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ABSTRACT: Previous studies have demonstrated that the internal tides (ITs) near the Luzon Strait (LS) are significantly
modulated by the Kuroshio Current (KC). However, the modulation, particularly the contributions of the KC’s velocity
and stratification to the modulation, remains incompletely understood. Based on the interaction theory between subtidal
motions and ITs, and 9-month numerical simulation results, this study investigates the KC’s modulation on the M2 IT ener-
getics at the LS, with a focus on quantifying the contributions of the KC’s velocity and stratification to the modulation. The
KC directly modulates the IT energy budget through buoyancy production, shear production, and advection. Among
them, the buoyancy production, associated with the KC’s stratification, dominates over the shear production and advection,
which are related to the KC’s velocity. Furthermore, the KC influences the tidal conversion and energy flux of ITs by
changing the pressure perturbation as well as barotropic and baroclinic tidal currents through nonlinear interaction with
ITs. Sensitivity analysis indicates that the bottom pressure perturbation plays a more important role in the tidal conversion,
whereas the baroclinic tidal currents are more crucial in the energy flux. Further analysis shows that the contributions of
KC’s velocity and stratification to the buoyancy and pressure perturbation are generally comparable. Moreover, the KC’s
velocity plays a more important role than the stratification in determining the phase speed of ITs, which leads to different
energy flux patterns under different KC paths.
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1. Introduction

Internal tides (ITs) are internal waves with tidal frequen-
cies, which are generated by barotropic tidal currents flowing
over rough topographies in the stratified ocean. Hence, ITs
are significant near the midocean ridges, continental slopes
and shelves, as well as some small-scale topographies in the
global ocean (Simmons et al. 2004; Niwa and Hibiya 2011,
2014; Müller et al. 2012; Müller 2013; Zhao 2019, 2024). As
an important intermediate step in the ocean energy cascade,
ITs play a crucial role in dissipating surface tidal energy and
enhancing turbulent mixing in the ocean interior, which fi-
nally contributes to the maintenance of abyssal stratification
(Munk and Wunsch 1998; Rudnick et al. 2003; Carter et al.
2012). Therefore, investigating the generation, propagation,
and dissipation of ITs is of great importance.

The subtidal motions in the ocean, such as the large-scale
circulation and mesoscale eddies, are found to modulate the
tidal conversion, energy flux, and incoherence of ITs. Based
on moored observations, Löb et al. (2020) showed that the
passing of two eddies caused a pronounced damping of in situ
energy flux of ITs to the south of the Azores in the Atlantic
Ocean. Through analyzing 24-yr satellite altimetry sea surface
height data, Zhao and Qiu (2023) studied the seasonal varia-
tion of the M2 ITs radiated from the Luzon Strait (LS) and
indicated that the seasonal seesaw of IT characteristics here
is mainly determined by the Kuroshio Current (KC) and
ocean stratification. These observational studies provide direct

evidence for the modulation of ITs by large-scale circulation
and mesoscale eddies, which is further demonstrated by nu-
merical studies. By using a three-dimensional model with ideal-
ized settings, Jan et al. (2012) pointed out that the KC
enhances (weakens) the energy flux of semidiurnal (diurnal)
ITs radiated to the South China Sea. Based on a 1-yr numer-
ical simulation of the M2 ITs and subtidal circulation in the
Philippine Sea, Kerry et al. (2014a) showed that the subtidal
circulation (especially the KC) significantly modulates the gen-
eration and propagation of the M2 ITs, of which the tidal con-
version at the LS varies from 13 to 20 GW and the energy
fluxes radiated from the LS exhibit temporal and spatial varia-
tions. At the same time, the IT-induced turbulent mixing and
incoherence of ITs are also influenced by the subtidal circula-
tion (Kerry et al. 2014b, 2016). Xu et al. (2021) and Cao et al.
(2022) further pointed out that when the KC takes different
paths, its effects on the energetics and incoherence of ITs
at the LS are different. Buijsman et al. (2017) studied the in-
coherence of semidiurnal ITs in the equatorial Pacific Ocean
and revealed that the temporal variability of vertically sheared
background flow associated with jets and tropical instability
waves is an important cause. Moreover, Dunphy and Lamb
(2014) found that when mode-1 ITs pass through a barotropic
eddy, hot and cold spots of energy fluxes are produced in
beam-like patterns. Guo et al. (2023) showed that along the
main propagation path of the M2 ITs in the South China Sea,
the anticyclonic eddy and cyclonic eddy cause northward and
southward refractions of the M2 ITs, respectively.

The modulation of ITs by these subtidal motions is attrib-
uted to the low-frequency currents and stratification associatedCorresponding author: Anzhou Cao, caoanzhou@zju.edu.cn
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with them (e.g., Kerry et al. 2014a; Kelly and Lermusiaux 2016;
Buijsman et al. 2017; Xu et al. 2021; Cao et al. 2022, 2023; Guo
et al. 2023). First, ocean stratification is an important factor in
the generation of ITs (e.g., Bell 1975; Smith and Young 2003).
When subtidal motions appear at the generation site of ITs,
they can change the local stratification and hence the local tidal
conversion. For example, the shelfbreak front in the Middle
Atlantic Bight region with horizontally variable stratification de-
creases the local IT generation by 10% (Kelly and Lermusiaux
2016). Second, through the interaction between ITs and subtidal
motions, the pressure perturbation and barotropic tidal currents
are changed, which also influence the local tidal conversion
(Kerry et al. 2014a; Cao et al. 2023). Third, according to the
Taylor–Goldstein equation, both the low-frequency currents
and stratification associated with subtidal motions can modu-
late the eigenspeed of ITs, which would further influence the
propagation of ITs, causing scattering, refraction, and inco-
herence of ITs (Kelly and Lermusiaux 2016; Buijsman et al.
2017; Duda et al. 2018; Savage et al. 2020; Cao et al. 2022;
Guo et al. 2023).

The LS, composed of two meridional ridges, is a typical
generation site of ITs in the global ocean (e.g., Alford et al.
2011, 2015). Near the LS, the KC, one of the most intense
western boundary currents in the global ocean, can take
three different paths (Nan et al. 2011): The looping KC enters
the South China Sea in the middle and outflows in the north-
ern part of the LS, causing an anticyclonic current loop; the
leaking KC bends anticyclonically in the LS with a portion
leaking into the South China Sea; and the leaping KC flows
across the LS and continues northward along the east coast of
Taiwan Island, which intrudes the least into the South China
Sea among the three paths. Previous studies have demonstrated
that the KC has considerable impacts on the ITs at the LS (e.g.,
Kerry et al. 2014a,b, 2016; Xu et al. 2021; Cao et al. 2022). How-
ever, the modulation of the KC on the IT energetics at the LS,
especially the contributions of the KC’s velocity and stratifica-
tion to the modulation, is not fully understood (Zhao and Qiu
2023). Therefore, a three-dimensional numerical model is devel-
oped in this study to simultaneously simulate the M2 ITs and the
KC near the LS. Based on the interaction theory between subti-
dal motions and ITs and numerical simulation results, the contri-
butions of KC’s velocity and stratification to the modulation are
evaluated. The remainder of the paper is organized as follows.
The interaction theory between subtidal motions and ITs is
introduced in section 2. The model configurations and data
analysis methods are displayed in section 3. The main results
are shown in section 4. Finally, a discussion and a summary com-
plete the paper in section 5.

2. Theory frameworks

The governing equations for the inviscid motion in the
ocean are

­u

­t
1 (u ? =)u 1 f k̂ 3 u 52

1
r
=p 1 bk̂; (1)

­b
­t

1 u ? =b 5 0, (2)

= ? u 5 0, (3)

where u 5 (u, y , w) is the velocity vector, t is the time,
= 5 (­/­x, ­/­y, ­/­z) is the gradient operator, f is the Coriolis
frequency, k̂ is the unit vector in the vertical direction, r is the
density, p is the pressure, and

b 52g(r 2 r0)/r0 (4)

is the buoyancy, where g is the gravitational acceleration and
r0 is the reference density. Assuming that there simultaneously
exist subtidal motions and ITs in the system, the density can be
expressed as

r(x, y, z, t) 5 r0 1 r(x, y, z, t) 1 r′(x, y, z, t), (5)

where r and r′ are the density perturbations associated with
subtidal motions and ITs, respectively. According to the hy-
drostatic approximation

­p/­z 52rg, (6)

the pressure becomes

p(x, y, z, t) 5 p0(z) 1 p(x, y, z, t) 1 p′(x, y, z, t): (7)

The velocity and buoyancy can be also divided into two
parts:

u(x, y, z, t) 5 u(x, y, z, t) 1 u′(x, y, z, t), (8)

b(x, y, z, t) 5 b(x, y, z, t) 1 b′(x, y, z, t), (9)

corresponding to the subtidal motions (denoted by the overbar)
and ITs (denoted by the prime), respectively. Introducing
Eqs. (5)–(9) into Eqs. (1)–(3), one can get the equations for the
subtidal motions and ITs, respectively (Kelly and Lermusiaux
2016).

As the focus of this study is the modulation of ITs by the
KC, we only focus on the equations for ITs under the Boussi-
nesq approximation, which are

­u′

­t
1 (u ? =)u′ 1 (u′ ? =)u 1 f k̂ 3 u′ 52

1
r0

=p′ 1 b′k̂; (10)

­b′

­t
1 u ? =b′ 1 u′ ? =b 5 0, (11)

= ? u′ 5 0: (12)

Note that the slowly varying buoyancy frequency is N5�������
­b/­z

√
. Multiplying Eq. (10) by r0u′ and Eq. (11) by r0b′/N2,

neglecting the terms that involve the derivative ofN (Hazewinkel
and Winters 2011; Kelly and Lermusiaux 2016; Wang et al.
2021), summing them up, and integrating in the vertical direc-
tion, we get the IT energy equation:

­E
­t

52=H ?F 1 A 1 PS 1 PB, (13)

where

E 5

�0

2h

1
2
r0 u′2 1 y ′2 1 w′2 1

b′2

N2

( )
dz, (14)
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F 5

�0

2h
p′u′Hdz, (15)

A 5

�0

2h
2 r0= ? (uE)dz

5

�0

2h
2 r0 u′ ? (u ? =)u′ 1 b′

N2 (u ? =b′)
[ ]

dz, (16)

PS 5

�0

2h
2 r0u

′ ? (u′ ? =)udz, (17)

PB 5

�0

2h
2 r0

b′

N2 (u′ ? =b)dz, (18)

in which h is the water depth and the subscript H denotes the
horizontal component. Note that the continuity equations for
both the subtidal motions and ITs (=?u 5 0 and = ? u′ 5 0)
have been used in the above derivation. In Eq. (13), E is the
total IT energy containing both kinetic energy and available
potential energy, F is the IT energy flux, A is the IT energy
advection caused by the subtidal motions, and PS and PB are
the IT energy production terms related to the shear and strati-
fication of the subtidal motions (Kelly and Lermusiaux 2016),
which are named as shear production and buoyancy produc-
tion, respectively.

Equation (13) is not the complete form of IT energy bud-
get, as the generation and dissipation of ITs are not consid-
ered in Eqs. (10)–(12). Therefore, the complete form of IT
energy budget contains two more terms, i.e., the tidal conver-
sion C and dissipationD, as shown in Eq. (19):

­E
­t

5 C 2 =H ?F 1 A 1 PS 1 PB 2 D: (19)

The tidal conversion is calculated as

C(x, y, t) 5 p′(x, y,2 h, t)wbt(x, y,2 h, t), (20)

where

wbt(x, y,2 h, t) 52ubt(x, y, t)­h(x, y)
­x

2 ybt(x, y, t)­h(x, y)
­y

,

(21)

in which ubt, ybt, and wbt are the horizontal and vertical com-
ponents of barotropic tidal currents. According to previous
studies (e.g., Kerry et al. 2014a; Xu et al. 2021; Cao et al.
2023), the dissipation is calculated as the residual of other
terms in Eq. (19).

3. Data and methods

a. Model configurations

The Regional Ocean Modeling System (ROMS) under the
framework of the Coastal and Regional Ocean Community
(CROCO) model (version 1.0; https://www.croco-ocean.org/
download/) is adopted to simultaneously simulate the M2 ITs and
the KC near the LS (Fig. 1) from 1 July 2010 to 30 April 2011.

The simulated domain (115.58–126.58E and 15.58–24.58N), hori-
zontal resolution (1/208), sigma layer (30 layers in the vertical
direction), and sponge layer (0.58 at four open boundaries) set-
tings as well as the parameterization schemes are the same as
Cao et al. (2023). The Oregon State University TOPEX/Posei-
don Global Inverse Solution tidal model 7 (TPXO7; Egbert
and Erofeeva 2002) provides the barotropic tidal forcing for
the M2 constituent. The Hybrid Coordinate Ocean Model
(HYCOM) reanalysis data provide the initial and boundary
conditions (https://tds.hycom.org/thredds/catalogs/GLBv0.08/expt_
53.X.html). The surface forcing is obtained from the Climate
Forecast System Reanalysis data (https://tds.hycom.org/thredds/
catalog/datasets/force/ncep_cfsr/netcdf/catalog.html; https://tds.
hycom.org/thredds/catalog/datasets/force/ncep_cfsv2/netcdf/
catalog.html). The simulated results are output every 1 h.

b. Data analysis methods

To ensure that the simulated KC and ITs are sufficiently
developed, the simulated results in July 2010 are discarded. In
other words, the 9-month (from August 2010 to April 2011)
simulation results are used for the following analysis. Thereaf-
ter, low-pass filtering with a cutoff frequency of 0.5 cpd is con-
ducted to extract the density and velocity (r and u) associated
with the KC (Cao et al. 2022). The monthly mean simulated
surface currents are compared with the corresponding satel-
lite-observed surface geostrophic currents to validate the rea-
sonability of simulation and determine the detailed path of
the KC (Fig. 1), which will be shown in section 4a. The density
and velocity (r′ and u′) associated with the M2 ITs are ex-
tracted through bandpass filtering with a cutoff frequency of
[1.73, 2.13] cpd (e.g., Zhao et al. 2010; Cao et al. 2025). To im-
prove the computing efficiency, the filtering is performed with
a 50-day sliding window. To avoid the endpoint effect of the
filtering, the first and last 10-day filtered results in each 50-day
sliding window are discarded. Therefore, we obtain the filtered

FIG. 1. The study domain as well as the simulated KC and ITs.
The shading indicates the sea surface height induced by the M2 ITs
(m). The colored curves denote the major axes of the KC in differ-
ent months. The gray solid and dashed curves represent the 1000-
and 3000-m isobaths. The dashed blue box indicates the LS. The
black pluses denote the mooring locations in Cao et al. (2017).
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results of the KC and M2 ITs from 11 August 2010 to 20 April
2011 for further analysis. Using r and r′, the buoyancy (b and
b′) and pressure (p and p′) terms are calculated via Eqs. (4)
and (6). Finally, all the terms in the IT energy budget [Eq. (19)]
are computed, and the contributions of KC’s velocity and strat-
ification to the modulation of ITs are evaluated. Moreover,
harmonic analysis (Pawlowicz et al. 2002) is conducted for the
9-month velocities at the six moorings (Fig. 1) to validate the
reasonability of simulated ITs through a comparison with ob-
servations, which will be shown in section 4a.

4. Results

a. Validation of simulated results

The simulated results are validated before investigating the
modulation of the M2 ITs by the KC. Figure 2 shows the
monthly mean simulated surface currents, and Fig. 3 displays
the monthly mean satellite-observed surface geostrophic currents
obtained from the Copernicus Marine Data (https://data.marine.
copernicus.eu/product/SEALEVEL_GLO_PHY_CLIMATE_
L4_MY_008_057/services). Overall, the simulated KC demon-
strates a general consistency with the observed KC in most
months. Specifically, the model successfully reproduces the

characteristic path of the KC: a leaping path in August–October
2010 and February 2011, a looping path in November 2010 and
March–April 2011, and a leaking path in January 2011. How-
ever, some discrepancies are noted, particularly in December
2010 when the simulated KC exhibited a complicated pattern
that differs from an obvious looping path observed by the sat-
ellite. This deviation can be attributed to the absence of data as-
similation in the numerical simulation, which inherently limits
the model’s ability to fully replicate observed conditions (Kerry
et al. 2014a). Consequently, we refrain from assigning a specific
path for the simulated KC in December 2010 in the subsequent
analysis. Nevertheless, given the overall agreement between the
simulated and observed KC paths in most months, we believe
that the simulation results provide a reasonable representation
of the KC.

The accuracy of simulated M2 ITs is validated through a
comparison with in situ observations collected at six moorings
near the LS (Fig. 1; Cao et al. 2017). As illustrated in Fig. 4,
the model demonstrates remarkable consistency with the ob-
servations, particularly in reproducing the vertical structure of
the M2 ITs. Quantitative analysis reveals that the depth-averaged
mean absolute errors of the amplitude of the M2 zonal veloc-
ity at the six moorings are 0.038, 0.023, 0.025, 0.012, 0.024, and
0.038 m s21, respectively, all falling within a low error range.

FIG. 2. Monthly mean simulated surface currents (magnitude: shading; direction: quivers). The black curves denote the major axes of the
KC in different months.
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Moreover, the simulated sea surface height induced by the M2

ITs (Fig. 1) shares a similar pattern as that obtained from long-
term satellite observations (Zhao 2019). These validation results
strongly support the reliability and accuracy of the simulated M2

ITs in this study.

b. Influence of the KC on the IT energy budget

As the aim of this study is to investigate the modulation of
the KC on the M2 ITs at the LS (Fig. 1), attention is first paid

to the IT energy budget [Eq. (19)]. Figure 5 shows the monthly
values of all the terms in the IT energy budget. Due to the fact
that the tidal conversion, which represents the energy transfer
from barotropic tides to ITs, serves as the major source term in
Eq. (19), it is undoubtedly the dominant component in the IT
energy budget. In our simulation, the monthly tidal conversion
ranges from 19.5 to 21.8 GW (Fig. 5a). This value is a little
larger than that estimated by Kerry et al. (2014a) but remains
reasonable because a higher resolution is used in the CROCO

FIG. 3. Monthly mean satellite-observed surface geostrophic currents (magnitude: shading; direction: quivers).

FIG. 4. Comparison of the amplitude of the M2 zonal velocity between simulation (red) and observation (blue) at the six moorings.
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and bandpass filtering is adopted to extract the M2 IT signals in
this study. The M2 ITs generated at the LS mainly propagate
westward into the South China Sea and eastward into the Phil-
ippine Sea, resulting in remarkable values of energy flux diver-
gence near the LS (Fig. 5b), which are approximately one-half
of the tidal conversion. Compared to the tidal conversion and
energy flux divergence, the buoyancy production, shear pro-
duction, and advection related to the KC are one order of mag-
nitude smaller (Figs. 5d–f), and the derivative of energy with
respect to time is close to 0 (Fig. 5g), which can be neglected
(Kelly and Lermusiaux 2016). Hence, the IT energy budget is
mainly balanced by the tidal conversion, energy flux diver-
gence, and local dissipation (Fig. 5c), even under the influence
of the KC. The monthly local dissipation efficiency (q 5 D/C)
at the LS ranges from 0.49 to 0.54, which is comparable to
those reported in previous studies (e.g., Xu et al. 2021; Cao
et al. 2023).

We then focus on the buoyancy production, shear produc-
tion, and advection, which are related to the KC’s velocity
and stratification [Eqs. (16)–(18)]. It is important to note that
the buoyancy production is directly related to the KC’s strati-
fication b. Both the sustained inflow (caused by the persistent
intrusion and maintaining a locally stratified water column)
and enhanced buoyancy gradient (caused by the local steep-
ening of isopycnals) of the KC can influence the buoyancy
production because the former influences N2 and the latter

changes =b. In contrast, the shear production and advection
are mainly related to the KC’s velocity u. Overall, the buoy-
ancy production remains positive in the 9 months (Fig. 5d),
whereas the shear production and advection are negative
(Figs. 5e,f). According to Eq. (19), a positive (negative)
value at the right-hand side indicates an increasing (decreasing)
trend of the IT energy. Consequently, the buoyancy production
has the potential to enhance the IT energy, whereas the shear
production and advection tend to reduce it. On the other hand,
the magnitude of buoyancy production exceeds that of both
shear production and advection, as well as their combined to-
tal, regardless of the path taken by the KC. In the 9 months,
the values of A 1 PS 1 PB vary from 0.42 to 0.90 GW (Fig. 6).
This result suggests that the buoyancy production dominates
over the shear production and advection in the IT energy bud-
get. Moreover, it is found that the values of A 1 PS 1 PB un-
der the looping and leaking KC are generally larger than those
under the leaping KC, confirming again that the KC exerts
path-dependent modulation on the M2 IT energetics near the
LS. We speculate that the smaller values ofA1 PS 1 PB under
the leaping KC is related to its least intrusion into the South
China Sea.

c. Influences of the KC on the tidal conversion

In addition to directly influence the IT energy budget
through buoyancy production, shear production, and advection,

FIG. 5. Monthly averaged (a) tidal conversion, (b) energy flux divergence, (c) dissipation,
(d) buoyancy production, (e) shear production, (f) advection, and (g) partial derivative of energy
of the M2 ITs integrated at the LS from August 2010 to April 2011. The standard deviation of
25-h segment (nearly two M2 periods) is shown as black error bar. The corresponding path of
the KC is labeled at the top of the figure.
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the KC can also modulate the tidal conversion and energy flux
of ITs. First, the KC’s velocity u and stratification b can modu-
late the buoyancy of the M2 ITs [Eq. (11)], which further influ-
ences the pressure perturbation of the M2 ITs, because

­p′

­z
5 r0b

′, (22)

according to Eqs. (4)–(7). Second, the KC’s velocity u can
affect the baroclinic tidal currents according to Eq. (10) and
barotropic tidal currents according to

­ubtH
­t

1 (uH ? =H)ubtH 1 (ubtH ? =H)uH 1 f k̂ 3 ubtH 52g=Hh:

(23)

In other words, the KC’s velocity can modulate the tidal
conversion (energy flux) through both the pressure perturbation
and barotropic (baroclinic) tidal currents, whereas the KC’s
stratification can affect the pressure perturbation [Eqs. (15) and
(20)].

We then estimate the sensitivities of tidal conversion fol-
lowing Kerry et al. (2014a) and Cao et al. (2023). According
to Eq. (20), the tidal period-averaged conversion rate can be
written as

C(x, y) 5 1
2
P(x, y,2 h)W(x, y,2 h)cos[uP(x, y,2 h)

2 uW(x, y,2 h)], (24)

where P, W, uP, and uW are the amplitudes and phases of bot-
tom pressure perturbation and vertical barotropic velocity, re-
spectively. Therefore, it is easy to obtain the sensitivities of
conversion rate with respect to P,W, and Du 5 uP 2 uW:

DCP 5
­C
­P

sP 5
1
2
W cosDusP, (25)

DCW 5
­C
­W

sW 5
1
2
P cosDusW , (26)

DCu 5
­C
­Du

sDu 52
1
2
PW sinDusDu, (27)

where sP, sW, and sDu are the standard deviations of P, W,
and Du, respectively. In this study, we conduct harmonic
analysis for each 25-h segment to obtain P, W, and Du and
thereafter calculate their time-averaged values and standard
deviations sP, sW, and sDu (Fig. 7). As shown, the spatial pat-
terns of P, Du, sP, and sDu are generally consistent with those
in Kerry et al. (2014a), but the detailed values of them slightly
differ due to the different model settings.

Figure 8 shows the time series and spatial patterns of tidal
conversion sensitivities DCP, DCW, and DCu. It is clearly
shown that DCP dominates over DCW for the whole simula-
tion, with the former 2–3 times larger than the latter, sug-
gesting that the bottom pressure perturbation plays a more
important role than the bottom vertical barotropic velocity
in the tidal conversion. The DCu exhibits a value intermediate
between DCP and DCW, suggesting that the phase difference
between bottom pressure perturbation and vertical barotropic
velocity is also an important factor for the tidal conversion at
the LS. It should be noted that the value of DCP in this study
is comparable to that estimated by Kerry et al. (2014a), whereas
the value of DCu is smaller than that in Kerry et al. (2014a).
We speculate that the cause for such difference is related to
the different simulation domain between this study and
Kerry et al. (2014a). In Kerry et al. (2014a), the simulation
domain contained the Mariana Island Arc, and the M2 ITs at
the LS are affected by those radiated from the Mariana
Island Arc (Kerry et al. 2013). As demonstrated by Kelly
and Nash (2010), the remotely generated shoaling ITs can
change the local pressure perturbation and modulate the
tidal conversion.

We further examine the contributions of KC’s velocity and
stratification to the pressure perturbation of ITs by calculating
the nonlinear terms in Eq. (11), i.e., u­b′/­x, y­b′/­y, w­b′/­z,
u′­b/­x, y ′­b/­y, and w′­b/­z, according to the relation between

FIG. 6. Monthly averaged value of A 1 PS 1 PB. The standard deviation of 25-h segment
(nearly two M2 periods) is shown as black error bar. The corresponding path of the KC is labeled
at the top of the figure.
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pressure perturbation and buoyancy of ITs [Eq. (22)]. Note that
since b(x, y, z, t) is derived from r(x, y, z, t) which is obtained
through low-pass filtering (section 3a), it incorporates the
contribution of oceanic background stratification that is in-
dependent of the KC. Hence, when calculating w′­b/­z, the
contribution of oceanic background stratification is removed
by subtracting the 9-month-averaged b(z)5 b(x, y, z, t) from
b(x, y, z, t). As shown in Figs. 9 and 10a, with the contribu-
tion of oceanic background stratification, w′­b/­z is at least
one order of magnitude larger than the other five nonlinear
terms in Eq. (11), whereas removing the contribution of oce-
anic background stratification, w′­b/­z is on the same level
as u­b′/­x and y­b′/­y but still larger than the other three
nonlinear terms. Consequently, the values of u ?=b′ and
u′ ?=b are comparable (Fig. 10b) in the 9 months. This result
suggests that the contributions of KC’s velocity and stratifi-
cation to the buoyancy and hence pressure perturbation of
ITs are generally comparable. At the same time, u ?=b′ and
u′ ?=b do not show a significant correlation with the KC
path. Moreover, larger values of u­b′/­x, y­b′/­y, and w′­b/­z
mainly appear on the east ridge and north part of the west
ridge of the LS (Fig. 10), indicating that the interaction be-
tween the KC and ITs mainly occurs here.

d. Influences of the KC on the energy flux

Similar to the tidal conversion, the sensitivities of energy
flux are analyzed. According to Eq. (15), the tidal-period-
averaged energy flux can be written as

Fx(x, y) 5
�0

2h

1
2
P(x, y, z)U(x, y, z)cos[uP(x, y, z)

2 uU(x, y, z)]dz, (28)

Fy(x, y) 5
�0

2h

1
2
P(x, y, z)V(x, y, z)cos[uP(x, y, z)

2 uV(x, y, z)]dz, (29)

where U, V, uU, and uV are the amplitudes and phases of
zonal and meridional baroclinic tidal currents, respectively.
Given that the M2 ITs generated at the LS primarily propa-
gate westward into the South China Sea and eastward into
the Philippine Sea, we mainly focus on the sensitivities of
zonal energy flux along the east and west boundaries of the
LS. The sensitivities of zonal energy flux to pressure pertur-
bation, zonal baroclinic tidal currents, and their phase differ-
ence are

FIG. 7. Spatial distributions of time-averaged (a) P (Pa), (c) W (m s21), and (e) Du (8) as well as their standard deviations (b) sP

(Pa), (d) sW (m s21), and (f) sDu (8). Note that only the results at grids where the local tidal conversion rate exceeds 0.2 W m22 are
shown.
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DFx
P 5

­Fx

­P
sP 5

�0

2h

1
2
U cosDu2sPdz, (30)

DFx
U 5

­Fx

­U
sU 5

�0

2h

1
2
P cosDu2sUdz, (31)

DFx
u 5

­Fx

­Du2
sDu2

52

�0

2h

1
2
PU sinDu2sDu2

dz, (32)

where Du2 5 uP 2 uU and sU and sDu2
are the standard devia-

tions of U and Du2, respectively. Figure 11 shows the zonal en-
ergy flux sensitivities DFx

P, DF
x
U , and DFx

u integrated along the
west and east boundaries of the LS. Since Fx has different
signs at the two boundaries, DFx

P, DF
x
U , and DFx

u also exhibit
different signs. Therefore, their magnitude is shown in Fig. 11
for comparison. As shown, along both boundaries of the LS,
DFx

U dominates over DFx
P at most of the time, suggesting that

the zonal baroclinic tidal currents play a more important role
than the pressure perturbation in the M2 energy flux radiated
westward and eastward from the LS. The DFx

u is also smaller
than DFx

U , but it is sometimes larger than DFx
P. Moreover, it is

found that both DFx
U and DFx

P along the west boundary of the
LS (Fig. 11a) are larger than those along the east boundary
(Fig. 11b). This result suggests that the westward energy flux

radiated from the LS into the South China Sea is more vari-
able than the eastward energy flux into the Philippine Sea un-
der the influence of the KC.

The KC also modulates the M2 energy flux pattern, which is
path dependent. Figures 12a and 12b show the M2 energy
fluxes in September 2010 (leaping KC) and March 2011 (loop-
ing KC) as examples. In the 2 months, the M2 energy fluxes
exhibit apparently different patterns, especially in the South
China Sea. Under the influence of the leaping KC, intense M2

energy flux mainly appears at the middle of the LS and propa-
gates westward, and the northwestward M2 energy flux at the
north part of the LS is a little weaker (Fig. 12a). However, un-
der the looping KC, the northwestward M2 energy flux radi-
ated from the north part of the LS is significantly enhanced,
which is stronger than the westward M2 energy flux radiated
from the middle of the LS (Fig. 12b). Moreover, the M2 en-
ergy flux radiated from the north part of the LS refracts more
northward under the looping KC than under the leaping KC.
In contrast, the M2 energy flux patterns in the Philippine Sea
are similar under the different KC paths.

The different M2 energy flux patterns in the South China
Sea induced by the leaping and looping KC can be generally
reproduced by the ray-tracing model developed by Duda et al.
(2018), of which the results are indicated by black curves in

FIG. 8. (a) Domain-integrated tidal conversion sensitivities to the bottom pressure perturbation (DCP; blue), vertical
barotropic velocity (DCW; red), and their phase difference (2DCu; green) at the LS. Spatial patterns of tidal conver-
sion sensitivities (b) DCP, (c) DCW, and (d)2DCu (Wm22).
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Figs. 12c and 12d. Because the initial locations and settings
of these rays are the same in the two months, the different
tracks of these rays are caused by the different phase speeds
(Figs. 12c,d). According to the Taylor–Goldstein equation,

d2W̃
dz2

1
N2

(Ũ 2 c)2 2 |k|2 2 1

Ũ 2 c

d2Ũ
dz2

[ ]
W̃ 5 0, (33)

and the relationship between phase speed and eigenspeed

cp 5
v�����������

v2 2 f 2
√ c, (34)

where W̃ is the vertical velocity eigenfunction, c is the eigen-
speed, N is the buoyancy frequency, Ũ is the background cur-
rents, k is the horizontal wavenumber, cp is the phase speed,
v is the M2 IT frequency, and f is the local Coriolis frequency;
both the KC’s velocity Ũ and stratification N can modulate
the M2 IT phase speed. Further analysis indicates that the

FIG. 9. (a)–(g) Time–depth-averaged values of the six nonlinear terms in Eq. (11). Note that the color bar range of (f) is different from
the others. The gray curves denote the 1000-, 2000-, and 3000-m isobaths. The values shown in (g) are the same as those in (f) but remove
the contribution of oceanic background stratification.

FIG. 10. Domain–time–depth-averaged magnitude of (a) the six nonlinear terms and (b) u ?=b′
and u′ ?=b in Eq. (11) for each month. Note that the contribution of oceanic background stratifica-
tion has been removed for the results shown in (b).

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 561168

Authenticated guo.xinyu.mz@ehime-u.ac.jp | Downloaded 04/16/26 12:48 AM UTC



KC’s velocity plays a more important role than the stratifica-
tion in determining the M2 IT phase speed (not shown), which
is consistent with previous studies (Buijsman et al. 2017; Xu
et al. 2021; Cao et al. 2022).

5. Discussion and summary

Based on the interaction theory between subtidal motions
and ITs as well as 9-month numerical simulation results, this
study investigates the modulation of the KC on the M2 IT

FIG. 11. Sensitivities of zonal energy flux to the pressure perturbation (DFx
P; blue), zonal baro-

clinic tidal currents (DFx
U ; red), and their phase difference (2DFx

u ; green) integrated along the
(a) west and (b) east boundaries of the LS.

FIG. 12. The M2 energy flux (magnitude: shading; kW m21; direction: black quivers) averaged in (a) September
2010 and (b) March 2011. The M2 phase speeds (shading; m s21) in (c) September 2010 and (d) March 2011. The
black curves denote the ray-tracing results based on the model developed by Duda et al. (2018).
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energetics at the LS and evaluates the contributions of the
KC’s velocity and stratification to the modulation.

First, in addition to the tidal conversion, the KC’s stratifica-
tion dominates the energy source terms in the IT energy bud-
get and fuels the generation of the M2 ITs. Actually, the KC
can directly modulate the IT energy budget through buoyancy
production, shear production, and advection. Among them,
buoyancy production is associated with the KC’s stratification,
while shear production and advection are related to the KC’s
velocity. The result indicates that the magnitude of buoyancy
production exceeds that of both shear production and advection
individually, as well as their combined total, regardless of the
path taken by the KC. Furthermore, the sum of buoyancy pro-
duction, shear production, and advection is positive, demonstrat-
ing that the KC tends to enhance the M2 IT energy at the LS.

Second, the KC’s velocity dominates the variabilities of
phase speed and energy flux, thus determining the scattering of
the M2 ITs. Solutions of the Taylor–Goldstein equation indi-
cate that the KC’s velocity plays a more important role than
the stratification in determining the eigenspeed and hence the
phase speed of the M2 ITs, which is consistent with previous
studies (Buijsman et al. 2017; Xu et al. 2021; Cao et al. 2022).
In other words, the KC’s velocity contributes more than the
stratification to modulating the propagation of the M2 ITs.
Consequently, the energy flux of the M2 ITs exhibits significant
variabilities, in response to different KC paths. Moreover, sensi-
tivity analysis indicates that the baroclinic tidal currents play a
more important role than the pressure perturbation in deter-
mining the M2 IT energy flux, which is modulated by the KC’s
velocity.

We also examined the sensitivity of the M2 tidal conversion
at the LS and found that the bottom pressure perturbation
plays a dominant role. This finding is different from Kerry
et al. (2014a) who showed that the phase difference between
bottom pressure perturbation and vertical barotropic velocity
is more important than the bottom pressure perturbation in
the tidal conversion variability. Through a comprehensive

comparison between this study and Kerry et al. (2014a), we
speculate that this difference is related to the different simula-
tion domain. In Kerry et al. (2014a), the simulation domain
contained the Mariana Island Arc, and the M2 ITs at the LS
are affected by those radiated from the Mariana Island Arc
(Kerry et al. 2013). As demonstrated by Kelly and Nash (2010),
the remotely generated shoaling ITs can change the local pres-
sure perturbation and modulate the tidal conversion. Kerry et al.
(2014a) also mentioned that considering the ITs radiated from
the Mariana Island Arc, the M2 tidal conversion variability at
the LS became 1.3 times larger.

Results of this study also show that under the influence of
the KC, the magnitude and spatial pattern of the M2 energy
flux radiating from the LS into the South China Sea exhibit
greater variability than those of the M2 energy flux into the
Philippine Sea (Figs. 11 and 12). This explains, to some extent,
the larger incoherence of semidiurnal ITs in the South China
Sea compared to the Philippine Sea (Kerry et al. 2016; Cao
et al. 2017, 2022). Our analysis further reveals that the KC’s
velocity contributes more than its stratification to the variability
of both magnitude and spatial pattern of the M2 energy flux.
This is also consistent with the findings of Buijsman et al.
(2017) and Cao et al. (2022) that the subtidal motion’s velocity
plays a more important role than its stratification in causing IT
incoherence. In other words, a relationship exists between the
subtidal motion’s velocity and IT incoherence. Establishing this
relationship would advance our understanding of IT incoher-
ence and variability of IT-induced turbulent mixing, as incoher-
ent ITs have been demonstrated to have a larger proportion of
higher modes and cause stronger shear than coherent ITs (e.g.,
Liu et al. 2016; Cao et al. 2019).

Previous studies demonstrated that the generation, propa-
gation, dissipation, and incoherence of ITs near the LS are
affected by the KC, especially when it takes different paths
(e.g., Kerry et al. 2014a, 2016; Xu et al. 2021; Cao et al. 2022).
In our simulations, the averaged tidal conversion (20.61 GW)
and energy flux divergence (10.62 GW) of the M2 ITs at the

FIG. 13. Magnitude of the westward (red) and eastward (green) M2 IT energy fluxes radiated
from the LS in each month.

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 561170

Authenticated guo.xinyu.mz@ehime-u.ac.jp | Downloaded 04/16/26 12:48 AM UTC



LS under the leaping KC are greater than those (20.23 GW
for tidal conversion and 10.08 GW for energy flux divergence)
under the looping KC, which is consistent with the finding of
Xu et al. (2021). However, for specific months, the aforemen-
tioned conclusion may be invalid. For example, the M2 tidal
conversion in August 2010 (19.59 GW) when the KC took a
leaping path is smaller than that in April 2011 (21.06 GW)
when the KC took a looping path. This is because, in addition
to the KC path, there also exist other influencing factors, such
as the intensity of the KC (e.g., Jan et al. 2012) and variability
of ocean background stratification (e.g., Guo et al. 2020, 2024).

Based on the analysis of 24-yr satellite altimetry sea surface
height data, Zhao and Qiu (2023) reported the seasonal west–
east seesaw of the M2 IT energy flux at the LS. To be specific,
the westward M2 IT energy flux is stronger in summer (July–
September) and fall (October–December), whereas the east-
ward M2 IT energy flux is stronger in winter (January–March)
and spring (April–June). This seasonal seesaw phenomenon
is generally reproduced in this study (Fig. 13). Zhao and Qiu
(2023) suggested that the seasonal seesaw phenomenon is mainly
determined by the ocean stratification and the KC. However,
the correlation between the seasonal seesaw phenomenon and
the KC is not clearly illustrated by our simulations (Fig. 13).
Actually, this seasonal seesaw phenomenon is also reproduced
by Guo et al. (2020). In their model configurations, only the
horizontally homogeneous stratification in winter and summer
is used and no background currents are considered. Accord-
ing to these results, we speculate that the seasonal variability
of ocean background stratification, which results in different
interference patterns of the M2 ITs at the LS (Alford et al.
2011; Buijsman et al. 2012, 2014; Guo et al. 2020), is the major
cause of the seasonal seesaw of the M2 ITs at the LS. To fur-
ther validate this speculation, longer simulations will be con-
ducted in the future.
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