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ABSTRACT

Mesoscale eddies (MEs) are active in the northern South China Sea, yet it is hard to separate their impacts on the internal tides (ITs) from those of other subtidal
circulation. This study examines the role of an anticyclonic eddy and a cyclonic eddy in modulating the My ITs based on numerical simulations. In idealized ex-
periments, MEs that differ only in polarity are located on the main beam of the M; ITs in the northern South China Sea. Results show that the anticyclonic eddy and
cyclonic eddy cause northward and southward refractions of the My ITs, respectively, which echoes the realistic simulation. The most dramatic changes in the My IT
energy fluxes occur on the continental slope to the west of the MEs. Theoretical analysis based on the ray-tracing model and the empirical model for estimating wave
front locations reveals that the MEs cause refraction of the My ITs by changing the phase speeds. Further investigation shows that the currents related to the MEs
make a greater contribution to the IT refraction than the ME-associated stratification. These results have important implications for investigation of spatial and

temporal variations in the magnitude and direction of the My IT energy fluxes.

1. Introduction

Internal tides (ITs) are ubiquitous in the stratified ocean. As an in-
termediate step of the tides-to-turbulence cascade, ITs contribute greatly
to dissipating surface tidal energy and enhancing mixing (Rudnick et al.,
2003). ITs are generated in stratified waters by the interaction of bar-
otropic tidal currents with variable bottom topographies (Garrett and
Kunze, 2007) and could propagate thousands of kilometers away from
their generation site (Zhao, 2014). In this process, ITs inevitably interact
with other oceanic flows and processes, such as the wind-driven circu-
lations and mesoscale eddies (MEs). The modification of ITs by MEs has
been an ongoing subject of study.

MEs can impact the radiation of ITs as they are associated with
varying stratification and sheared currents. Previous oceanic observa-
tions showed direct evidence for the interaction between ITs and MEs.
Chavanne et al. (2010) found that in the Kauai Channel, Hawaii, the
cyclonic eddy caused the energy of IT rays propagating through its core
to increase near the surface (up to a factor of 15), with surfacing time
delayed by up to 5 h (~150° phase lag). Liang (2014) suggested that the
variation of baroclinic semidiurnal tides over the East Pacific Rise was
related to the eddy-induced low-frequency flows in the deep ocean,
particularly their cross-ridge components. In the Atlantic Ocean, Lob
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etal. (2020) noticed a pronounced damping of the semidiurnal IT energy
fluxes coinciding with the passing of two eddies. In the presence of a
surface-intensified eddy, the coherent part of the IT in the first two
modes was lowered. However, a subsurface eddy caused decease of IT
energy flux mainly in the second mode. Whereas, due to the temporal
and spatial limitation, it is hard to figure out the dominant mechanism
on how ME:s affect the ITs directly from observations.

For the interpretation of observational results, theoretical models are
developed by researchers. The ray tracing model of Rainville and Pinkel
(2006) could explain the refraction of ITs through a barotropic meso-
scale current field. Duda et al. (2018) improved that ray tracing model
by using extended Jones equation and considering anisotropism of wave
speed. Their results indicated that the IT rays could be strongly redir-
ected and even trapped by baroclinic currents. In addition to the ray
tracing model, other theoretical models such as “hydrostatic wave
equations” (Wagner et al., 2017) were also established for correspond-
ing investigations. However, it should be noted that approximations are
introduced in the above theoretical models. As a result, they may lead to
divergent results and still need further modification.

Apart from theoretical models, numerical models are another effec-
tive approach for exploring the IT-ME interaction. Compared with
theoretical ones, numerical models provide three-dimensional wave
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fields of ITs without neglecting several terms in the governing equations.
Based on idealized experiments, Dunphy and Lamb (2014) showed that
hot and cold spots of energy fluxes were produced in beam-like patterns
after mode-1 ITs passed through a barotropic eddy. The pass of mode-1
ITs through a mode-1 baroclinic eddy resulted in IT energy transfer to
modes two and higher. Ponte and Klein (2015) demonstrated that as ITs
propagate across a front, they lose coherence due to the interaction with
eddies generated by the unstable jet. By using realistic topography and
forcing, numerical models could also reproduce the radiation of ITs in an
eddying field for specific regions. Corresponding results revealed that
mesoscales eddies result in time-variable refraction of ITs and hence the
variation of IT energy (Zaron and Egbert, 2014; Varlamov et al., 2015;
Savage et al., 2020).

In the South China Sea (SCS), both the ITs and MEs are active. The
SCS has been identified as a site of intense ITs due to the double
meridional submarine ridges, strong stratification, and astronomical
tides at the Luzon Strait (LS). The evolution of ITs in the SCS has been
explored widely (e.g., Xu et al., 2016; Wang et al., 2021). They are
generated at the LS, propagate westward in the deep central basin, and
then shoal onto the continental slope (Alford et al., 2015). At each stage
of their evolution, ITs are susceptible to MEs that are frequent and en-
ergetic in the SCS. Altimetric observation reveals that MEs are present in
the northern SCS during 35%-60% of the time (Chen et al., 2011). The
low-frequency current related to the MEs could reach 1 m/s at the sur-
face and the temperature anomaly resulting from anticyclonic eddies
(AE) and cyclonic eddies (CE) near the main thermocline are up to 7.5 °C
and —3.0 °C, respectively (Zhang et al., 2013). Consequently, inevitable
modulation of ITs by MEs in the SCS deserves attention. Hydrographic
observations reveal the changes in propagation speed and the energy
refraction of the mode-1 semidiurnal ITs, as well as strengthened
mode-2 ITs when a pair of eddies passed the northern SCS (Huang et al.,
2018). However, because the Kuroshio is strong and takes variable
intrusive pathways within the LS (Nagai et al., 2019), its influence on the
ITs in the SCS can’t be ignored (Kerry et al., 2014; Xu et al., 2021; Cao
et al., 2022) but it is hard to be separated from the influence of MEs.
Separately investigating the influence of MEs is the motivation for our
study.

In this study, the influence of MEs on the M IT refraction in the
northern SCS is numerically investigated with specially designed real-
ized and idealized experiments. The configuration for both realized and
idealized experiments as well as the analysis methods are presented in
Section 2. In Section 3, the responses of the M5 ITs to a pair of eddies (an
AE and a CE) are first simulated in the real context where the Kuroshio
and other subtidal circulation remains. To exclude the influence of the
Kuroshio and other subtidal circulation and quantify the influence of the
MEs, a series of idealized experiments are conducted. In Section 4,
theoretical analysis is performed based on the ray-tracing model and the
empirical model for estimating wave front. The conclusions summarize
the paper in Section 5.

2. Methodology
2.1. CROCO model configurations

2.1.1. Common settings

This study employs the Coastal and Regional Ocean COmmunity
(CROCO) model (version 1.0; www.croco-ocean.org) to explore the
impacts of MEs on the M5 ITs in the northern SCS. The CROCO model is
built on the regional ocean modelling system from Institut de Recherche
pour le Developpement (ROMS_AGRIF) and, by default, solves the
primitive equations under the hydrostatic equilibrium and Boussinesq
approximation. The model performs well in different scenarios including
the ITs in the northern SCS (Marchesiello et al., 2019; Renault et al.,
2017; Guo et al., 2020a; 2020b, 2021; Cao et al., 2022). Since the hor-
izontal scale of ITs is much larger than the vertical scale in the deep
water of the northern SCS (Zhao, 2014; Xu et al., 2016), and breaking of
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ITs and other non-hydrostatic processes are not our focus, the hydro-
static approximation is valid for this study.

The domain of simulation covers the northern SCS and part of the
Western Pacific with the LS located in the center (Fig. 1). The model has
a uniform horizontal resolution of 1/20° (approximately 5 km) and 25
uneven vertical sigma layers with a higher resolution near the surface
and bottom. The topography used in the simulation is extracted from the
1-min gridded elevations/bathymetry for the world (ETOPO1) data
(NOAA National Geophysical Data Center, 2009) and has been
smoothed to minimize the horizontal pressure gradient errors. The My
tidal forcing is introduced into the model at the open boundaries with
surface elevations and barotropic currents extracted from Oregon State
University global models of ocean tides (TPXO07.2; Egbert and
&Erofeeva, 2002). A ten-cell-wide (0.5°) sponge layer is used to absorb
the baroclinic energy to avoid artificial reflection of ITs at the open
boundaries. The Large-McWilliams-Doney k-profile parameterization
mixing scheme (Large et al., 1994) is used for vertical turbulent mixing
of momentum and tracers. The Laplacian horizontal mixing of mo-
mentum is used for the subgrid-scale turbulence.

2.1.2. Realized experiments

In the realized experiment, we simultaneously simulate the M ITs
and subtidal circulation including MEs and the Kuroshio. The boundary
and initial conditions including temperature, salinity, sea surface height
and background currents from the HYbrid Coordinate Ocean Model
(HYCOM) are downloaded from the Asia-Pacific Data-Research Center
(apdrc.soest.hawaii.edu/data/data.php). The atmospheric forcing is
provided by the National Centers for Environmental Prediction Climate
Forecast System Version 2 data (https://cfs.ncep.noaa.gov/).

The simulation is integrated for 57 days, from 6 December 2013 to 31
January 2014, when an AE and a CE passed the simulation domain
successively. Detailed description of the eddy evolution can be found in
Zhang et al. (2016). The simulated results are output every 1 h. The first
10 days are excluded from analysis to ensure that the ITs are sufficiently
developed.

To validate the simulated results, the subtidal motions are extracted
with a fourth-order lowpass Butterworth filter. The cutoff frequency is
set as 0.5 cpd, which is wide enough to extract the background currents
and narrow enough to remove higher-frequency signals such as tides
(Zhang et al., 2016; Cao et al., 2022). The surface velocity averaged for
the entire simulation period is similar to the altimetry observation, and
the characteristics of the mean meridional background currents, tem-
perature, and salinity along 22°N are consistent with those of the

26°N 0
-1000
24°N
-2000
o]
22°N -3000
-4000
20°N
-5000
18°N
-6000
16°N -7000
116°E 118°E 120°E 122°E 124°E 126°E

Fig. 1. Bathymetry (shading, unit: m) in the northern SCS, with gray contours
indicating —3000, —2000, —1000, and —500 m isobaths.
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climatological mean observations in winter (Rudnick et al., 2011, Fig. 4
therein). The M, barotropic tide extracted from the model output is also
validated by comparing with the TPXO7.2. Details can be found in the
supporting information.

2.1.3. Idealized experiments

Since MEs are hard to be separated from the Kuroshio and other
subtidal circulation in the real experiments, we conduct three idealized
experiments: no-eddy experiment, AE experiment, and CE experiment.
In each experiment, the My constituent is introduced at the open
boundaries. For the no-eddy experiment, a horizontally homogenous
stratification is specified. The stratification is calculated with annual
temperature and salinity from the World Ocean Atlas 2009 (WOA09)
and averaged over the domain. In the experiments with eddies, the
domain is initialized with a single isolated eddy (Dunphy and Lamb,
2014; Xie et al., 2015). The eddy centered at (x,, y.) is prescribed by the
stream function

53

¥(r,z) =w(r)®(z) = — —UgLg sech® (L> D(z) @
64 Lg

where r = [(-x2)?+(y-yc)?1'/? is the distance away from the eddy center,

w(r) is the horizontal structure of the eddy, and ®(z) prescribes the
vertical structure. The scaling factor of —5%2/64 ensures that y/(r) yields
a peak azimuthal velocity of Ug at r = Lgtanh~1(5'2/5)~0.48Lg. The
parameter Lg is the length scale of the eddy, and the peak velocity has
dropped to below 2% at a radial distance of 2Lg. &(2) is composed of
solutions to the Sturm-Liouville problem (Michael Dunphy, 2014)

90 4 ((g fi@) ,()=0 @

subject to the boundary conditions

®,(0)=d,(—H)=0 3

where k=(k, 1) is the horizontal wave number, N is the buoyancy fre-
quency that represents the stratification,  is the frequency of the My
tide, f is the Coriolis frequency, and H is the total water depth. A nu-
merical method is used for the general N(z) prescribed in this study (Cao
et al., 2015). The initial horizontal velocities are (u, V)=(-¥y, ¥x), and
the density field is prescribed by cyclo-geostrophic and hydrostatic
balances. Based on the characteristics of the pair of eddies in the real
experiments, the eddy center (x,, y.) is set at (119°E, 21°N), |Ug| is 0.9
m/s, Lgis 1 x 10° m, and the eddy is composed of the first baroclinic
mode and a barotropic mode such that the velocity is zero at the bottom
level. Each idealized experiment is run for 15 days and the results are
stored every 1 h. Only the results of the last 5 days are used for analysis.

2.2. Analysis methods for baroclinic tidal energetics

The barotropic-to-baroclinic energy conversion rate Eppc is calcu-
lated with the pressure perturbation and the vertical barotropic velocity
at the seafloor:

Eoone (1) =p (—H, )wie(—H, 1) = p (—=H, ) [upe(—H, 1) - V(—H)] &)

where ¢t is the time, p’ is the pressure perturbation, wy; and uy are the
vertical and horizontal barotropic velocities. According to Nash et al.
(2005), p’ is calculated as

"
P (@ 1) = pant(6) + / P (3, 1)gd2 ®)

where z is the depth, 7 is water elevation at the surface, p’ is the density
perturbation, g is the acceleration due to gravity, and pgy,s is the surface
pressure, which is determined by
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The tidal-period-averaged conversion rate is obtained following
Zilberman et al. (2011):

(Evape) = 0.5P (—H) Wy (—H)cos (6, — 6,,) 7)

where P’ (Wpy) and 6, (6y) are the amplitude and phase of the pressure
perturbation (vertical barotropic velocity) at the seafloor of the My ITs,
respectively.

The depth-integrated baroclinic energy flux Fy. is calculated
following Kerry et al. (2014, 2016):

U
Fo = / P (0 (2 0)dz ®)

-H
where u’ is the horizontal baroclinic velocity obtained by
u'(z,1) =u(z, 1) — u(z) — (1) &)

where the three terms on the right-hand side are instantaneous, time-
averaged, and depth-averaged horizontal velocities, respectively.

2.3. Calculation of phase speed

We calculate the eigenspeed c, using the Taylor-Goldstein equation
as in Xu et al. (2021):

d’w N? :
Sl kP

" |(U=c,) v=r (o

where W is the eigenfunction of vertical velocity, and U is the back-
ground flow component parallel to the IT direction. Thereafter, the
phase speed ¢, can be derived from the eigenspeed following Zhao et al.
(2010).
= me,, an
(@ )

In the calculation, if U is set to be zero, ¢, would be determined by N.
In other words, we exclude the effects of background current and obtain
a solution under the sole influence of stratification. If N is set to be
horizontally homogenous, the spatial mean stratification of the northern
SCS in our case, then we obtain the solution only determined by the
background current. In the following, we use the phase speed of the first
mode to calculate the wave path, considering that most of the IT energy
is transported away by the first mode (Zhao, 2014).

2.4. Energy ray-tracing model

The ray trajectories of the My ITs are calculated following Duda et al.

(2018):
S0 {Sw)cos @t sinay ]
0=a a2
‘Z’Sx - Qs(a)%i
dd%y - Qs(a)g

where the coordinates (x, y) define the ray trajectory which has length
increment ds; the angle a = arc tan (px/py) is the direction of a vector
normal to the phase front; @ is the angle of the wave vector k; Q is the
normalization factor; and S = k/w is the slowness vector.

To examine IT propagation behavior in this study, we first calculate
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the phase-speed field using the background current and stratification
over the domain. These are obtained by averaging the 50-h CROCO
output records starting from Day 11 in each idealized experiment.
Thereafter, Equation set (12) are integrated to compute IT ray trajec-
tories with initial « (set to be 180° pointing westward in the SCS).

2.5. Empirical model for estimating wave front locations

The empirical model proposed by Jackson (2009) is used to estimate
the IT wave front positions in this study. First, the background current
and stratification are extracted by averaging the 50-h CROCO output
records starting from Day 11 in idealized experiment and the phase
speed of the My IT is calculated following Equations (10) and (11). The
next step is to determine the propagation time and propagation path for
a wave whose speed varies depending on its location along the propa-
gation path. The problem is solved using the two-dimensional eikonal
differential equation

or\*  [oT\*
(£) (5w

where T(x, y) is the travel time between an origin (xp, yo) and location
(x, y). Only the positions of the mode-1 IT are calculated for the same
reason as that in Section 2.3. The geographic origin for the waves and
other settings are the same as those in Jackson (2009).

3. Results
3.1. Realized experiment

The MEs and other subtidal motions are first extracted with a fourth-
order lowpass Butterworth filter. The eddy evolution is shown in Fig. 2.
On Day 16, an AE was centered at approximately 118.5°E, 21°N with a
peak velocity near 1 m/s. Thereafter, it moved westward. A CE appeared
at the end of December and gradually developed but the associated
currents were slightly weaker than the AE. The successful simulation of
the eddy pair enables us to explore the ITs’ energetics in respondence to
subtidal circulation.

We selected two 50-h time windows starting from Days 16 and 38,
respectively, to conduct harmonic analysis on the simulated results to
calculate the My tidal conversion rates and energy fluxes. The My con-
version integrated within the LS (120°—122.5°E, 18.5°—22°N) during

22°N
20°N

20°N

e (a) Day 16 18°N

116°E 118°E 120°E 122°E 116°E 118°E 120°E 122°E 07

22°N

20°N 20°N

116°E 118°E 120°E 122°E 116°E 118°E 120°

m

]
3

m

Fig. 2. Evolvement of the subtidal circulation during the simulation period.
The surface elevation is indicated by shadings (unit: m) and surface currents by
arrows. The magenta and cyan circles indicate locations of the AE and CE
nearest to the LS, respectively.
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the two periods is approximately 17.52 and 18.07 GW, respectively,
which lies within the range (13.01-19.95 GW) estimated by Kerry et al.
(2016).

Our focus is then put on the energy fluxes of ITs in the northern SCS
where the AE and CE appeared. The propagation of ITs changes in
respondence to the MEs (Fig. 3). The M, ITs propagated from LS to the
SCS in two beams and the north beam bifurcated to some extent upon
leaving LS and merged again after reaching 119°E. On Day 16 when an
AE was located to the west of the LS, the north beam propagated
northwestward after passing the eddy center and impinged on the con-
tinental slope at latitudes north of 21°N. However, on Day 38 when the
AE was replaced by a CE, the north beam refracted south, directing due
west along 21°N. The different patterns indicate refraction of My IT
energy by the eddies, which is consistent with observations from
moorings (Huang et al., 2018).

The changes of ITs are certainly related to the MEs. However, vari-
ation occurring at the IT generation site and before ITs encounter the
eddies can also be attributed to the Kuroshio and other background
circulation (Kerry et al., 2014; Song and Chen, 2020; Xu et al., 2021; Cao
et al., 2022). It is hard to separate and quantify their contribution in the
real context. In addition, the AE and CE also differed in positions and
strengths. To determine to what extent the polarity of MEs account for
the above changes in ITs, we conduct idealized experiments and analyze
the results in Section 3.2.

3.2. Idealized experiments

A time window of 50 h starting from Day 11 is selected to calculate
the My energy fluxes in each experiment. The start date of the time
window ensures that the IT field has well developed and its length en-
sures that the background field changes very slightly. The background
fields in the AE and CE experiments on Day 11 are shown in Fig. 4.
Compared to their initial state, both the AE and CE moved a bit west-
ward and their peak velocity showed some decrease. But the two eddies
were still quite similar except having different polarity.

The results of no-eddy experiment serve as the benchmark. The M,
tidal conversion integrated around the LS is 18.52 GW, and the energy
propagating into the SCS (5.07 GW) is a bit larger than that into the
Western Pacific (4.60 GW). The energy budgets are largely consistent
with previous studies (Kerry et al., 2013; Xu et al., 2016). Fig. 5a shows a
strong westward beam of the M ITs pointing to the Dongsha Island and
a much weaker beam propagating southwestward to the SCS basin. The
patterns are generally consistent with previous research (e.g., Kerry
et al., 2013; Xu et al., 2016; Zhao, 2020).

The My energy flux beam pointing to the Dongsha Island is stronger
than that propagating southwestward and the eddy is located just on its
path. Consequently, focus is put on its changes. Compared to the no-
eddy experiment, the changes of the My energy fluxes in the northern
and southern part of the AE are opposite: increasing in the north and
decreasing in the south (Fig. 5d). The most dramatic changes occur to
the west of the eddy on the continental slope, decreasing to 15% of its
original value or nearly doubling at some areas. However, the CE causes
the M, energy fluxes to decrease in the eddy’s northern half and near the
southern edge but to increase in the remaining area (Fig. 5e). Changes
on the continental slope are also more significant. Besides, the direction
of the energy fluxes also changes, indicating that the M ITs are refracted
to the north by the AE and to the south by the CE.

4. Analysis of radiation rays and wave fronts

In this section, we will further explore the mechanism for refraction
of the M, ITs by MEs based on propagation of energy radiating rays and
wave front. The background current and stratification used in analysis
are extracted from the corresponding idealized simulation (shown in
Fig. 4).

Fig. 6 shows the theoretical energy radiating rays for the mode-1 M,
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Fig. 3. Depth-integrated baroclinic energy fluxes (quiver) and their magnitude (shading, unit: kW/m) of the M, ITs when encountering (a) an AE and (b) a CE. The

magenta and cyan circles indicate locations of the AE and CE, respectively.
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Fig. 4. Subtidal circulation on Day 11 in the (a) AE and (b) CE experiments with the surface elevation indicated by shadings (unit: m) and surface currents by arrows.
The magenta and cyan circles indicate locations of the AE and CE, respectively.
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Fig. 5. Depth-integrated baroclinic energy fluxes (quiver) and their magnitude (shading, unit: kW/m) of the M, ITs in the (a) no-eddy, (b) AE, and (c) CE exper-
iments. The relative changes of the energy flux magnitude in the (d) AE and (e) CE cases compared with the no-eddy case are also displayed, where only areas with
magnitude greater than 5 kW/m are shown for clarity. The magenta and cyan circles indicate locations of the AE and CE, respectively.

ITs, which are calculated based on the ray-tracing model (Equation set
(12); Duda et al., 2018). The CROCO simulated energy fluxes in ideal-
ized experiments are superposed for comparison. The ray trajectories
follow the CROCO simulated energy flux vectors, although there is not
one-to-one agreement because only the mode-1 westward propagating
M, IT is considered in the theoretical model. When an AE exists to the
west of the LS, the rays bifurcate near the southern edge of the eddy and
the northern subbranch shows stronger refraction. However, the
changes of ray trajectories within the CE are opposite to those within the
AE: they become more convergent, focused within 20.5°N-21°N after
passing the eddy center, which corresponds to the areas where energy
fluxes increase in the CROCO simulation. It should be noted that, as the
M energy fluxes to the south of 20°N are fairly weak in the CROCO
simulation, they show northward (southward) refraction by the AE (CE)
rather than bifurcation (convergence) revealed by the ray tracing model

(Fig. 6a and d). Consider that both the background currents and strati-
fication associated with MEs contribute to the refraction of ITs by
changing the phase speed, we further compare their contribution.
Fig. 6b (6e) show that AE- (CE-) induced changes in stratification result
in refraction of rays but it is not obvious. On the contrary, in either the
AE or the CE experiment, the changes in phase speed caused by currents
have a significant influence on the ray trajectories (Fig. 6¢ and f). The AE
causes most ray trajectories passing through the eddy to turn north and
those passing by the southern edge to turn slightly south. The changes
are opposite when a CE exists. In summary, the rays calculated with the
currents-determined phase speed show a pattern more similar to those in
Fig. 6a and d. In other words, the currents related to the eddies
contribute more to the refraction of the My IT than the stratification.
This is consistent with the results of previous studies that background
flow instead of stratification have a more significant influence on IT
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Fig. 6. M, IT ray trajectories (green lines) calculated with the background fields of the (a-c) AE and (d—f) CE experiments. During the calculation, the influence of
stratification and currents is considered simultaneously in (a,d), but separately in (b,e) and (c,f), respectively. The depth-integrated energy fluxes of the M, IT in each
experiment are shown by quivers in (a,d) for comparison. The magenta and cyan circles indicate locations of the AE and CE, respectively.
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Fig. 7. Snapshots of the zonal velocity of the My IT at 100 m depth (shadings, unit: m/s) and the wave front locations estimated from the empirical model (black
lines) in the (a) no-eddy, (b) AE, and (c) CE experiments. The magenta and cyan circles indicate locations of the AE and CE, respectively.

refraction (Duda et al., 2018; Savage et al., 2020; Xu et al., 2021; Cao
et al., 2022).

The mechanism of the M IT refraction can be also confirmed by the
empirical model for estimating the wave front (Jackson, 2009). In
snapshots of the zonal velocity of the My IT at 100 m depth, the O con-
tours along the north branch of the My westward energy fluxes show
good agreement with the model wave fronts in terms of shape and
orientation (Fig. 7). The AE causes convex of the wave front and the CE
causes a concave pattern by changing the phase speed of the M, IT.

5. Summary and discussion

Background currents could change the generation and propagation
of ITs. In the SCS, the Kuroshio, MEs and other subtidal currents are all
intense and their impacts on ITs are hard to separate from each other. In
this study, a pair of eddies successively passed the northern SCS were
simulated in the realized experiment and results preliminarily indicated
the modulation of IT by MEs. To further investigate the mechanism of IT
refraction, we conducted idealized experiments, setting MEs on the main
beam of the My IT propagating from the LS into the SCS. The results
show that the My IT encountering an AE in its path would refract
northward and a CE would cause refraction to the south. The refraction
leads to significant changes of the M, energy flux on the continental

slope besides within the eddy. The CROCO simulation shows good
agreement with model ray trajectories and wave fronts locations, indi-
cating that the MEs cause refraction of the My IT by changing the phase
speed field. Based on the raying-tracing model, we find that the back-
ground currents related to the MEs contribute more to the refraction
than the stratification.

The role of subtidal circulation on internal waves has been discussed
in previous studies. However, focus has been mainly put on the Kuroshio
with different paths (Jan et al., 2012; Xie et al., 2021; Xu et al., 2021;
Cao et al., 2022). This study makes an attempt to investigate the impacts
of MEs on IT propagation separately from that of other subtidal circu-
lation. The results have important implications for investigation of
spatial and temporal variations in the magnitude and direction of the My
IT energy fluxes. In addition, since the formation of internal solitary
waves is related to the semidiurnal ITs via nonlinear steeping process
(Helfrich and Grimshaw, 2008; Cai et al., 2012), refraction of the My IT
by the eddies has great implication for internal solitary waves prediction
(Park and Farmer, 2013; Li et al., 2016). Impacts of eddies with different
location and intensity may be further quantified in future studies.
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