  respectively.  The  density  difference  across  the
pycnocline and the pycnocline depth are the two most important factors in affecting the characteristics and
energetics of ISWs.
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1  Introduction
Internal solitary waves (ISWs) are important dynamic phe-

nomena, usually generated by a tidally driven flow over sub-
merged variable topography in a stratified ocean. It is expected
that internal wave activity would increase in the northeastern
South China Sea (SCS) through the 21st century because of the

warming in the upper 100 m of the ocean since 1900 (DeCarlo et
al., 2015). ISWs in the northeastern SCS evolve out of the internal
tide generated in the Luzon Strait (Li et al., 2013; Zhao, 2014),
where two underwater sea ridges, namely Lan-Yu Ridge to the
east and Heng-Chun Ridge to the west, are located (Zheng et al.,
2007; Du et al., 2008; Wang et al., 2012; Cao et al., 2017; Bai et al.,  
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2017). ISWs induce strong convergence and divergence of hori-
zontal current velocity with enormous energy during their
propagations (Huang et al., 2014; Xu et al., 2016; Grimshaw et al.,
2016; Chen et al., 2018).

On their path across the northeastern SCS, ISWs may under-
go numerous transformations, and their propagation character-
istics and energetics are bound to change because of various
background environments, such as tidal flow over submerged to-
pography (Chen et al., 2013), background shear current (Cai et
al., 2008; Lü et al., 2016), mesoscale eddies (Xie et al., 2015),
density stratification (Chen et al., 2014) and Kuroshio intrusion
(Park and Farmer, 2013).

The effects of various background elements on the ISWs over
the sea ridge are typically studied based on a density stratifica-
tion with a horizontal uniform and vertically varying buoyancy
frequency, namely N(z). However, this kind of pycnocline as-
sumption is not always applicable to actual oceanic conditions,
especially in the Luzon Strait. In fact, the westward shoaling
pycnocline coincides with a hydrostatic, geostrophic Kuroshio
Current, situated between the west and east ridges in the Luzon
Strait along a zonal transect at 20.75°N (Buijsman et al., 2010).
Figure 1 shows that the pycnocline depth decreases westward
from a total mean of (324±37) m at 123°E to (178±37) m at 119°E
based on temperature profile data from January 1980 to Decem-
ber 1999 provided by the National Oceanographic and Atmo-
spheric Administration (NOAA) and National Oceanographic
Data Center (NODC) (Boyer and Levitus, 1994). For an ISW
propagating along a shoaling pycnocline, its amplitude would be
modulated by the pycnocline (Zheng et al., 1998). There is a con-
spicuous seasonal variation of the westward shoaling pycnocline
with different slope angles in the Luzon Strait. The slope angle in
December (Series 12 in Fig. 1) appeared larger than that in July.
The shoaling pycnocline with a specific gradient had a signific-
ant effect on the internal waves in the ocean, which appeared on
many continental margins (Osborne and Burch, 1980; Vázquez et
al., 2008; Chen et al., 2007; Li et al., 2013; Bai et al., 2017). It is re-
ported that the ISWs are affected when propagating through vari-
able background hydrology and currents (Liu et al., 2017).
However, little attention has been paid to the effects of westward
shoaling pycnocline stratification on the characteristics and en-
ergetics of the generated ISWs in the Luzon Strait.

In this paper, large amplitude ISWs generated by tidal flows
over submarine topography were investigated by using an intern-
al gravity wave (IGW) model (Lamb, 2010). This investigation fo-
cused on the effect of westward shoaling pycnocline on charac-
teristics and energetics of ISWs in the Luzon Strait. The model
description, choice of model parameters and design of westward
shoaling pycnocline are described in Section 2. In Section 3, the
experimental results are shown and discussed. Finally, the con-
clusions are summarized in Section 4.

2  Model description

2.1  Dynamic model and validation
In this study, the IGW model was used, which is a 2.5 dimen-

sional, non-hydrostatic nonlinear model. This numerical model
has been successfully used to study a series of ISW generation
problems (Lamb, 2010; Lamb and Kim, 2012). Sigma-coordin-
ates are used in this two dimensional system. (x, z) are the hori-
zontal and vertical coordinates, where x is positive to the east.
The sea surface is at z=0, where z is positive upward. Under the ri-
gid-lid, Boussinesq, inviscid and traditional f-plane approxima-
tions, the governing equations are shown as follows:

Ut +U · ∇U− fv̂i = − 
ρ

∇p− ρ

ρ
gk̂, (1)

vt +U · ∇v+ fu = , (2)

ρt +U · ∇ρ = , (3)

∇ ·U = , (4)

î and k̂
ρ

where U=(u, w) is the velocity vector in the x, z-plane; u (x, z, 0)
and w (x, z, 0) are the velocities at the initial time and they are set
to zero; v is the velocity in the y direction; ρ and p are the density
and pressure; g is the gravitational acceleration;  are the
unit vectors in the x and z directions, respectively; and =
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Fig. 1.     A zonal distribution of pycnocline depth near the Luzon Strait adapted from Zheng et al. (2008). Series 1 represents the
monthly mean pycnocline depth in January, Series 2 in February and so on.

  Lü Haibin et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 5, P. 20–29 21



1 000 kg/m3 is the reference density. The Coriolis parameter is f =
5.12×10−5 rad/s, which corresponds to a latitude of 20.75°N. A ri-
gid lid at the surface z=0 and terrain following coordinates are
used. Details of the IGW model have been provided by Lamb and
Kim (2012).

The submerged variable sill is designed by

H(x) = −[H − hexp(−x/W)], (5)

where h0=530 m is the height of ridge, H0=800 m is the water
depth and W=5 km is the width of ridge. The choice of these
parameters is to reflect the real situation of the Luzon Strait ba-
sically and resolve the distinct variation of the simulated ISWs.
The computational domain extends from x=−L to L (here, L is 300 km),
which is sufficiently long that no perturbations can reach the
boundary. At the right boundary of the computational domain,
the M2 barotropic tidal flow with a maximum velocity of u0=0.25 m/s
and a tidal period T of 12.4 h are prescribed, while a radiation
condition is applied at the left boundary. In all simulations, the
horizontal spatial resolution is about 100 m, and there are 82
levels in vertical direction. The maximum time step is 20 s, and a
variable time step is applied to satisfy the Courant-Friedrichs-
Lewy condition.

Wang (2006) proposed a horizontal uniform density stratifica-
tion based on a three-parameter model as defined by Eq. (6) in
Fig. 2, which has been successfully used as the horizontal uni-
form and vertically varying stratification.

ρa (z) = exp

{
Δρa
ρ

tanh

[
−(z+ d)

δ

]}
, (6)

Δρawhere  is the density difference across the pycnocline, d is the
pycnocline depth and δ is the pycnocline thickness.

The westward shoaling pycnocline was defined by Eq. (7):

ρ (x, z) =ρ{ρ̃l (z) [− tanh (x/R)] + ρ̃r (z)×
[+ tanh (x/R)]}, R ̸= , (7)

ρ̃l (z) ρ̃r (z)where  and  are calculated based on Eq. (6) on the west
and east boundaries, respectively. R is half of the horizontal dis-
tance of the westward shoaling pycnocline in Fig. 3. To balance
the shoaling pycnocline structure, the initial velocity fields could

f
∂v

∂z
= − g

ρ

∂ρ

∂x

be self-adjusted based on the thermal wind balance relation

 in the IGW model.

An ISW packet was observed to the northeast of the Dongsha
Islands on June 24, 2009 based on the shipboard X-band, ther-
mistor chains and acoustic doppler current profilers (Lü et al.,
2010). In fact, the IGW model has been well applied in the nu-
merical simulations of ISWs (Lamb and Kim, 2012; Lü et al., 2016;
Bai et al., 2017). Therefore, in the following study, 14 experi-
ments are designed to study the sensitivity of the generated ISW
to the changes of the westward shoaling pycnocline.

Fourteen experiments (E0–E13) are designed with the west-
ward shoaling pycnocline derived from the three-parameter
model by Eq. (6), but it is noted that the stratification in Experi-
ment E0 is set to be horizontal uniform. For example, in Experi-
ment E2, the westward shoaling pycnocline is shown in Fig. 3,
and distributions of buoyancy frequency N vs. depth at the east-
ern and western parts are depicted in Fig. 4. R is half of the hori-
zontal distance of the westward shoaling pycnocline, and dl (dr)
is the pycnocline depth on the left (right), where the maximum of
the vertical buoyancy frequency (Nmax) is shown.

In the following, the sensitivity of the generated ISW to
changes of the westward shoaling pycnocline was investigated by
combinations as follows: (1) influence of existence of westward
shoaling pycnocline (E0 with Ei (i=1, 2, ···, 13)); (2) the increment
of pycnocline thickness (E1, E2 and E3). The other conditions in
experiments E2 and E3 are the same as those in experiment E1
except that δ is changed into 140 m and 200 m, respectively;
(3) the density difference across the pycnocline is decreased (E1,
E4 and E5). The other conditions in experiments E4 and E5 are
the same as those in experiment E1 except that Δρa is changed into
3 kg/m3 and 2.5 kg/m3, respectively; (4) isopycnal slope angle is
increased (E6, E1 and E7). The other conditions in experiments
E6 and E7 are the same as those in experiment E1 except that R is
changed into 60 km and 140 km, respectively; (5) vertical depth of
westward shoaling pycnocline is reduced (E9, E1 and E8). The
other conditions in experiments E9 and E8 are the same as those
in experiment E1 except that the vertical depths of westward
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Fig. 2.   Initial density derived from a three-parameter model ad-
apted from Chen et al. (2014).
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Fig. 3.   Distribution of the initial density isolines in experiment
E2 (the thick dotted line denotes the location of the horizontal
center position of shoaling pycnocline).
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shoaling pycnocline are increased by 30 m in experiment E9 and

decreased by 60 m in E8; and (6) importance of different influen-

cing factors (E1, E10–E13). Based on experiment E1, each influ-

encing factor is increased by 10% in experiments Ei (E10–E13),

respectively. For example, δ is changed into 89.1 m in E10, Δρa is

changed into 4.4 kg/m3 in E11, R is changed into 110 km in E12

and the vertical depth of westward shoaling pycnocline is in-

creased by 10% in E13. The detailed setting of the 14 experiments

used in this study is presented in Table 1. Note that in all experi-

ments, the horizontal center position of the shoaling pycnocline

just lies over the top of the submerged ridge.

2.2  Wave energetics

The baroclinic available potential energy (APE) and kinetic

energy (KE) in a closed finite domain can be defined as (Lamb,

2008)

APE =

∫ xr

xl

∫ 

−H(x)
Eadzdx, (8)

and

KE =

∫ xr

xl

∫ 

−H(x)
Ekdzdx, (9)

where xr–xl represents an integration distance across a steady
wave packet, Ek is the baroclinic KE density given by

Ek (x, z, t) = .ρ (x, z, t) [(u′)

+ (v′) + (w′)


], (10)

u′ = u− 
H− h (x)

∫ 

−H
udz, v′ =

v− 
H− h (x)

∫ 

−H
vdz w′ = w− 

H− h (x)

∫ 

−H
wdz

where the baroclinic velocity 

, .

Ea is the APE density given by

Ea (x, z, t) = g
∫ z∗

z
[ρ̄ (s)− ρ(x, z, t)]ds, (11)

ρ̄
where z*(x, z, t) is the height of the fluid parcel at (x, z) at time t in
the reference state and  is the initial undisturbed density (Lamb,
2008).

The total barotropic energy Ek0 was defined by Lamb (2010):

Ek =

xr∫
x=xl

H∫
z=



ρ(x, z, t)[u(z) + v(z)]dxdz, (12)

u(z) v(z)where ,  are the vertical averaged speeds in the x, y-plane
respectively. xl, xr represent the locations of the wavefront of
leading ISW and the wave tail of the last ISW in a wave Packet A,
which are also the left and right boundaries of the integral do-
main.

3  Results and discussion

Δρa
A standard experiment E0 with a horizontal uniform and ver-

tically varying stratification is designed with =4 kg/m3, d=

N/cph
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Fig. 4.   Distributions of buoyancy frequency N vs. depth in Ex-
periment E2.

Table 1.   Detailed setting of parameters for all experiments
Experiment R/km Δρa/(kg·m−3) Nmax/s–1 dl/m dr/m δ/m

E0 –   4.0 0.009 70 178.0 178.0 81.0

E1 100 4.0 0.009 70 178.0 324.0 81.0

E2 100 4.0 0.007 40 178.0 324.0 140.0

E3 100 4.0 0.006 20 178.0 324.0 200.0

E4 100 3.0 0.008 40 178.0 324.0 81.0

E5 100 2.5 0.007 70 178.0 324.0 81.0

E6 60 4.0 0.009 70 178.0 324.0 81.0

E7 140 4.0 0.009 70 178.0 324.0 81.0

E8 100 4.0 0.009 70 118.0 264.0 81.0

E9 100 4.0 0.009 70 208.0 354.0 81.0

E10 100 4.0 0.009 70 178.0 324.0 89.1

E11 100 4.4 0.009 70 178.0 324.0 81.0

E12 110 4.0 0.009 70 178.0 324.0 81.0

E13 100 4.0 0.009 70 195.8 341.8 81.0

Δρa          Note: – represents no data. R is half of the horizontal distance of the westward shoaling pycnocline,  is density difference across the
pycnocline,  Nmax  is  the maximum of the buoyancy frequency,  dl  and dr  are the pycnocline depth on the left  and right sides of  the sill
respectively, and δ is the pycnocline thickness.
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−178 m, and δ=81 m (Table 1). The effects of westward shoaling
pycnocline on characteristics and energy conversion of the first
ISWs in wave Packet A in experiment Ei (i=0, 1, ···, 13) at the
fourth tidal period are summarized in Tables 2 and 3, and the
density fields of the generated ISWs are shown in Fig. 5.

3.1  Influence of pycnocline thickness (E1, E2 and E3)
The influence of increased pycnocline thickness was studied

by comparing the results in Fig. 6. Firstly, it showed that, when
the pycnocline thickness was increased from 81 m in experiment
E1 to 140 m in experiment E2 and 200 m in experiment E3, re-
spectively, the depth of isopycnal undergoing maximum dis-
placement and ratio of baroclinic energy to barotropic energy in-
creased, whilst the ISW amplitude, number of ISWs, phase speed
of ISWs, total barotropic kinetic energy, total baroclinic energy
and ratio of KE to APE in Packet A decreased (Tables 2, 3 and Fig. 6).
That was likely caused by the weakened stratification with in-
creasing pycnocline thickness. Compared with experiment E1,
Nmax in experiments E2 and E3 were reduced by 23.71% and

36.08%, respectively. Secondly, if the pycnocline thickness was
increased to 60 m (i.e., 0.075 of the total depth), then the depth of
turning point changes was shallower (Fig. 6), which is −311 m in
experiment E1, −299 m in experiment E2 and −284 m in experi-
ment E3. Compared with experiment E1, the depths of turning
points in experiments E2 and E3 were reduced by 3.90% and
8.70%, respectively. Thirdly, the decrease in horizontal baroclin-
ic velocity at the depth of the pycnocline in experiment E1 is
likely due to the influence of the increased pycnocline thickness
(Fig. 6).

Δρa3.2  Influence of density difference ( ) (E1, E4 and E5)
The density difference across the pycnocline has an import-

ant effect on the energetics of the ISWs in a horizontal uniform
stratification (Chen et al., 2014). The influence of the density dif-
ference across the pycnocline in the westward shoaling pycno-
cline stratification on the ISWs was studied by comparing the res-
ults among experiments Ei (i=1, 4, 5) in Fig. 7. Firstly, it showed
that when the density difference was reduced to 4 kg/m3 in ex-

Table 2.   Characteristics and energy conversion of the ISWs Packet A in experiments Ei (i=1, 2, ···, 13) at 4T

Experiment
ISW

amplitude
η/m

Depth of max
displacement

h0/m

Number
of ISWs

Location
of ISWs

S/km

Phase speed
of ISWs C/(m∙s−1)

Total barotropic
kinetic energy
Ek0/(MJ∙m−1)

Ratio of
baroclinic energy

to barotropic
energy

Total energy of
APE and

KE/(MJ∙m−1)

Ratio of KE
and APE

(KE/APE)

E0 175.54 164 7 −132.39 0.878 10.925 0.160 1.752 0.587

E1 169.26 172 5 −126.19 0.896 6.776 0.181 1.226 0.640

E2 168.84 172 4 −121.49 0.842 5.957 0.199 1.184 0.623

E3 165.92 180 3 −116.99 0.789 5.267 0.206 1.085 0.606

E4 158.76 172 3 −108.69 0.717 5.191 0.140 0.728 0.615

E5 143.43 180 3 −98.69 0.645 4.654 0.099 0.458 0.619

E6 170.15 172 6 −126.99 0.896 8.088 0.171 1.383 0.632

E7 173.00 172 4 −125.89 0.860 6.986 0.174 1.216 0.631

E8 179.79 116 5 −118.19 0.824 8.171 0.120 0.982 0.649

E9 166.54 196 4 −129.39 0.896 5.799 0.245 1.419 0.620

E10 170.62 172 5 −125.59 0.877 6.210 0.194 1.206 0.641

E11 162.42 172 5 −132.59 0.931 6.981 0.208 1.452 0.642

E12 169.90 172 4 −126.09 0.877 6.596 0.178 1.176 0.648

E13 164.27 188 4 −128.09 0.877 5.596 0.163 0.910 0.668

Table 3.   Effects of changes in westward shoaling pycnocline on the characteristics and energy conversion of the generated ISWs
Packet A

Variation of westward
shoaling pycnocline

Experiment
pairs

ISW
amplitude

Depth of
isopycnal

undergoing
maximum

displacement

Number of
ISWs

Phase speed
of ISWs

Total
barotropic

kinetic
energy

Ratio of
baroclinic

energy
and barotropic

energy

Total
energy of

APE and KE

Ratio of
KE and APE

(KE/APE)

Pycnocline thickness is
increased

(E1, E2) − − − − + − −

(E2, E3) − + − − − + − −

(E1, E3) − + − − − + − −

Density difference
across the pycnocline
is reduced

(E1, E4) − + − − − − − −

(E4, E5) − + − − − − +

(E1, E5) − + − − − − − −

Isopycnal slope angle
is increased

(E7, E1) − + + − + + +

(E7, E6) − + + + − + +

(E1, E6) + + + + − + −

Vertical depth of
westward shoaling
pycnocline is reduced

(E1, E8) + − − + − − +

(E9, E8) + − + − + − − +

Westward shoaling
pycnocline is
considered

(E0, Ei, i=1, 2,
···, 13)

−
(except in E8)

+
(except in E8)

− − − +

          Note: the symbol +/− denotes an increase/decrease of the parameters, while blank cell denotes no significant variation.
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Fig. 5.   Distribution of the density field after running four tidal periods in experiments Ei (i=0, 1, ···, 13), respectively (where only the
density isoline =1 023.3 kg/m3 is shown and the dashed line denotes the location of the trough of leading ISW in the wave Packet A).
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Fig. 6.   Comparison of the model results along the dashed line section denoted in Fig. 5 in experiments Ei (i=0, 1, 2, 3). a. Horizontal
baroclinic velocity u′ vs. depth; b. APE densities vs. depth; c. KE densities vs. depth; d. APE+KE vs. depth.
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periment E1, 3 kg/m3 in experiment E4 and 2.5 kg/m3 in experi-
ment E5, respectively, the ISW amplitude, phase speed of ISWs,
total barotropic kinetic energy, ratio of baroclinic energy to baro-
tropic energy and total baroclinic energy in Packet A decreased,
whilst the depth of isopycnal undergoing maximum displace-
ment increased (Tables 2, 3 and Fig. 7). The energy decrease in
ISWs with the weakened stratification is consistent with the con-
clusion by Chen et al. (2014). Secondly, if the density difference
across the pycnocline was reduced, then the depth of turning
point became shallower (Fig. 7a), i.e., the depth of turning point
is −311 m in experiment E1, −293 m in experiment E4 and −273 m

in experiment E5. Compared with experiment E1, the depths of
turning point in experiments E4 and E5 were reduced by 5.79%
and 12.22%, respectively. Thirdly, the horizontal baroclinic velo-
city decreased in the upper and lower layers of the pycnocline
(Figs 7b–d).

3.3  Influence of westward shoaling isopycnal slope angle (E7, E1
and E6)
The influence of the isopycnal slope angle was analyzed by

comparing the results in experiments Ei (i=7, 1, 6) in Fig. 8.
Firstly, it showed that when the isopycnal slope angle was in-
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Fig. 7.   Comparison of the model results along the dashed line section denoted in Fig. 5 in experiments Ei (i=0, 1, 4, 5). a. Horizontal
baroclinic velocity u′ vs. depth; b. APE densities vs. depth; c. KE densities vs. depth; d. APE+KE vs. depth.
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Fig. 8.   Comparison of the model results along the dashed line section denoted in Fig. 5 in experiments Ei (i=0, 1, 6, 7). a. Horizontal
baroclinic velocity u′ vs. depth; b. APE densities vs. depth; c. KE densities vs. depth; d. APE+KE vs. depth.

26 Lü Haibin et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 5, P. 20–29  



creased by reducing R from 140 km in experiment E7 to 100 km in
experiment E1 and 60 km in experiment E6, respectively, then the
number of ISWs, phase speed of ISWs and total baroclinic energy
in Packet A increased (Tables 2, 3 and Fig. 8). Similarly, Lien et al.
(2012) also found that shoaling of a single deep-water ISW could
also cause a train of smaller ISWs due to wave fission and dissipa-
tion. Secondly, the depth of turning point remained almost un-
changed (Fig. 8), which might be caused by little change in water
stratification. Thirdly, the horizontal baroclinic velocity in-
creased in the upper and lower layers of the pycnocline with the
increase of the isopycnal slope angle (Fig. 8), since the westward
shoaling isopycnal might be more conducive to the formation of
the trapped cores, which can enhance the dissipation through
transporting water mass horizontally (Lien et al., 2012).

3.4  Influence of pycnocline depth (E9, E1 and E8)
The influence of the pycnocline depth was investigated by

comparing the results in experiments Ei (i=9, 1, 8) in Fig. 9.
Firstly, it showed that when the vertical depth of westward shoal-
ing pycnocline was reduced, the depth of isopycnal undergoing
maximum displacement, phase speed of ISWs, ratio of baroclinic
energy to barotropic energy and total baroclinic energy in Packet
A decreased, whilst the ISW amplitude, total barotropic kinetic
energy and ratio of KE to APE increased (Tables 2, 3 and Fig. 9).
Secondly, the depth of turning point got shallower (Fig. 9), it is
−332 m in experiment E9, −311 m in experiment E1 and −269 m
in experiment E8. Compared with experiment E9, the depths of
turning point in experiments E1 and E8 were reduced by 6.33%

and 18.98%, respectively. Thirdly, the horizontal baroclinic velo-
city increased in the upper and lower of the depth of turning
point with the reduced pycnocline depth (Fig. 9).

3.5  Importance of different influencing factors (E1, E10–E13)
Base on experiment E1, four more experiments Ei (i=10, 11,

12, 13), in which one of the different influencing factors is in-
creased by 10% separately, are added to investigate the import-
ance of different influencing factor (Table 1), i.e., compared with
experiment E1, the pycnocline thickness was changed into 89.1 m
in experiment E10, the density difference across the pycnocline
was changed into 4.4 kg/m3 in experiment E11, R was changed
into 110 km in experiment E12, dl and dr were increased by 17.8 m
in experiment E13. Table 4 shows the comparison of the amp-
litude of the leading soliton in ISW Packet A in experiments Ei
(i=1, 10, 11, 12, 13) at the fourth tidal period. Compared with that
in E1, the decreased amplitude of the leading soliton in ISW
Packet A was 4.92 m, 13.12 m, 5.64 m and 11.27 m in experiments
E10, E11, E12 and E13, respectively. It shows that, the density dif-
ference across the pycnocline is the most important influencing
factor, for instance, the ratio of decreased amplitude in E11 when
compared with E1 reached 7.47%, whose variation is the most
significant in these four experiments Ei (i=10, 11, 12, 13), in turn,
the vertical depth of westward shoaling pycnocline is the second
most important influencing factor, since the ratio of decreased
amplitude in E13 when compared with E1 reaches 6.42%, which
variation is the second largest.
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Fig. 9.   Comparison of the model results along the dashed line section denoted in Fig. 5 in experiments Ei (i=0, 1, 8, 9). a. Horizontal
baroclinic velocity u′ vs. depth; b. APE densities vs. depth; c. KE densities vs. depth; d. APE+KE vs. depth.

Table 4.   Comparison of the amplitude of the leading soliton in ISW Packet A in experiments Ei (i = 1, 10, 11, 12, 13) at 4T
Experiment

E1 E10 E11 E12 E13

ISW amplitude η/m 175.54 170.62 162.42 169.90 164.27

Difference of amplitude between Ei and E1/m − 4.92 13.12 5.64 11.27

Ratio of decreased amplitude in Ei when compared with E1/% − 2.80 7.47 3.21 6.42

          Note: − represents no data.
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3.6  Influence of westward shoaling pycnocline (E0, Ei (i=1, 2, ···,
13))
A study of the effects of westward shoaling pycnocline strati-

fication on ISWs is helpful for understanding the internal wave
characteristics in the ocean. Figures 7–9 show the horizontal
baroclinic velocity u′, the baroclinic APE, KE and baroclinic en-
ergy densities vs. depth along the dashed lines in Fig. 5. It is clear
that (1) the depth of turning point, where the horizontal current
in upper layer began to turn to zero and flowed against that in
lower layer, was at z=−317.65 m in experiment E0, which changed
shallower with the westward shoaling pycnocline, except in ex-
periment E9; (2) the horizontal baroclinic velocity decreased in
the upper and lower layers of the pycnocline except in experi-
ment E8, which might be caused by the shallowest pycnocline in
experiment E8; (3) according to the results in Tables 2 and 3, the
number of ISWs, total barotropic kinetic energy and baroclinic
energy in wave Packet A all decreased with the westward shoal-
ing pycnocline, yet the ratio of KE to APE increased. The energy
decrease in ISWs due to the westward shoaling pycnocline might
be because the westward shoaling pycnocline could form
trapped cores to enhance the dissipation through transporting
water mass horizontally and mix them with the background wa-
ter (Lien et al., 2012).

3.7  Depth integrated baroclinic energy in Packet A from 3T to 4.5T
To study the temporal variation of the baroclinic energy in

wave Packet A through the westward shoaling pycnocline, the
baroclinic energy in the ISW Packet A from 3T to 4.5T was calcu-
lated (Fig. 10). Firstly, it showed that due to the westward shoal-
ing pycnocline, the baroclinic energy in the wave Packet A de-
creased prominently in experiments Ei (i=1, 2, ···, 9), the maxim-
um baroclinic energy was 1.50 MJ/m (0.48 MJ/m) in experiment
E9 (E5). Secondly, the baroclinic energy decreased reversely with
increased pycnocline thickness, e.g., compare experiments E1,
E2 and E3. Thirdly, the baroclinic energy decreased with density
difference across the pycnocline, e.g., compare experiments E1,
E4 and E5. Fourthly, the baroclinic energy increased with iso-
pycnal slope angle, and the ISW packet became steady more
quickly with a greater isopycnal slope angle, e.g., compare exper-
iments E1, E6 and E7. Finally, the total baroclinic energy de-

creased when the vertical depth of westward shoaling pycno-
cline, e.g., compare experiments E9, E1 and E8.

The time series of the KE/APE in experiments Ei (i=0, 1, ···, 9)
are shown in Fig. 11. It demonstrated that the KE/APE became
steady ranging from 0.58 to 0.60 in experiment E0; however, the
trends of KE/APE in experiments Ei (i=1, 2, ···, 9) changed dra-
matically, which ascended to a maximum at first, and then
dropped gradually.

4  Conclusions
Fourteen experiments were designed to study the impacts of

westward shoaling pycnocline on characteristics and energetics
of ISWs by numerical simulations. The conclusions are as fol-
lows.

(1) With the westward shoaling pycnocline, the horizontal
baroclinic velocity in the upper and lower layers of the pycno-
cline, the number of ISWs, total barotropic kinetic energy and
baroclinic energy decreased. Moreover, the ratio of the KE to APE
increased to a maximum at first, and then decreased gradually.

(2) When the pycnocline thickness on both sides of the sill in-
creased synchronously, the ISW amplitude, number of ISWs,
phase speed of ISWs, total barotropic kinetic energy, total baro-
clinic energy and ratio of KE to APE decreased, while the depth of
isopycnal undergoing maximum displacement and ratio of baro-
clinic energy to barotropic energy increased.

(3) When the density difference across the pycnocline on both
sides of the sill decreased synchronously, the ISW amplitude,
phase speed of ISWs, total barotropic kinetic energy, ratio of
baroclinic energy and barotropic energy and total baroclinic en-
ergy decreased, while the depth of isopycnal undergoing maxim-
um displacement increased. When the density difference was re-
duced with the values of 4 kg/m3, 3 kg/m3 and 2.5 kg/m3, the
depths of turning point of the latter two was reduced by 5.79%
and 12.22% respectively.

(4) When the westward shoaling isopycnal slope angle in-
creased, the number of ISWs, phase speed of ISWs and total
baroclinic energy increased, although the depth of turning point
remained nearly unchanged. It was clearly noticed that the ISW
packet became steady more quickly with a greater isopycnal
slope angle.
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Fig. 10.     Time series of the baroclinic energy in ISW Packet A
from 3T to 4.5T for experiments Ei (i=0, 1, ···, 9).
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Fig. 11.   Time series of the KE/APE in ISW Packet A from 3T to
4.5T for experiments Ei (i=0, 1, ···, 9).
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(5) When the depth of westward shoaling pycnocline on both
sides of the sill reduced synchronously, the depth of turning
point, depth of isopycnal undergoing maximum displacement,
phase speed of ISWs, ratio of baroclinic energy to barotropic en-
ergy and total baroclinic energy decreased, whilst the ISW amp-
litude, total barotropic kinetic energy and ratio of KE to APE in-
creased.

(6) Compared with experiment E1, when only one of the
above four different influencing factors was increased by 10%, the
amplitude of the leading soliton in ISW Packet A was decreased
by 2.80%, 7.47%, 3.21% and 6.42% in experiments Ei (i=10, 11, 12,
13) respectively. The density differences across the pycnocline
and the vertical depth of westward shoaling pycnocline are the
two most important factors affecting the characteristics and ener-
getics of ISWs.
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