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Understanding tidal energetics is crucial for comprehending complex oceanic processes in the South China Sea
(SCS). Tidal energy budget in different parts of the world’s oceans has been widely estimated, but the dissipation
pathways of tidal energy in the eddying ocean remain elusive. Based on a well-validated high-resolution nu-
merical simulation, this study provides an updated estimate of tidal energy budget in the SCS with the modu-
lation of realistic background currents and stratification. It reveals that ~19.72% of barotropic tidal energy input
in the Luzon Strait (LS) is converted to baroclinic tides, ~75.66% of which is transmitted out of the LS and the
other ~24.34% is dissipated locally. Additionally, ~61.20% of barotropic tidal energy is transmitted into the
SCS, and the other ~19.07% is dissipated locally. Analysis of barotropic tidal energy budget highlights signifi-
cant work rate of K; tide-generating force in the SCS, whereas analysis of baroclinic tidal energy budget reveals
the impacts of background fields on energy conversion from barotropic to baroclinic tides and energy dissipation
of baroclinic tides. The seasonal variability of tidal dynamics and energetics further highlights the modulations
by background fields. An exponential decay of baroclinic tidal energy flux with the distance from the generation
site is revealed, and the decay scales for K; (northwestward and southwestward beam of M) baroclinic tide are
estimated as 404 (195 and 127) km. A simple scaling of baroclinic tidal energy flux in the SCS, which may be

used to characterize tidal mixing in large-scale ocean and climate models, is thus devised.

1. Introduction

Baroclinic tides (also known as internal tides), which are internal
waves with tidal frequencies, are ubiquitous in the world’s oceans. They
are mainly generated by barotropic tidal currents interacting with rough
bottom topographies, such as continental shelves, seamounts, ridges,
and submarine canyons (Baines, 1982; Garrett and Kunze, 2007; Lamb,
1994; Wunsch, 1975). From the point view of energetics, barotropic
tides fuel baroclinic tides, which in turn energize mixing processes to
maintain the global ocean stratification and meridional overturning
circulation (Egbert and Ray, 2000; Munk and Wunsch, 1998). Therefore,
understanding the spatiotemporal variability of baroclinic tidal energy
and its controlling factors is crucial for accurately modeling ocean dy-
namics (Alford, 2003; de Lavergne et al., 2019; Simmons et al., 2004).

Many factors such as underwater topography (Di Lorenzo et al.,
2006), background currents and stratification (Kelly and Lermusiaux,
2016; Kerry et al.,, 2014a, 2014b; Miiller, 2013; Xu et al., 2013),

remotely generated waves (Kerry et al., 2013), double-ridge resonance
(Buijsman et al., 2014), the Earth’s rotation (Farmer et al., 2009), as well
as other oceanic processes contribute to the complexity of tidal ener-
getics. The Luzon Strait (LS), owing to steep submarine ridges and strong
barotropic tidal currents, is particularly noteworthy as a hotspot for
baroclinic tide generation and propagation into the South China Sea
(Farmer et al., 2011; Niwa and Hibiya, 2004). The South China Sea (SCS)
is unique for its mix of multiscale dynamical processes, including a
sandwich-like circulation (Cai et al., 2020), energetic mesoscale eddies
(Chen et al., 2011), and the Kuroshio intrusion (Nan et al., 2015; Zhang
et al., 2017). These processes, especially the Kuroshio intrusion and its
associated eddies, play a significant role in shaping the circulation and
stratification around the LS, influencing the generation and propagation
of baroclinic tides (Alford et al., 2015; Chang et al., 2019; Pickering
et al., 2015). Therefore, the tidal energetics in the SCS, including the LS,
deserve comprehensive attention.

Observations and numerical simulations have been used to quantify
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tidal energetics in the SCS (Alford et al., 2011; Huang et al., 2018; Lien
etal., 2014; Rainville et al., 2013). Obviously, it is impossible to map the
basin-scale energetics in the SCS using sparse observations. Instead,
satellite altimetry provides an efficient way to map the two-dimensional
basin-scale distribution of low-mode (mostly mode-1) baroclinic tides
(Ray and Zaron, 2011; Zhao, 2014; Zhao et al., 2016; Zhao and Qiu,
2023). However, only coherent baroclinic tides can be extracted from
the altimeter data due to the long repeat cycle of the satellite, leading to
an underestimate of the baroclinic tidal energy (Zaron and Egbert,
2014). Based on numerical simulations, previous studies have investi-
gated tidal energetics in the SCS and shown widely varying results.
Among them, some studies focused on the LS (Jan et al., 2008; Simmons
et al., 2011), while some used horizontally homogeneous stratification
without considering background currents (Kerry et al., 2013; Wang
et al., 2016; Xu et al., 2016). Obviously, such idealized configurations
cannot simulate realistic spatial-temporal variations of baroclinic tides
modulated by multiscale dynamical processes, such as large-scale cir-
culation, mesoscale eddies, fronts, and wave-wave interactions (Guo
et al., 2023; Li et al., 2019; Wang et al., 2018; Wang et al., 2021).
Although some recent studies have introduced realistic forcing into
numerical simulations, the low resolution or climatological surface
forcing makes it difficult to resolve the coupling of tidal dynamics with
the complex dynamical environments in the SCS and the strong tidal
energy dissipation in the LS (Buijsman et al., 2020; Song and Chen,
2020; Xu et al., 2021).

In this study, our objective is to investigate tidal energetics in the SCS
using a high-resolution numerical simulation with realistic settings. We
leverage the ECCO project’s 1/48° LLC4320 simulation (Rocha et al.,
2016), which incorporates astronomical tidal forcing and 6-hourly at-
mospheric forcing to capture both barotropic and baroclinic tidal ac-
tivities embedded in the background of multiscale dynamical processes.
By analyzing the results of the simulation, we seek to gain insights into
the dissipation pathways of tidal energy in the SCS. The paper is struc-
tured as follows. In Section 2, we describe the LLC4320 simulation, and
tidal energy equations used in our analysis. Section 3 presents the results
of tidal energetics, and related energy budget, as well as their seasonal
variability. Specifically, we devise a simple scaling for the baroclinic
tidal energy flux in Section 3.5, which may be used to characterize tidal
mixing in large-scale ocean and climate models. Subsequently, we
discuss these results in comparison with previous idealized studies in
Section 4. Finally, Section 5 summarizes our findings.

2. Model and Methods
2.1. The MITgcm LLC4320 simulation

The data used in this study are from the LLC4320 simulation output
based on the Massachusetts Institute of Technology general circulation
model (MITgem; Marshall et al., 1997). This tide-resolving and
submesoscale-permitting simulation is conducted using an Arakawa-C
grid mesh with a horizontal grid spacing of 1/48° (approximately 2.3
km in the SCS). It comprises 90 vertical layers, with the layer thickness
gradually increasing from 1 m near the surface to around 480 m near the
bottom, reaching a maximum model depth of 7 km in the global ocean.
The simulation is driven by astronomical tidal forcing in conjunction
with 6-hourly atmospheric forcing. The astronomical tidal forcing en-
compasses the complete luni-solar tidal potential, while the atmospheric
forcing is derived from the 0.14° (approximately 15 km) European
Center for Medium Range Weather Forecasts (ECMWF) operational at-
mospheric reanalysis dataset. The simulation is marched forward in time
every 25 s and outputs prognostic variables as instantaneous snapshots
stored hourly for a duration of 14 months, spanning from September
2011 to November 2012. More details can be found from Arbic et al.
(2018) and https://wwwcvs.mitgem.org/viewve/MITgem/MITgem_c
ontrib/llc_hires/llc_4320/. Additionally, the LLC4320 simulation
output analyzed in this study is openly available at https://data.nas.nasa
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.gov/ecco/data.php?dir=/eccodata/llc_4320.

The LLC4320 simulation is chosen for the present study because of
four notable features that are lacking or less faithfully represented in
previous studies. First, the high resolution of the LLC4320 simulation
has not been reached by previous tidal studies in the SCS. Second,
different from most studies in the SCS that prescribe barotropic tidal
forcing at the open boundaries, the LLC4320 simulation considers the
full luni-solar tidal potential as a body force in the momentum equations
directly. This manner ensures the local generation of barotropic tides;
more importantly, it straightforwardly allows the explicit calculation of
the work rate done by the tide-generating force, which proved important
for tidal energetics (Zu et al., 2008). Third, the output in the SCS, which
is extracted from the global LLC4320 simulation, naturally considers the
baroclinic tides propagating into or out of the SCS through the open
boundaries. Recent studies emphasized that baroclinic tidal forcing
imposed along the SCS open boundaries, although neglected in previous
model-based studies, turns out to be non-negligible for the exploration
of tidal energetics (Siyanbola et al., 2023; Siyanbola et al., 2024).
Fourth, by employing 6-hourly atmospheric forcing, the LLC4320
simulation provides a more realistic representation of atmospheric
conditions than utilizing climatological surface forcing. All the four
features provide the potential to reproduce a more realistic oceanic
environment with multiscale dynamical processes (from O(10) km to
basin scales) and their interactions. Lin et al. (2020) conducted a heavy
validation of the LLC4320 simulation in the SCS and found that the
large-scale circulation, mesoscale variability, submesoscale processes,
barotropic tides, and internal gravity waves are quite faithfully simu-
lated. Further quantitative evaluations of the LLC4320 simulation are
described in the Discussion section. Therefore, the LLC4320 simulation
is well-suited for investigating tidal energetics in the SCS. The specific
study region spans from 105°E to 125°E and 5°N to 30°N. The ba-
thymetry of the domain and several important topography features of
the SCS are shown in Fig. 1. Typical months representing the summer
(August) and winter (February) are analyzed to reveal seasonal varia-
tions. The baroclinic tidal energy is expected to be stronger in summer
due to its strong stratification. Therefore, we mainly focus on the sum-
mer season when presenting the results of the tidal energetics and
associated energy budgets in Section 3.1-3.5. But the seasonal variability
of tidal energetics is also briefly examined by comparing the winter and
summer scenarios in Section 3.6.

2.2. Tidal energy equations

Here we introduce the barotropic and baroclinic energy equations to
diagnose tidal energetics (Gill, 1982; Niwa and Hibiya, 2004; Wang
et al., 2016). Since the derivation of tidal energy equations is quite
standard, only a brief introduction is presented here. First, we decom-
pose the variables into a slowly varying background state and a
perturbation component. The perturbation component captures the ef-
fects of both the barotropic and baroclinic tidal motions. For example,
the horizontal velocity fields are divided as follows

u(z, t) =U(z,t) + u/(z,t) =U(3z,t) + We(t) + Wpe(2, 1), (@)

Ul

. 1 ]
Wl = [ w0 @
-H

where u = (u,v) is the instantaneous horizontal velocity vector, u
represents the subtidal background velocity which is obtained by low-
pass filtering u with a 3-day cutoff frequency, H is the mean water
depth and 75 is the surface elevation at each grid. The instantaneous
vertical velocity associated with barotropic tides can be expressed as
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Fig. 1. Bathymetric map of the SCS employed in the LLC4320 simulation,
where the colors indicate the water depth (Unit: m). The black and grey solid
lines represent 1000-m and 200-m isobaths, respectively. Black bold texts
represent the South China Sea (SCS), the northwest Pacific Ocean (NWP), the
East China Sea (ECS) and the Sulu sea. And red boxes represent several
important topography features, such as the Luzon Strait (LS), the Taiwan Strait
(TS), northeastern shelf-slope area of Taiwan (NET), northeastern shelf-slope
area of the SCS (NES), southwestern shelf-slope area of the SCS (SWS), south-
eastern shelf-slope area of the SCS (SES). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)
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A similar operation can be performed for the density fields, given by
p(z,0) =p(z.t) +7/(2,0), “

and the barotropic and baroclinic pressure fields can be expressed as

, 1/, , 1 /0 .
Pult) = [ P (2,0)d2 = Plutace () + [ ., /0 (2, t)gdzdz, 5)

, , , " 1000,
Pelet) =Pt ~pu0) = [ #E0sE - [ [ jEoeEsz  ©

where

, 17 ~
psurface(t) = pog”(t) - T/O ﬂogﬂ®dt7 (7)

the constant reference density p, = 1024kgm~3, and T is taken as 3
days here.

As such, the depth-integrated energetics equations for barotropic and
baroclinic tides averaged over a tidal period are listed as follows
respectively

DISy: &~ W — Conv — Vj,-Fyy, 8

DIS;,. ~ Conv — Vj-Fy. (©)]

Progress in Oceanography 231 (2025) 103418

where Conv is the energy conversion from the barotropic to baro-
clinic tides, Fy; is the barotropic tidal energy flux, Fy. is the baroclinic
tidal flux, W is the work rate done by the tide-generating force, DISy, is
the dissipation of barotropic tidal energy and DIS,, is the dissipation of
baroclinic tidal energy. All those terms can be calculated as

U
Cony = / p'gwWndz, (10)
-H
', ’ ’
F, :/ ubtpbtd27 (€8 ))
-H
r’ ’ U
Fpe = / U'pcpy,.dz, 12)
-H
W = pgu'sH-Vi($sar + Cx), 13)

where (g, is the ocean self-attraction and loading and ¢ is the
combined tidal potential and Earth tide. Note that DIS,, and DIS,,. are
calculated as the residuals. Then, the local dissipation efficiency, q,
defined as the ratio of the area-integrated dissipation of baroclinic tidal
energy and area-integrated energy conversion from barotropic to baro-
clinic tides, can be calculated as

_ J,ds(DISy.)
1= J.ds(Conv)’ 14)
3. Results

3.1. Distributions of barotropic tidal energy

Barotropic tides are the energy sources of baroclinic tides, and thus
knowledge of their energy distributions is essential for understanding
the source regions and generation processes of baroclinic tides. Here, we
present the distributions of monthly-averaged barotropic tidal energy
fluxes for the four primary constituents (Mg, Sa, K3, and O;) in summer,
calculated using Eq. (11).

It is clear from Fig. 2 that all the four primary tidal constituents
propagate from the Northwest Pacific (NWP) towards the SCS. However,
the diurnal and semidiurnal constituents exhibit distinct behaviors in
both the SCS and the NWP. In the eastern LS, diurnal tides primarily
propagate westward, entering the SCS through the LS. In contrast,
semidiurnal constituents propagate northwestward, entering the SCS
through both the LS and the Taiwan Strait (TS). Upon passing the straits,
semidiurnal tidal energy fluxes diminish sharply, while diurnal energy
fluxes penetrate throughout the basin, flowing out through the southern
continental shelves, i.e., the Southwestern Shelf (SWS) and the South-
eastern Shelf (SES). These distribution characteristics revealed from the
LLC4320 simulation align with previous observations (Beardsley et al.,
2004) and idealized numerical simulations (Wang et al., 2016; Xu et al.,
2016; Zu et al., 2008).

The energy budgets of barotropic tides are shown in Fig. 3. When the
dashed box encircling the LS in Fig. 3a is focused on, it is found that
~81.56% (~135.34 GW, black number in Fig. 3a) of all barotropic tidal
energy input into the box enters through the eastern boundary from the
NWP, and ~18.44% (~30.60 GW) enters through the northern bound-
ary. In addition, ~55.90% (~92.76 GW) exits through the western
boundary into the SCS and ~4.25% (7.05 GW) exits through the
southern boundary. As a result, ~39.85% (~66.13 GW) remains in the
LS, contributing to local dissipation and the generation of baroclinic
tides. Though the barotropic tidal energy is mostly contributed by Ky
and My, the behavior of the K; and My barotropic tides exhibits a sig-
nificant difference in the LS. The divergence of the barotropic tidal en-
ergy fluxes for K; (~15 GW, blue number) is much smaller than that for
M, (~25.12 GW, red number), whereas the work rate of K; tide-
generating force (~0.99 GW) is slightly larger than that of My (~0.27
GW). In addition, it is worth noting that the work rate of the K; tide-
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Fig. 2. The monthly-averaged barotropic tidal energy fluxes of the (a) M, (b) Sa, (c) K3, and (d) O; constituents (Unit: KW m™Y) in summer. The colors represent the

energy flux magnitudes, and the black arrows represent the energy flux vectors.

generating force in the LS is positive, whereas that for the Mj in the LS is
negative. These contrasting features indicate that K; (M) is energized
(damped) by the tide-generating force. According to Eq. (13), the posi-
tive or negative of the work rate depends on the phase difference be-
tween barotropic velocity and tide-generating force, while the
barotropic velocity contains not only the velocity of barotropic tides
generated locally but also that of incident barotropic tides. Therefore,
the positive work rate for K; does not mean that the K; barotropic tides
are fully generated locally, and the negative work for My seems to
suggest that the My barotropic tides are generated more remotely.

While in the SCS (Fig. 3b), ~99.63% (~103.67 GW) of all barotropic
tidal energy input from the LS enters the SCS through the eastern
boundary, ~42.78% (~44.51 GW) exits through the southwestern
boundary, and ~16.72% (~17.40 GW) exits through the southeastern
boundary, with ~40.51% (~42.15 GW) remaining in the SCS. Similar to
the LS, the work rate of tide-generating force for K; in the SCS is positive,
whereas that for My is negative. In addition, the magnitude of the K;
work rate (~1.45 GW) is much larger than that of the My work rate
(~0.06 GW), indicating that the work rate of the tide-generating force
plays a more significant role for K; than Mj in the SCS.

For K; in the SCS (Fig. 3b), the work rate constitutes approximately
20% of the divergence of the energy flux, and is much larger than the
conversion from the barotropic to the baroclinic tides. These results
highlight the substantial contribution of the work rate of the tide-
generating force for K; to the tidal energy budget in the SCS. Note
that the explicit inclusion of full luni-solar tidal potential in the gov-
erning equations of the LLC4320 simulation has allowed the calculation

of the work rate done by the tide-generating force. Such calculation was
not possible in most regional numerical simulations which only applied
barotropic tidal forcing at the open boundaries (e.g., Wang et al., 2016;
Xu et al., 2016; Wang et al., 2018). The significant contribution of the
work rate of the tide-generating force to the tidal energy budget in the
SCS was also revealed from previous barotropic tidal simulations (Zu
etal., 2008). The necessity of explicitly incorporating full luni-solar tidal
potential into the governing equations of tidal models is thus
highlighted.

3.2. Characteristics of baroclinic tides

To explore the distribution of the baroclinic tides in a realistic ocean
environment, we analyze the spatial distributions of near-surface pres-
sure perturbations (Fig. 4). The presence of multi-wave interference
patterns indicates the existence of multiple generation sources due to the
complex topography of the SCS, with the LS identified as the main
source. In Fig. 4a, instantaneous near-surface pressure perturbations
around the LS exceed 1000 Pa, corresponding to a sea surface deflection
of more than 150 mm. However, this perturbation rapidly decreases
upon reaching the 200-m isobath. These characteristics are consistent
with the patterns revealed by idealized simulations (Wang et al., 2016).

The M, beams (Fig. 4b) bifurcate into northwestward and south-
westward directions. The stronger northwestward beam propagates to-
wards the northern continental shelf, and the weaker southwestward
beam propagates in a straight line without being significantly affected
by the complex topography, which remains subcritical for the M, tide. In
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Fig. 3. Energy budgets of the barotropic tides in (a) the LS and (b) the SCS in summer, including the work rate done by the tidal generating force integrated in the
regions within the dashed box (W, Unit: GW), the integrated divergence of the barotropic energy flux (DivFy, Unit: GW), the integrated energy conversion from the
barotropic to baroclinic tides (Conv, Unit: GW), the integrated dissipation rate of barotropic tides (Dissp, Unit: GW), the energy flux integrated along the boundaries
of dashed box (Unit: GW). The numbers are integrated results and the black dashed boxes represent the integrated areas. The black, blue, and red numbers represent
all barotropic tides, K; tide and M, tide, respectively. The color shows the bathymetry. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 4. The instantaneous near-surface pressure perturbation of (a) all baroclinic tides, (b) M, tide, (c) K; tide during the spring tide in summer. The black dashed
lines denote the central paths of the M, and K; baroclinic tidal beams and the grey solid lines represent 200-m isobaths.

contrast, there is only one single beam for K; (Fig. 4c), which propagates
westward from the LS, subsequently bends southwestward across the
deep central basin and interferes with baroclinic tides generated from
the SWS.

The amplitude of both the M, and K; tides decreases as they prop-
agate away from the LS, with distinct crests disappearing around 15°N.
For the M, tide, the amplitude decreases more rapidly during south-
westward propagation than the northwestward propagation. For
example, the near-surface pressure perturbation of the M, tide near the
LS reaches ~956 Pa, decreasing rapidly along their southwestward
propagation path to ~338 Pa at approximately 117.9°E, 16.3°N. How-
ever, due to the nonlinear steepening during shoaling, the near-surface
pressure perturbation increases slightly along the same distance of
southwestward propagation, remaining at ~635 Pa. Additionally, the
wavelength near the LS is ~348 km for the K; tide and ~174 km for the

M, tide. While the wavelength of K; decreases along the beam path, the
wavelength of M, remains largely unchanged. This feature is caused by
the Earth’s rotation; that is, the phase speed is dependent on both the
tidal frequency and the inertial frequency (Zhao, 2014). The inertial
frequencies in the SCS are quite close to the tidal frequency of K;
compared to M, indicating that the phase speed and the wavelength of
K; are more susceptible to the latitudes in the SCS. Therefore, one can
see the curved path of the K; beam in Fig. 4c (Zhao, 2014).

3.3. Distributions of baroclinic tidal energy

To gain a comprehensive insight into the baroclinic tides, we show
the spatial distributions of the monthly-averaged tidal energetics (e.g.,
energy conversion, energy flux and dissipation) of the baroclinic tides (e.
g., all baroclinic tides, K; tide, Mj tide, and the residual constituent) in
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summer (Fig. 5). Specifically, the residual constituent removes the
diurnal (0.90-1.15 cpd) and semidiurnal (1.70-2.20 cpd) constituents
from the whole baroclinic tidal fields.

It is evident from Fig. 5a-5d that the energy conversion from the
barotropic to baroclinic tides can be either positive or negative; a pos-
itive conversion indicates that the baroclinic tides gain energy from the
barotropic tides, whereas a negative conversion signifies energy loss
from the baroclinic tides to the barotropic tides, attributed to phase
differences between the barotropic vertical velocity and the baroclinic
density perturbation (Eq. (10)). These phase differences, mainly caused
by incident baroclinic tides, imply multiple generation sources of bar-
oclinic tides. The LS is the main source of baroclinic tides, but also with
local energy conversion from the baroclinic to barotropic tides. Apart
from the LS, a small portion of the diurnal baroclinic tides are generated
along the Zhongsha archipelago, the SWS, and the SES, consistent with
the southwestward long-distance propagation of diurnal barotropic
tides. In contrast, significant semidiurnal baroclinic tides are generated
along complex topography, including the Ryukyu trench northeast of
Taiwan and the shelf-slope southwest of Taiwan, associated with strong
propagation beams of semidiurnal barotropic tides. However, the con-
version is notably small on most continental shelves for both tidal
constituents, especially in regions onshore the 200-m isobath. The
northeastern shelf is a strong source region for the residual constituent
of baroclinic tides, which may be due to the nonlinear interactions
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between the diurnal and semidiurnal baroclinic tides originating from
the LS during their northwestward propagation, or interactions with the
topography.

Baroclinic energy flux provides essential information on tidal prop-
agation variability (Ansong et al., 2017; Wang et al., 2021; Xu et al.,
2021), hence quantification of the energy flux in a realistic ocean
environment is crucial. The energy fluxes of all baroclinic tides exhibit
relatively regular tidal beam from the LS, and could exceed 60 KW m™!
near the source region. Consistent with the near-surface pressure
perturbation described in the last section, the energy fluxes of the
semidiurnal and diurnal baroclinic tides exhibit remarkably different
propagation patterns (Fig. 5e-5h). The M, tide displays more branches
than the K; tide; although the energy fluxes of K; are weaker than that of
My in the LS, the energy fluxes of the M, tide decay rapidly away from
the LS, while the K; tide can travel over long distances.

As shown in Fig. 5i-5l, the energy dissipation of baroclinic tides
generally mirrors the pattern of the energy conversion from the baro-
tropic to baroclinic tides across most regions. This suggests that strong
conversion is consistently accompanied by significant energy dissipa-
tion. However, some exceptions are notable, such as the dissipation of
the My tide on the northeastern shelf and the dissipation of the residual
constituent of baroclinic tides in the LS. The energy conversion from the
barotropic to baroclinic tides of the My baroclinic tide is small on the
northeastern shelf, while its energy dissipation is huge there. This
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Fig. 5. The monthly-averaged baroclinic tidal energy in summer. (a)-(d) the conversion from barotropic to baroclinic tides, (e)-(h) the baroclinic energy flux, (i)-(1)
the energy dissipation. The four columns present all baroclinic tides, K; tide, M, tide, and the residual constituent, respectively. In particular, the residual constituent
removes the diurnal (0.90-1.15 cpd) and semidiurnal (1.70-2.20 cpd) constituents from the whole baroclinic tidal fields. The grey solid lines represent 200-

m isobaths.
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phenomenon indicates that the My baroclinic tide, which is generated on
the eastern ridge of the LS, propagates westward and dissipates pri-
marily from the western ridge to the northeastern shelf-slope. In addi-
tion, the energy conversion from the barotropic to baroclinic tides for
the residual constituent of baroclinic tides is small in the LS, while there
is a significant negative energy dissipation, which is probably due to the
energy transfer through nonlinear interactions. In the LS, the energy
dissipation of the My baroclinic tide is notably larger than that of the K;
baroclinic tide; this is attributable to the specific wavelength of the My
baroclinic tide, which facilitates resonance between the two ridges
(Alford et al., 2011). Moreover, combined with the energy fluxes (Fig. 5j
and 5k), the energy dissipation (Fig. 5f and 5g) also shows that the K;
tide can propagate thousands of kilometers into the deep basin, while
the energy level of the M, tide diminishes sharply before reaching the
Dongsha Plateau. In contrast to the distribution of the energy conver-
sion, stronger dissipation occurs along the shallow shelves than in the
deep basin, except for areas with rough topography.

3.4. Region-integrated energy budgets of baroclinic tides

We now investigate the region-integrated energy budgets of baro-
clinic tides within the LS and the SCS. A visual representation is shown
in Fig. 6, and a concise overview summarizing the barotropic and bar-
oclinic tidal energy budgets is given in Fig. 7.

In the LS (Fig. 6a), the energy fluxes through the northern and
southern boundaries are one order smaller than those through the
western and eastern boundaries, which could be negligible. ~33.62 GW
(black number) is converted from barotropic tides to baroclinic tides,
~40.04% (~13.53 GW) of which exits through the western boundary
into the SCS, and ~31.23 % (~10.50 GW) enters the NWP through the
eastern boundary, with ~24.34% (~8.18 GW) dissipated locally.
Although the energy conversion from the barotropic to baroclinic tides
for My (~19.51 GW, red number) is much larger than that for K; (~6.52
GW, blue number), the divergence of the energy fluxes for My (~7.29
GW) is close to that for K; (~5.95 GW), indicating that a greater pro-
portion of the baroclinic tidal energy generated in the LS is dissipated
locally for My (~62.12%, ~12.12 GW) than K; (~8.74%, ~0.57 GW).

In the SCS (Fig. 6b), the tidal energy fluxes through the SWS, SES,
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and TS are generally negligible compared to those from the LS. The di-
vergences of the energy fluxes for all baroclinic tides (~13.01 GW, black
number in Fig. 6b) and My (~3.74 GW, red number) are comparable to
their energy conversion from the barotropic to baroclinic tides (~12.74
GW, ~3.83 GW), respectively. Notably, the divergence of the energy
fluxes for K; (~2.33 GW, blue number) is much larger than its energy
conversion from the barotropic to baroclinic tides (~0.86 GW), indi-
cating the significance of energy input from the LS on the baroclinic tidal
energy budget in the SCS.

The concise overview summary of the barotropic and baroclinic tidal
energy budgets is shown in Fig. 7. Taking the barotropic tidal energy
transported into the LS from the NWP as 100%, ~61.20% is subse-
quently transported into the deep basin of the SCS. And ~19.72% bar-
otropic tidal energy is converted to the baroclinic tides, and the other
~19.07% is dissipated locally within the LS. For the barotropic tidal
energy input into the SCS (~61.20%), ~36.32% traverses the deep basin
and flows out through the SWS and the SES, while only ~7.47% is
converted to the baroclinic tides in the SCS and the other ~17.25%
dissipated locally.

The behavior of the K; and My barotropic tides exhibits a significant
difference. Within the LS, ~41.75% is transported into the area from the
NWP for My. In particular, ~14.58% remains in the LS, while the other
~27.01% is transmitted to the SCS. While, for K; more proportion of
energy (~22.87%) is transmitted to the SCS, with only ~9.38% retained
in the LS. This contrast may be attributed to the specific wavelength of
the M, barotropic tide, which results in enhanced tidal dissipation and
conversion when interacting with the topography, as suggested by Zu
et al. (2008). Similarly, ~27.01% barotropic energy is transported into
the SCS from the LS for My, and more of this energy remains in the SCS,
which is either dissipated (~12.54%) or converted into baroclinic tides
(~2.25%). In contrast, for the barotropic energy input from the LS
(~22.87%) for K3, more of this energy (~18.96%) is transmitted out of
the SCS through the SWS and SES. Additionally, a higher proportion of
the barotropic energy loss in the LS (~11.45%) is converted to baro-
clinic tides for My, whereas more of that (~5.56%) is dissipated locally
for the K; tide.

For the baroclinic tides, more baroclinic energy generated in the LS is
transmitted to the SCS (~8.47%), while other ~6.46% is transmitted
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Fig. 6. Energy budgets of the baroclinic tides in (a) the LS and (b) the SCS in summer, including the energy conversion from the barotropic to baroclinic tides
integrated in the regions within the dashed box (Conv, Unit: GW), the integrated divergence of the baroclinic energy flux (DivFy., Unit: GW), the integrated energy
dissipation of baroclinic tides (Dissp, Unit: GW), the energy flux integrated along the boundaries of dashed box (Unit: GW), the local dissipation efficiency (q). The
numbers are integrated results and the black dashed boxes represent the integrated areas. The black, blue and red numbers represent the baroclinic tides, the K; tide
and the M, tide, respectively. The baroclinic energy fluxes across the north and south boundaries are one order of magnitude smaller than those through the western
and eastern boundaries in the LS, which are not shown here (Song and Chen, 2020; Xu et al. 2021). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)
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figure legend, the reader is referred to the web version of this article.)

back to the NWP, with the remaining ~4.80% dissipated locally. In the
SCS, nearly all of the baroclinic tidal energy, including both the locally
generated (~7.47%) and that transmitted from the LS (~8.47%), is
dissipated locally (~15.15%), with only a small fraction (~0.23%)
transmitted out from the southern shelf.

The behavior of the K; and My baroclinic tides is also markedly
different. The majority of the M baroclinic energy generated in the LS is
dissipated locally (~7.11%), with the remaining ~2.58% transmitted
into the SCS and ~1.76% back to the NWP. In contrast, for the K; bar-
oclinic tide, the majority of the converted baroclinic energy is trans-
mitted to the SCS (~1.44%) and back to the NWP (~2.05%), with only a
small fraction (~0.33%) dissipated in the LS. While in the SCS, together
with the locally generated (~2.25%, ~0.50%) and that transmitted from
the LS (~2.58%, ~1.44%), nearly all baroclinic tidal energy (~4.44%,
~1.87%) is dissipated locally, with only a negligible fraction (~0%,
~0.17%) transmitted out from the southern shelf for M, and Kj,
respectively.
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3.5. The decay scale of the baroclinic tidal energy flux

As mentioned in Section 3.2, there exist dominant beams, also
visually displayed in Fig. 8a and 9a, for the propagation of baroclinic
tides generated in the LS. Along the beam of K; (Fig. 8b), the baroclinic
tide primarily propagates southwestward away from the LS. The
magnitude of energy flux (the energy fluxes are projected onto the beam
and integrated over the cross section) first experiences a successive
decrease. Then it slightly increases when the K; baroclinic tide reaches
approximately 300 km from the source region. This behavior may result
from the tide’s perpendicular propagation directions to the isobath
around the Dongsha Islands. Subsequently, the energy flux decreases till
around 600 km and 900 km of propagation, where the K; baroclinic tide
interacts with the steep topography of the Zhongsha Islands and the
continental shelf, resulting in two slight increases in energy flux. This
result aligns with the high energy conversion from the barotropic to
baroclinic tides as presented above. The negative value between 1200
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Fig. 8. The decay scale of the K; baroclinic tidal energy flux. (a) Energy flux of the K; baroclinic tide. The red solid-line represents the propagating beam, the black
solid-lines represent the area used to calculate the decay scale, and the blue solid-lines represent the cross sections for integrating. (b) The section integrated
baroclinic energy flux along-propagation distance from the source region. The black dashed-line represents the decay scale of the K; baroclinic tidal energy flux. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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km and 1300 km may result from reflections following interactions with
topography in the continental shelf location. Although the baroclinic
tidal energy flux varies in a complicated way along the beam, it in
general decays exponentially with the along-propagation distance from
the source region. Thus, the variability of the energy flux for the K;
baroclinic tide can be described by a monotonically decaying function,
which motivates an exponential fitting as follows

Fx, = Fox,e /M. (15)

Here, x is the along-propagation path distance from the source region
in the unit of km, Fox, = 2.65 GW is for the amplitude of energy flux,
and Ly, = 404 km represents the decay scale of the K; baroclinic tide.

The M; baroclinic tide bifurcates into northwestward and south-
westward directions, thus we conduct integration along the two beams
separately (Fig. 9). Compared to the K; baroclinic tide, the integrated
energy flux of the My baroclinic tide is substantially higher at the source
regions but decreases rapidly upon exiting the LS. For the stronger
northwestward beam (Fig. 9a-b), the integrated energy flux reaches two
peak values at locations near the source. The first peak is due to the
strong My baroclinic tide generated by the East Ridge (~10 km from the
source) in the LS, and the second peak is a result of the slightly weaker
M, baroclinic tidal energy generated by the West Ridge (~55 km from
the source). As the My baroclinic tide exits the LS, its integrated energy
flux decreases rapidly. Subsequently, a significant increase exists around
130 km of propagation due to the topographic shoaling of the north-
eastern continental shelf. In addition, one can see that another distinct
increase occurs around 330 km from the source where the Ms baroclinic
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tide interacts with the steeply sloping terrain of the Dongsha Islands.
Similar to K;, the variability of the energy flux for the stronger north-
westward beam of the Mj baroclinic tide can also be described by an
exponential fitting (Fig. 9b), that is

/Loty (16)

FMz,nw = FOML,Me

Here, Fou, ,, = 5.8 GW represents the amplitude of energy flux of the
northwestward beam of the M, baroclinic tide. The decay scale Ly, ,, =
195 km, which is about half of that for Kj.

For the weaker southwestward beam of M, (Fig. 9¢c-d), the integrated
energy flux decays more rapidly than the northwestward beam. In
particular, as soon as it transmits out from the LS (~240 km from the
source), the integrated energy flux drops almost to zero. However, there
is a slight increase when passing south of the eastern ridge (~127 km
from the source), where the My baroclinic tide is also generated. Simi-
larly, an exponential fitting of the energy flux for the weaker south-
westward beam gives

Fut,_sw = Fou, € oo, a7

where Foy, ,, = 6.28 GW and Ly, , = 127 km. The decay scale of the
southward beam of the M, baroclinic tide is about 65% of that of the
northwestward beam.

3.6. Seasonal variability of tidal energetics

The analyses of tidal energetics presented above are focused on the
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summer, i.e., the monthly average in August. In the SCS, the background
currents and stratification are seasonally modulated by the monsoon, as
well as the Kuroshio intrusion and its associated eddies, which are ex-
pected to further induce seasonal variations of both the characteristics
and energetics of baroclinic tides. Therefore, the baroclinic tidal am-
plitudes, as well as each term in the baroclinic energy equation, are
checked to investigate whether there is indeed a significant difference
between summer and winter.

background fields
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Distinct patterns in the circulation during the summer (August) and
winter (February) are shown in Fig. 10a-b, illustrating a leaping path
and stronger stratification within the upper 200-m thermocline in
summer, and a looping path with weaker stratification in winter. To
delve into the tidal characteristics, we analyze model output at a loca-
tion (20.25°N, 121.3°E) where baroclinic tides are strongly generated.
In Fig. 10e-f, the amplitude of baroclinic tides remains similar during the
neap tide for the two seasons, measuring 56.9 m in summer and 51.9 m

winter
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Fig. 10. (a)-(b) The background fields during one tidal period of two seasons. The color contours represent the depth of the 1026 kg m® isopycnal (Unit: m). The
black arrows represent the depth-averaged background currents in the upper 500 m (Unit: m s 1). (c)-(d) The potential density (minus 10° kg m~>) in the upper 1000-
m layer along 20.25°N (Unit: kg m~>). (e)-(f) The time-series of potential density (minus 10° kg m~>) in the upper 500-m layer at 121.3°E, 20.25°N during the neap
tide period (Unit: kg m~3). The numbers represent the largest isopycnal displacements. (g)-(h) Same as (e)-(f) but during the spring tide period.
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in winter. However, they exhibit a substantial difference of approxi-
mately 20 m during the spring tide, as depicted in Fig. 10g-h. Isopycnals
in summer appear more clustered in the upper 200-m layer, with an
amplitude of 118.9 m. We further calculate the meridional integrated
energy conversion from the barotropic to baroclinic tides for the two
seasons, with the integrated area spanning from 17°N to 25°N. As shown
in Fig. 11, the spatial distribution of the energy conversion from the
barotropic to baroclinic tides remains similar, with high values
concentrated around the two ridges in the LS, indicating hotspots of the
generation of baroclinic tides. One can see that there are no distinct
differences of the tidal energy conversion between the two seasons along
the 20.25°N, with similar baroclinic tidal energy despite changes in
background currents and stratification. The minor energy discrepancy
alongside the considerable displacement difference in the two seasons
further suggests the importance of considering background currents and
stratification in baroclinic tidal dynamics and energetics, as noted by
Zhao and Qiu (2023).

Besides, the energy fluxes of baroclinic tides also exhibit a huge
difference between the summer and winter. As shown in Fig. 12, not
only the magnitude of energy fluxes but also the propagation path shows
evident seasonal variability. The westward-propagating constituents are
branched into multiple beams near 21°N, 121°E, where an anticyclonic
eddy exits due to the looping Kuroshio intrusion. In addition, the
magnitude of these westward-propagating energy reduces drastically
due to the decreasing downstream flux, as previously noted and
explained by Lamb and Dunphy (2018). However, relatively small dif-
ference occurs east of the LS, due to the slight seasonal variation of the
background currents.

The comparison of energy budgets between the summer and winter
in the SCS and LS reveals intriguing patterns. Fig. 13 presents a quan-
titative analysis focusing on key terms such as the regional integrated
energy conversion from the barotropic to baroclinic tides (Conv), the
divergence of baroclinic tidal energy flux (DivFp.) and the energy
dissipation of the baroclinic tides (Dissp.), along with the baroclinic
energy flux at the eastern and western boundaries (Fbc, and Fbcy) of the
LS. These comparisons provide valuable insights into seasonal variations
of tidal energetics. In general, the analysis indicates that the terms of
energy budget tend to be higher in summer than in winter. Despite this
overall trend, the energy conversion from the barotropic to baroclinic
tides in the LS shows a minor difference of around 3% between the two
seasons. This suggests that both winter and summer exhibit similar
levels of baroclinic tidal energy in the LS. Furthermore, the dissipation is
much higher during winter than in summer, which indicates that we
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cannot assume the energy dissipation will follow the same trend as the
energy conversion. This variation in dissipation also highlights the sig-
nificant role of the seasonally varying background fields. Further anal-
ysis reveals that although the energy conversion from barotropic to
baroclinic tides in the SCS is only one-third of that in the LS, the regional
integrated energy dissipation is twice of that in the LS, and this ratio
increases to three times in summer. Overall, the quantitative analysis in
Fig. 13 illustrates the seasonal variability of tidal energetics in the SCS
and LS, emphasizing the importance of considering the background
currents and stratification in tidal energy budget analyses.

4. Discussions
4.1. Evaluation of the LLC4320 simulation

It should be pointed out that the quantitative results presented in this
study are unavoidably dependent on model specifics. In the study of
Savage et al. (2017), the spectra in tidal and supertidal bands of the 1/
48° MITgcm output have been compared to dynamic height variance
spectra from McLane profilers in seven regions, including the LS. The
results indicate that the model result is well-matched to available data at
diurnal and semidiurnal frequencies. Especially, the MITgcm lies closer
to the observations in the supertidal band. However, the overestimations
of kinetic energy in the diurnal and semidiurnal bands relative to drifter
observations exist (Arbic et al., 2018; Yu et al., 2019; Arbic et al., 2022).
The overestimations may be due to several significant factors, such as
the absence of topographic internal wave drag that accounts for the
damping of tidal motions due to breaking small-scale internal tides,
which are unresolved in global models. To conduct the quantitative
evaluations of the LLC4320 simulation, the results are compared with
observations. Firstly, for the barotropic tide, the westward energy fluxes
of K; and M, tides through the LS in summer (August) are compared
with the observation results (in April-May) revealed by Beardsley et al.
(2004). They reported that the westward fluxes of My and K; barotropic
tides through the LS are roughly 29 and 28 GW, respectively. The values
in this study are 31 GW and 35.41 GW, respectively. The results are thus
consistent, even though the values of the LLC4320 simulation are
slightly larger, especially for K;. This discrepancy could also be due to
the time difference between the two datasets. Secondly, for the baro-
clinic tide, the energy fluxes of all baroclinic tides in summer (August)
are compared with the observation results (225-250 year-days) revealed
by Alford et al. (2011). The energy fluxes at station s4 (s5, s6a, s6b and
f1) of the LLC4320 simulation and the observation revealed by Alford
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Fig. 11. (a) The meridional integrated (from 17°N to 25°N) energy conversion from the barotropic to baroclinic tides and (b) the topography along 20.25°N.
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flows into the LS, and 26.05 GW of energy flows out, with 22.66 GW
B 1 Bl summer being dissipated in the LS. For K; tide, 44.10 GW of energy flows into the
E 30 : [ winter |1 LS, and 19.17 GW of energy flows out, with 23.93 GW being dissipated
g | ) | in the LS. Based on an idealized simulation that uses horizontally ho-
o a 1 mogeneous stratification without considering background currents,
B o0t LS : SCS - Wang et al. (2016) indicate that meridional section-integrated energy
m 1 fluxes across the LS for M, and K; barotropic tides reach 35.11 and 24.42
@ i ! 7 GW, respectively. In this study, we present 31 GW of energy flux for My
240} : i barotropic tides and 35.41 GW of energy flux for K; along the western
L 1 boundary of the LS, which are more consistent with the observation,
g - : 7 although our results (e.g., for the K;) are slightly larger. In this study, the
i sum of energy conversion into baroclinic tides and dissipation for M,
Conv DivF, _Diss,  Fbc, Fbc, Conv DivF, Diss, barotropic tides in the LS is 24.85 GW, which is consistent with the re-
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Fig. 13. Comparison of the energy budgets in the SCS and LS, the black dotted
box in Fig. 6a and 6b, respectively, for the baroclinic tides between summer and
winter, including the regional integrations of energy conversion from baro-
tropic to baroclinic tides (Conv, Unit: GW), the divergence of the energy flux
(Divp., Unit: GW) and the energy dissipation of baroclinic tides (Dissp. Unit:
GW), as well as the meridional integrated energy flux on the eastern and
western boundaries of dashed box in the LS (i.e., Fbc,, Fbc,y, Unit: GW).

et al. (2011) are 14.6 (8.0, 36.15, 36.15 and 42.5) and 36.3 (9.2, 36.4,
39 and 41.8) KW m™., respectively. The values are thus very close.
Therefore, the results of the LLC4320 simulation are appropriate for
investigating tidal energetics in the SCS.

4.2. Energetics of barotropic tides

Based on the evaluations, it would be informative to examine how
tidal energetics calculated from the LLC4320 simulation compare with
those from previous mooring observations (Alford et al., 2011), satellite
measurements (Zhao, 2014) and idealized model simulations with
horizontally homogenous stratifications or without considering the
background currents (Jan et al., 2008; Kerry et al., 2013; Niwa and
Hibiya, 2004; Wang et al., 2016; Xu et al., 2016).

The barotropic energy budgets calculated from the LLC4320 simu-
lation (Fig. 3) align with previous observations (Beardsley et al., 2004),
but show slight differences from the idealized numerical simulations
(Wang et al., 2016; Xu et al., 2016; Zu et al., 2008). Based on the Asian
Seas International Acoustics Experiment (ASIAEX), Beardsley et al.
(2004) report that the westward fluxes of My and K; barotropic tides
through the Luzon Strait are roughly 29 and 28 GW, respectively. By
assimilating Topex/Poseidon altimetry data into a barotropic ocean tide
model, Zu et al. (2008) indicated that for My tide, 48.71 GW of energy
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sults of Zu et al. (2008); however, the sum for K; in this study is 15.99
GW, which is modestly smaller than that revealed by Zu et al. (2008).
This discrepancy may be due to the different integration areas and the
barotropic model they used.

4.3. Energetics of baroclinic tides

An obvious difference in energy conversion between the results
revealed in this study (Fig. 5a-d) and those reported in previous studies
(e.g., Wang et al., 2016) is the positive energy conversion from the LS to
the northeastern shelf-slope (mentioned in Section 3.3) revealed in this
study. According to Eq. (10), the energy conversion from the barotropic
to baroclinic tides depends not only on the respective magnitude of the
pressure perturbation and the vertical barotropic velocity, but also on
the phase difference between them. Therefore, there are two main rea-
sons potentially responsible for the differences between the LLC4320
simulation and previous idealized simulations in terms of the conversion
rate. Firstly, the seasonal variation of stratification and the stratification
modulation due to mesoscale variabilities could affect the magnitude of
local pressure perturbation. Secondly, the background currents alter
both the arrival time and the propagation paths of the remote baroclinic
tides, which could change the phase difference (Kerry et al., 2013).

The present study shows that, ~28% (~19.51 GW) of all barotropic
tidal energy input from the NWP is converted to the baroclinic tides for
M. Comparatively, Niwa and Hibiya (2004) and Jan et al. (2008) gave a
slightly smaller estimate, which is ~25% and ~21%, respectively; Kerry
etal. (2013) and Xu et al. (2016) reached a larger estimate of ~33%. For
K1, ~12% (~6.52 GW) of barotropic tidal energy input from the NWP is
converted to the baroclinic tides in this study, as compared to the ~30%
proportion reported by Jan et al. (2008) and Xu et al. (2016). These
discrepancies may also be caused by differences in background fields
and model resolutions.
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Based on idealized simulations, Xu et al. (2016) obtained two regular
and concentrated westward beams of M, tides. By contrast, our results
demonstrate that the energy fluxes are more dispersed and affected by
background fields, which is consistent with simulations by Tang et al.
(2023) and Xu et al. (2021), who incorporated spatial-temporally
varying stratification and the Kuroshio intrusion. Besides, the magni-
tudes and distributions of the baroclinic tidal energy fluxes revealed in
our analysis (Fig. 5e-g and 6a) align with the observational results re-
ported by Alford et al. (2011), who observed tidal energy fluxes of 7.89
GW and 6.05 GW radiating out from the western and eastern sides,
respectively. These comparisons all indicate that realistic background
fields could alter tidal propagation paths in areas with strong back-
ground currents.

Wang et al. (2021) and Niwa and Hibiya (2004) reported that ~35%
of the My baroclinic energy generated in the LS is dissipated locally,
probably due to the absence of the background circulation and coarse
model resolution in the simulations (Kerry et al., 2013; Zilberman et al.,
2009). With the background circulation properly considered and the
model resolution increased, our estimate (~62%) is closer to the esti-
mate (~66.5%) given by Song and Chen (2020).

Overall, our quantitative analysis reveals that the realistic back-
ground fields do affect certain local tidal energetics as well as their
associated energy budgets, especially the dissipation of baroclinic tides,
particularly in areas with active mesoscale processes.

5. Summary

In this study, we have investigated tidal energetics in the SCS based
on a high-resolution numerical simulation with realistic settings. Our
main findings can be summarized as follows.

For the barotropic tides, ~61.20% of the energy input into the LS
from the NWP is transported into the deep basin of the SCS, with
~19.72% energy converted to baroclinic tides and the other 19.07%
dissipated locally. In the SCS, ~59.35% of the barotropic energy input
from the LS traverses the deep basin and flows out through the SWS and
the SES, with only ~12.20% converted to baroclinic tides and the other
~28.19% dissipated locally. Significantly different behaviors are
observed between the K; and Mj barotropic tides. For instance,
~34.92% of the M, barotropic energy input from the NWP is lost in the
LS, while less than 30% of the K; barotropic energy input remains in the
LS. It is worth noting that the work rate of K; (M) tide-generating force
is positive (negative) in both the LS and the SCS, indicating that K; (M3)
is energized (damped) by the tide-generating force. Besides, the K; work
rate constitutes ~20% of the divergence of the energy flux in the SCS,
and is much larger than the conversion from the barotropic to the bar-
oclinic tides, indicating the significant contribution of local barotropic
tidal generation to the overall budget of tidal energy, and highlighting
the need to directly consider the tide-generating force in numerical
simulations for accurate simulations.

For the baroclinic tides, ~32.75% of the energy conversion from the
barotropic to baroclinic tides in the LS is transmitted back to the NWP,
while almost all baroclinic tidal energy in the SCS is dissipated, with
very little transported away from the southern shelf areas. The main
difference between the K; and M, baroclinic tides is that most
(~62.12%) of the M, baroclinic energy generated in the LS is dissipated
locally, while the majority of the converted baroclinic energy from the
K; tide (—~91.26%) is transported to the SCS and the NWP.

The comparisons among our results of the barotropic and baroclinic
tidal energy budgets, those of the previous idealized studies, and the
observation-based results suggest that the realistic background fields
significantly influence the tidal energetics, as well as the associated
energy budgets, especially the energy conversion from the barotropic to
baroclinic tides, the propagation paths, and the dissipation of baroclinic
tides. This contrast may also be associated with various model config-
urations, such as parameterizations of unresolved physical processes,
bathymetry, and model resolutions. The higher resolution would help
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resolve finer-scale dynamic processes and the associated wave-mean
flow interactions, as well as the topographic scattering. All of these el-
ements contribute to a more accurate estimate of energy transfer and
damping. Moreover, higher resolution will play a more important role in
shallower regions such as continental shelf. Further research is needed
as to how high a resolution is more suitable for studying internal tide
dynamics and energetics in the SCS.

The baroclinic tidal energy flux decays away from the source region
along the propagation path. The K; baroclinic tide has a decay scale of
~404 km. The decay scale of the My baroclinic tide is ~195 km for the
northwestward beam and ~127 km for the southwestward beam. The
introduction of the decay scale provides a simple metric for measuring
the baroclinic tidal energy fluxes in the SCS; this metric has the potential
to be incorporated into ocean climate models to characterize tidal
mixing.

This study also explores the seasonal variability of tidal energetics in
the SCS. The results demonstrate that the terms of energy budget tend to
be higher in summer than those in winter. Though the energy conversion
from the barotropic to baroclinic tides in the LS shows a minor difference
of around 3% between the two seasons, the energy fluxes of baroclinic
tides exhibit a huge difference due to the varying background fields
caused by the Kuroshio intrusion. Thus, a stronger dissipation exists
during winter than summer. All these features highlight the crucial role
of background fields in shaping the energetics and dissipation processes
of baroclinic tides, emphasizing the importance of incorporating real-
istic environmental conditions in modeling studies for an accurate rep-
resentation of tidal dynamics and energetics.

It should be pointed out that the quantitative results presented in this
study are unavoidably dependent on model specifics. Therefore, further
validations of the results with observations are needed.
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