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ABSTRACT: Tide-induced near-inertial internal waves (NIWs) are generated by tide-topography interaction and are en-
ergized by internal tides through triadic resonant interaction of internal waves. They are located above topography and
could be in close contact with wind-induced NIWs when the topography is a tall ridge, like in the Luzon Strait of the north-
ern South China Sea (SCS). A natural question arises as to whether there is significant interaction between wind- and tide-
induced NIWs. By using moored velocity observations, a satellite-tracked surface drifter dataset, and idealized numerical
simulations, we find that in the presence of tide-induced NIWs, the wind can inject slightly more near-inertial energy
(NIE), while in the presence of wind-induced NIWs, significantly more tidal energy is transferred to NIWs. Thus, wind-
and tide-induced NIWs can mutually enhance each other, producing more NIE than a linear superposition of that gener-
ated by wind and tide forcing alone. Increasing wind intensity and tidal excursion lead to saturation of NIE enhancement,
while a taller ridge leads to stronger enhancement. The high mixed layer NIE near Luzon Strait is mostly generated by the
wind, while the mutual enhancement between wind- and tide-induced NIWs can further enhance this pattern. The interac-
tion between wind- and tide-induced NIWs leads to an enhancement of 25% more NIE. If tide-induced NIWs are ne-
glected, as is usually the case in the estimation of NIE, the total NIE will be underestimated by almost 50%. This might
imply that tide-induced NIWs are important for the energetics of NIWs in Luzon Strait.

SIGNIFICANCE STATEMENT: Near-inertial internal waves (NIWs) usually occupy the most kinetic energy of in-
ternal waves and contribute significantly to ocean mixing. Near the surface they are usually generated by wind forcing,
but near the bottom they can be generated by geostrophic or tidal flow interacting with topography. Above the tall
ridge in Luzon Strait, wind- and tide-induced NIWs are in close contact, leading to potential interactions. It is found
that these NIWs can mutually enhance each other, with most of the additional near-inertial energy (NIE) coming from
the tides. If tide-induced NIWs are neglected, the total NIE will be underestimated by almost 50%. This suggests that
tide-induced NIWs are important for the energetics of NIWs in Luzon Strait.
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1. Introduction et al. 2007), spontaneous emission through loss of balance
(Vanneste 2013; Nagai et al. 2015), nonlinear wave-wave
interactions (Miiller et al. 1986; Hibiya et al. 2002; MacKinnon
and Winters 2005), and breaking lee waves over topography
(Nikurashin and Ferrari 2010; Hu et al. 2020; Zemskova and
Grisouard 2021). By far, the wind forcing mechanism has re-
ceived the most observational support, but the relative impor-
tance of the other mechanisms is not known. A recent review
was given by Alford et al. (2016).

Similar to the breaking lee wave mechanism, breaking in-

Near-inertial internal waves (NIWs) usually occupy the
most kinetic energy in the internal wave field; e.g., there is a
prominent peak near the local inertial frequency in the quasi-
universal Garrett-Munk (GM) spectrum (Munk 1981). NIWs
usually possess high vertical shear and are thus conducive to
shear instabilities, inducing turbulent dissipation and mixing.
They are regarded to provide a significant portion of the me-
chanical energy required to maintain the global meridional
overturning circulation. Their generation mechanisms include

wind forcing (Pollard and Millard 1970; D’ Asaro 1985; Zhai ternal tides over topography can also generate NIWs. Lamb
(2004) showed this in his simulations of tide-topography in-

teraction, although it was not the subject pursued therein.
Nikurashin and Legg (2011) detailed this process, in which
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to produce a triadic (f, ® — f, w) resonant interaction, and
then internal tide energy is continuously transferred to
NIWs. This resonant triad is slightly different from that in
parametric subharmonic instability (PSI; see, e.g., Miiller
et al. 1986) of internal tides, in which the two subharmonic
frequencies are equal to one-half of the parent wave fre-
quency w. The consequence is that PSI of internal tides can
generate NIWs only at the critical latitude (e.g., 28.9° for
M, internal tides), while the more general resonant triad
(f, ® — f, w) can generate NIWs in a much broader latitude
range. From in situ observations in the northern South China
Sea (~20°N), Xie et al. (2011) observed the generation of
NIWs by this more general resonant triad. Recently, Wang
et al. (2021a,b) numerically investigated this resonant triad in-
teraction over midocean ridges and also the influences of back-
ground geostrophic currents.

One remarkable result of Nikurashin and Legg (2011) is that
their simulation produced a continuum kinetic energy frequency
spectrum indistinguishable in shape from that of the GM spec-
trum. Liang and Wunsch (2015) commented that this might be
the first time a full, realistic internal wave continuum was pro-
duced in a numerical simulation. By using a numerical model,
Sugiyama et al. (2009) argued that both wind and tide forcings
are necessary to generate a GM-like spectrum. These two forc-
ings generate NIWs and internal tides, respectively, which then
interact with each other to develop a full GM-like spectrum.
Since NIWs can now be generated by tide—topography interac-
tion (referred to as tide-induced NIWs hereinafter), Chen et al.
(2019) showed that tidal forcing alone is sufficient to generate a
GM:-like spectrum (in the sense that there is a prominent near-
inertial peak and that the spectral slope in log-log coordinates is
close to —2 at high frequencies). The implication is that the ob-
served GM spectrum in the deep ocean (i.e., in the absence of
wind forcing) is likely due to tidal forcing alone. Steady geo-
strophic flow interacting with bottom topography can generate
lee waves, whose breaking may also lead to the appearance of
NIWs (Nikurashin and Ferrari 2010; Hu et al. 2020; Zemskova
and Grisouard 2021), but this is not the subject pursued in the
present study.

Tide-induced NIWs exist above topography. For a tall ridge
with strong tides, like in Luzon Strait of the northern South
China Sea (SCS), tide-induced NIWs are in close contact with
wind-induced NIWs. A natural question arises: can wind- and
tide-induced NIWs enhance or attenuate each other? Is there
any interaction between these NIWs of different origins?
These questions provide direct motivation for the present
study. Interaction between wind and tide has also been con-
sidered by Xing and Davies (1997, 2002) and very recently by
Omidvar et al. (2022), but these studies mainly focus on the
shelf edge or nearshore region where the water depth is shal-
low and wind-induced upwelling is strong. The interaction
mainly produces energy at the sum of f and M, frequency
(Xing and Davies 2002) or influences the internal tide genera-
tion process (Omidvar et al. 2022).

By using moored velocity observations, drifter observations,
and numerical simulations, it will be shown in the present work
that wind- and tide-induced NIWs can mutually enhance each
other, producing a resonant-like effect. Section 2 presents the
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data and methods used for the analysis. Section 3 presents de-
tailed energy budget calculations to show the mutual enhance-
ment between wind- and tide-induced NIWs. The effects of
winds, tides, and topography are explored, and the high mixed
layer near-inertial energy (NIE) near Luzon Strait is discussed.
Finally, the conclusions are summarized in section 4.

2. Data and methods
a. Moored velocity observations

A mooring was deployed at 20.5°N, 120.5°E from 15 July
2017 to 26 August 2018 near Luzon Strait in the northern SCS
(the white star in Fig. 10a). The local water depth is 3289 m.
Upward- and downward-looking acoustic Doppler current
profilers (ADCPs) were placed near a depth of 600 m, with a
sampling interval of 1 h and a vertical resolution of 8§ m. Unfor-
tunately, the downward-looking ADCP was broken and thus
only current data from the upward-looking ADCP (data from
100- to 596-m depth) are used for analysis.

b. Global Drifter Program dataset

The Global Drifter Program (GDP, https://www.aoml.noaa.
gov/phod/gdp/hourly_data.php) dataset provides hourly ve-
locity records at 15-m depth (Elipot et al. 2016). These veloc-
ity data are derived from the raw locations of satellite-tracked
surface drifters at irregular time intervals (roughly 1.2 h on
average) and then interpolated onto the regular hourly time
grids. For the region considered in this study (108°-126°E,
10°-27°N, Fig. 10a), the data span from 2003 to 2018. Drifters
with lifetimes shorter than 300 h or breaking times longer
than 10 h are discarded. This results in 1100491 out of
1308226 velocity records being retained. The missing values
are filled by linear interpolation.

These velocity data are then used for computing the mixed
layer NIE. As the inertial frequency f varies along drifter tra-
jectories, velocity records tracked by a drifter are broken into
half-overlapping 300-h segments. Then, f is set as the mean
value over each segment and a bandpass filter is applied to ex-
tract the near-inertial velocities u; and v;. This procedure for
extracting u; and v, from the GDP dataset is the same as that
in Liu et al. (2019). Temperature data from the World Ocean
Atlas 2018 (WOA2018) are used for calculating the mixed
layer depth D, which is defined as the depth where the tem-
perature is 0.5°C lower than the mean temperature of the sur-
face 10-m layer.

¢. Numerical modeling

An idealized 2D (x, z) model is utilized to study the impacts
of both wind and tide. It consists of a single Gaussian ridge
[A(x) = hoexp(—x*/2L?) — H, with hy = 2.2 km, L = 12 km,
and H = 3 km] representing the eastern ridge in Luzon
Strait of the northern SCS along the 20.5°N transect (the
magenta line in Fig. 10a). The upper boundary at z = 0 m is
a free surface, where time variable zonal wind stress (from
1 January to 1 March 2018, 60 days in total) from the hourly
NCEP CFSv2 (https://www.hycom.org/dataserver/ncep-cfsv2)
is applied. Barotropic tide u = ugsin(wt + ¢y) is applied at the

Unauthenticated | Downloaded 11/27/22 03:56 AM UTC


https://www.aoml.noaa.gov/phod/gdp/hourly_data.php
https://www.aoml.noaa.gov/phod/gdp/hourly_data.php
https://www.hycom.org/dataserver/ncep-cfsv2

DECEMBER 2022

CHEN ET AL.

3261

10 T T T T T

S5 e A UW}W

0 4 UUWJ\W\’\N\NW’IW” r i /

e 10 e

= ——— M, Tide

g 2

8 10°| M., Wind_tide |

> f: Wind

g . ——— f: Tide

w10 ———— f Wind_tide I
0 10 20 30 40 50 60

Time (Day)

FIG. 1. Time evolution of M, (thick lines) and near-inertial (thin lines) energy density averaged
between —400 < x = 40 km for cases Wind, Tide, and Wind_tide.

eastern open boundary, with tidal amplitude uy = 0.06 m s,

M, tidal frequency o = 1.41 X 10™* rad s™!, and the initial tidal
phase ¢y = 0. The buoyancy frequency profile is shown at the
right-hand side of Fig. 2a, with Ny = 0.002 and N; = 0.012 rad s ..
The local Coriolis frequency is f = 5 X 107> rad s~ !. According to
Garrett and Kunze (2007), the three nondimensional parameters
governing the generation of internal tides are the steep-
nessparameter & = max[h /{/(w? — f2)/(N} — )] =17, the
tidal excursion parameter kug/w = 0.22 (where k = 27/L), and
Noho/uy = 73.3. In later section, ug, hy, and L will be varied in
sensitivity analysis simulations, with kuy/w and Nohg/u, varying
in the ranges of [0.04, 0.34] and [49, 440], respectively, while
& remaining unchanged.

The MITgem (Marshall et al. 1997) is utilized for simula-
tions. A uniform horizontal grid spacing Ax = 100 m is adopted
within —400 =< x =< 40 km (Figs. 2a—). It is then gradually
stretched both eastward and westward to Ax = 3 km and
then kept fixed until the boundaries at x = *900 km. Near
both boundaries, a sponge layer with 40 grid points is imple-
mented to avoid wave reflections. In the vertical direction,
Az = 3 m in the upper 300 m. It is then gradually stretched
downward to Az = 18 m and then kept fixed until the no-
slip bottom boundary. The simulations are carried out in a
hydrostatic mode, using the nonlocal KPP scheme (Large
et al. 1994) for vertical mixing. The background vertical viscosity
and diffusivity are v, = k, = 107> m? s~ ! and the horizontal ones
are v, = k, = 1072 m® s~ . When the nonhydrostatic mode is
turned on with constant viscosities and diffusivities (v, = k, =
10"*m?s™ ! and v, = k;, = 1072 m* s 1), the high-frequency part
of the internal wave continuum is enhanced, but the change in
NIE is negligible. This is presumably because near-inertial mo-
tions are mainly in the horizontal direction and thus the nonhy-
drostatic effect is weak. Since NIWs are the focus of the present
work, hydrostatic simulations are performed for computation
efficiency. All simulations are initiated from a state of rest and
run for two months (60 days), with a time step of At = 5's.

It should be noted that even though the model is nominally
2D (x, z), it actually also solves the y-momentum equation
with the condition that there is no variation along the y direc-
tion (i.e., d/dy = 0). Thus, the model result also includes the

vvelocity component, and this allows NIWs to develop. This
model configuration has been utilized in existing literatures for the
simulation of NIWs, e.g., Tort and Winters (2018). The above de-
tailed model setups are basically the same as those in Chen et al.
(2019) for the study of NIWs and internal wave spectra.

3. Results and discussion
a. Enhancement of near-inertial energy

When the model is forced by wind alone (case Wind), tide
alone (case Tide), and combined wind and tide (case Wind_tide),
time evolutions of the bandpass filtered M, internal tide energy
(0.85-1.15M;) and NIE (0.85-1.15f) are shown in Fig. 1. The M,
internal tide energy quickly approaches steady state and there is
not much difference between cases Tide and Wind_tide. The NIE
in cases Wind and Wind_tide becomes steady earlier than that in
case Tide, in which the NIE finally approaches the same magni-
tude as the tidal energy. After day 25, there is a slight increasing
trend of NIE in both Wind and Wind_tide, possibly due to the
slightly intensifying wind stress. The spatial distributions of NIE
averaged in the last 30 days of simulations for cases Wind, Tide,
and Wind_tide are shown in Figs. 2a—2c, respectively. In Fig. 2a,
NIE is mainly distributed in the upper 100 m, consistent with the
characteristics of wind-induced NIWs. In Fig. 2b, NIE appears
above the ridge top and decreases away from the ridge. This is be-
cause internal tide breaking above the ridge leads to self-adjust-
ment of the rotating ocean, which initiates the generation of
NIWs. These waves (f) then interact with the internal tides (M,)
to produce a triadic (f, M, — f, M) resonant interaction, and then
tidal energy is continuously transferred to the NIWs. This process
has been detailed in Nikurashin and Legg (2011) and Chen et al.
(2019), and the consequence is that a GM-like (in the sense that
there is a prominent near-inertial peak in the frequency spectrum
and that the spectral slope in log-log coordinates is close to —2 at
high frequencies) internal wave spectrum can be generated by
tidal forcing alone (Chen et al. 2019). In Fig. 2¢, NIE is much en-
hanced in the whole water column.

Comparison of NIE profiles between mooring and model
results is shown in Fig. 2d. The black solid line is calculated by
a 30-day segment of the mooring observation starting from
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FIG. 2. Logarithm of NIE (m? s~2) for cases (a) Wind, (b) Tide, and (c) Wind_tide, with the buoyancy frequency
profile shown at the right-hand side of (a). (d) NIE profiles from both mooring (black solid and dotted lines) and
model results (green, blue, and red lines), with the mooring position indicated by the thick black line in (a)—(c).
(e) Vertical profiles of the horizontally averaged NIE in (a)—(c). The upper and lower rows of numbers (m> s~ 2) indi-
cate vertical integration of the corresponding profiles (with the same color) above and below the mixed layer depth

(gray dashed line), respectively.

1 February 2018 (the same period as that of the wind applied
in the model). The whole time series from the mooring is also
computed for comparison (dotted line). In the upper 100 m,
NIE is mainly generated by the wind and its value in case
Wind_tide is apparently larger than a linear superposition of
its values in cases Wind and Tide. Below 100-m depth, NIE in
case Wind decreases smoothly and the vertically oscillatory
structure in case Wind_tide is due to tide-induced NIWs.
Apparently, of the three model results, case Wind_tide (red line)
is the closest to the observation (black solid line). The depth-
averaged (in the depth range of the observation) NIEs for cases
Wind, Tide, Wind_tide, and the observation (black solid line) are
68 X 107% 1.7 X 1073,2.7 X 1073, and 59 X 107> m? s 2,
respectively. However, the most striking result is that, by vi-
sual inspection, the vertical oscillation of NIE (red line)

follows the same oscillatory phase as that of the observed
one (black solid line), even though the former is systemati-
cally smaller than the latter. Note that the model is not
tuned in any way to match the observation. By close inspec-
tion, NIE from the whole observation period (dotted line)
also possesses a vertically oscillatory structure that closely
follows the same oscillatory phase as those of the red and
black solid lines. This shows that this vertically oscillatory
structure is robust in observation, and it provides an obser-
vational support to the persistent existence of tide-induced
NIWs.

Vertical profiles of NIE horizontally averaged between
—400 = x = 40 km from the three model cases are shown in
Fig. 2e, with values of vertical integrations above and blow
the mixed layer depth indicated. In case Wind, 85% of the NIE
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FIG. 3. Power spectral density from both mooring (vertically averaged; the short vertical bar
indicates the 95% confidence interval with 40 degrees of freedom) and model results, as com-
pared to the GM76 spectrum. The observed (black line) and GM76 (thick magenta line) spectra
are the same in both (a) and (b), while the model spectra are (a) vertically averaged as in the
observation and (b) domain averaged between —400 = x = 40 km. Panel (a) shares the same

legend as in (b).

resides in the mixed layer, while in case Tide 89% resides be-
low the mixed layer. With the simultaneous presence of wind-
and tide-induced NIWs in case Wind_tide, NIEs in and below
the mixed layer are of comparable magnitude (3.43 versus
2.40 m® s72). Also, it is apparent that, both in and below the
mixed layer, NIE in case Wind_tide is larger than the linear
superposition of those in cases Wind and Tide, which will be
discussed in detail later.

Power spectral density (PSD) from both mooring obser-
vation (February) and model results are shown in Fig. 3.
The corresponding GM76 spectrum (calculated using the
MATLAB toolbox created by J. Klymak, http://jklymak.github.
io/GarrettMunkMatlab/) is also plotted for comparison. Over-
all, the model spectra vertically averaged as in the observation
(Fig. 3a) are one to two orders of magnitude lower than the ob-
served one. Being in a region of active mesoscale eddy activity
(e.g., Zhang et al. 2017), the observation also has high subiner-
tial energy and an overall higher background energy than the
model results, which do not include diurnal tides, mesoscale
eddies, other complicated background currents, etc. The model
spectra domain averaged between —400 =< x = 40 km (Fig. 3b)
are qualitatively the same as those in Fig. 3a, but smoother,
especially in the high-frequency part. The dominant peaks in
observation are due to diurnal (K;) and semidiurnal (M;) in-
ternal tides. There is also a significant peak near f. Since the

observation only covers the depth below 100 m and consider-
ing the vertically oscillatory structure shown in Fig. 2d, this
near-inertial peak very likely corresponds to tide-induced
NIWs. For case Tide, a prominent near-inertial peak appears,
corresponding to tide-induced NIWs that have been discussed
extensively by Chen et al. (2019). The underlying mechanism is
that the three frequencies (f, M, — f, M) form a resonant triad
to continuously transfer internal tide energy into NIWs. For
K; internal tide, the subharmonic wave frequency K; — fis
smaller than f (i.e., not in the freely propagating internal wave
regime) and thus the energy transfer from K, internal tide into
NIWs is damped. This is why it is not Ky, but M,, internal tide
that is applied in the model, even though K; is much stronger
than M, in the observation. For case Wind, the near-inertial
peak is higher than that in case Tide, but the high-frequency
part has much lower energy. For case Wind_tide, the simulta-
neous presence of wind and tide forcings produces a much
stronger near-inertial peak (Fig. 3b). It should be noted that
the M, — f peak is an order of magnitude weaker than the
fpeak, and this might be why it is difficult to be captured in
a complex background by the observation. Sometimes a
small M, — f peak could be observed near Luzon Strait, e.g.,
see Fig. 1b in Xie et al. (2011).

The domain averaged NIE densities [0.5p,(u? + v?), where
po = 1025 kg m73] for cases Wind (NIE,,), Tide (NIE,), and
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FIG. 4. Spatial distribution of time-averaged near-inertial Wind Power Input (WPI) for cases
Wind and Wind_tide.

Wind_tide (NIEy,) are 1.10, 0.47, and 2.08 J m >, respectively.
It seems that the interaction between wind- and tide-induced
NIWs leads to an enhancement of NIE. To quantify such
interaction, we define two ratios

and

)
@

R, = (NIE,, — NIE, — NIE NIE,,

R, = (NIE,, — NIE, )NIE,,

where the subscripts w, t, and wt denote the cases Wind, Tide,
and Wind_tide, respectively. Thus, R, = 0.25, indicating that
the interaction can lead to an enhancement of 25% more
NIE. R, = 0.47, indicating that the total NIE will be underes-
timated by 47% if tide-induced NIWs are neglected. This
highlights the importance of tide-induced NIWs in constrain-
ing NIE in Luzon Strait.

b. Energetics

Where does the additional 25% NIE come from? It must
come from either the wind or the tide, or both. In the pres-
ence of tide-induced NIWs, the surface near-inertial velocity
u; might be modified, and this might change the near-inertial
wind power input (WPI)

W, =

L= Tu, 3)
where 7 is the applied zonal wind stress. The spatial distribu-
tions of time-averaged W; for cases Wind and Wind_tide are
shown in Fig. 4. Near the ridge (x = 0) where tide-induced
NIWs are strong, W; in case Wind_tide is significantly larger
than that in case Wind. Away from the ridge, the difference in
W, between these two cases diminishes. This verifies that the
presence of tide-induced NIWs can enhance near-inertial WPI.
The instantaneous and cumulative (integration in time from
the start of simulations, the same below) near-inertial WPI av-
eraged between —400 < x < 40 km are shown in Fig. 5 (green
and red lines). The instantaneous WPI oscillates between posi-
tive and negative values. It has slightly larger magnitude in case
Wind_tide than that in case Wind. By the end of simulations, the

cumulative wind energy input in case Wind_tide (5.97 J m ™) is
7% larger than that in case Wind (5.53 J m ™). Thus, even though
the presence of tide-induced NIWs can enhance near-inertial
wind energy input, such effect is pretty weak.

To calculate the energy transfer from internal tides to
NIWs, we adopt the energy budget framework of Hazewinkel
and Winters (2011), which has also been utilized in many exist-
ing literatures to study the energy budget of NIWs in triadic res-
onant interaction of internal waves (e.g., Onuki and Hibiya
2015; Ansong et al. 2018; Yang et al. 2018; Wang et al. 2021a,b).
The flow fields are decomposed as

u=u,+u, b=b,+b, p=p;+p, 4)
where u and p are the velocity vector and pressure, respec-
tively; b = —(g/po)p’ is buoyancy; g is the gravitational accel-
eration; and py and p’ are the reference and perturbation
densities, respectively. The subscripts 7 and s denote internal
tides and subharmonic waves, which are obtained by high-
pass and low-pass filtering, respectively, using a cutoff fre-
quency of 0.8M,. This filtering is adopted so that the flow
fields can be decomposed into only two parts, which are domi-
nated by internal tides and NIWs, respectively. The energy

equation for subharmonic waves is

OF,
=tV F=G-D, (5)

Note that in the derivation of this equation, the buoyancy fre-
quency N(z) is assumed to vary slowly enough so that terms
involving its derivative could be neglected (Hazewinkel and
Winters 2011). The energy density is calculated as

2
s

E N2)

1
— 2 2 2
s_ius+l},s+wx+

(6)
while the energy flux is

™)
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FIG. 5. (a) Instantaneous and (b) cumulative near-inertial energy input from both wind and tide
for cases Wind, Tide, and Wind_tide. Panel (a) shares the same legend as in (b).

The energy transfer from internal tides to subharmonic waves
(mainly NIWs) is calculated by the transfer term

b
“Vu, — 5

G= N2

7“5 : (“S

(u, - V)b, ®)
in which the buoyancy term (the second term) can be ne-
glected and it is the horizontal straining of the tide (the first
term) that transfers the energy (MacKinnon and Winters
2005; Young et al. 2008; Hazewinkel and Winters 2011). Thus,

the energy transfer term can be simplified as

u v,
G~ —uu, 6_xT - uy, 8_xT 9)
The energy dissipation is calculated as
2
du K, (9D
D = + <= 10
Sl o

since the horizontal dissipation terms are negligible. The ef-
fective viscosity v, and diffusivity k. are from the KPP param-
eterization. When volume averaged between —400 = x = 40
km, the flux divergence term is negligible and the energy bal-
ance is dominated by the energy growth [the first term on the
left-hand side of Eq. (5)], transfer, and dissipation terms in
Eq. (9).

Spatial distributions of the energy transfer rate G [Eq. (9)]
time-averaged in the last 30 days of simulations are shown in
Fig. 6 for cases Tide and Wind_tide. Positive values denote

energy transfer from internal tides to subharmonic waves,
while negative values denote the reverse transfer. Since the
subharmonic waves mainly consist of NIWs, in the following
we refer to G as the energy transfer from internal tides to
NIWs, as in Hazewinkel and Winters (2011). In Fig. 6a, the
values are mostly positive, which are concentrated along the
internal wave beam path and are mostly confined in the upper
500 m depth. With the presence of wind-induced NIWs in
Fig. 6b, the positive energy transfer is significantly enhanced,
indicating that the presence of wind-induced NIWs can facili-
tate energy transfer from internal tides to NIWs. This is be-
cause wind-induced NIWs enhance the subinertial velocities
u, and v, and thus tidal straining can do more work to NIWs,
as inferred from Eq. (9). This is more apparent from the hori-
zontally averaged profiles in Fig. 6¢. In case Tide, only 13% of
the energy transfer occurs in the mixed layer, while in case
Wind_tide it increases to 57%, due to the strong wind-in-
duced near-inertial velocity in the mixed layer.

The instantaneous and cumulative energy transfers aver-
aged between —400 =< x = 40 km are shown in Fig. 5 (black
and blue lines). The instantaneous transfer rates are of much
smaller magnitudes than those of the wind energy input
(Fig. 5a). However, these energy transfer rates from tides are
mostly positive, and the cumulative energy inputs from tides
are on the same order of magnitude as those from winds
(Fig. 5b), indicating that tides can make a considerable contri-
bution to the total near-inertial energy input. As mentioned
earlier, the presence of tide-induced NIWs only slightly en-
hances the energy input from winds. However, the presence
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FIG. 6. Energy transfer rate (10~® W kg™ ') time-averaged in the last 30 days of simulations for cases (a) Tide and
(b) Wind_tide. The color bar is saturated and applies to both (a) and (b). (c) Vertical profiles of the horizontally aver-
aged energy transfer rates in (a) and (b). The upper and lower rows of numbers (10°® W m kg~ ') indicate vertical inte-
gration of the corresponding profiles (with the same color) above and below the mixed layer depth (gray dashed line),

respectively.

of wind-induced NIWs significantly enhances the energy input
from tides. By the end of simulations, the cumulative energy
input from tides in case Wind_tide (3.42 J m~?) is more than
twice the value in case Tide (1.68 J m™3).

Spatial distributions of the energy dissipation rate [Eq. (10)]
time-averaged in the last 30 days of simulations are shown in
Fig. 7. In case Wind (Fig. 7a), the dissipation is mostly in the
surface mixed layer. In case Tide (Fig. 7b), it is concentrated
along the internal wave beam and mostly confined in the up-
per 500-m depth. With the simultaneous presence of wind-
and tide-induced NIWs, the dissipation rate is significantly
enhanced (Fig. 7c). From the horizontally averaged profiles
in Fig. 7d, it is clear that 99% of the dissipation occurs in the
mixed layer in case Wind, while 83% of the dissipation is be-
low the mixed layer in case Tide. In case Wind_tide, the dissi-
pation in the mixed layer is about 2 times that below the
mixed layer.

The instantaneous energy dissipation rate (Fig. 8a) be-
haves similarly in cases Wind and Wind_tide and is much
larger than that in case Tide. By the end of simulations,
the cumulative energy dissipations (Fig. 8b) in cases Wind,
Tide, and Wind_tide are 3.96, 1.30, and 6.57 J m >, respec-
tively. Thus, the simultaneous presence of wind- and tide-
induced NIWs dissipates more energy than a linear super-
position of the respective dissipation in cases Wind and
Tide.

The above energy budget calculations are summarized in
Table 1, in which the cumulative W; and G represent the total

energy sources, the cumulative D represents the sink, while
the resultant E£; and NIE are time-averaged in the last 30 days
of simulations. From the second last column, the subharmonic
waves mainly consist of NIWs, especially in cases Wind and
Wind_tide. Given the many assumptions in deriving Eq. (5)
(Hazewinkel and Winters 2011), the neglect of the energy flux
divergence term, and the simplifications in calculating G and
Dy [Egs. (9) and (10)], it is a bit surprising that the energy
budget for the subharmonic waves closes very well in cases
Wind and Wind_tide. It closes to 6.9% and 2.3% of the total
energy inputs in these two cases, respectively (the last column
in Table 1). In case Tide, the energy budget closes less well,
but still acceptable, to within 30% of the total energy input,
possibly due to the many assumptions and simplifications in
the calculations. The last row shows the effects of the simulta-
neous presence of wind- and tide-induced NIWs. They mutu-
ally enhance each other to extract more energy from wind
and tide inputs, respectively. However, this effect is strong for
tidal energy input, but weak for wind energy input (51% ver-
sus 7%). It should be noted that by definition either tidal or
wind energy input is zero in case Wind or Tide, but this does
not influence the calculations in the last row of the table.
They still provide a reference for comparison that shows the
effect of the simultaneous presence of both wind- and tide-
induced NIWs in case Wind_tide. The subharmonic and near-
inertial energies, as well as the energy dissipation, are all
enhanced to a similar degree (20% and 25%). Now it is clear
that, of the additional 25% NIE noted in the last section,
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most of it is contributed by the tides and to a less extent by
the wind.

c. Effects of winds, tides, and topography

Detailed energy budget calculations are cumbersome, and
thus the two ratios R; and R; [Egs. (1) and (2)] are used as
quick indices to show the enhancement of NIE under differ-
ent wind, tide, and topographic conditions. When the applied
wind stress is multiplied by a factor F,, of 0.2, 0.5, 2, and 5,
NIE and R, and R, are shown in Fig. 9a. Case Tide is the
same for different wind intensities and thus NIE, remains fixed
at 0.47 J m~>. As the wind gets stronger, NIE,, and NIE,, in-
crease monotonically. For very weak wind (F,, = 0.2), Ry = 0
and no additional NIE is generated. It increases to a maximum
of 0.25 at F,, = 1 and then decreases slightly with increasing
F,,.. Thus, the enhancement of NIE (i.e., R;) seems to saturate
with strong wind. With increasing F,,, R, decreases monotoni-
cally, implying that the importance of tide-induced NIWs di-
minishes. With increasing tidal excursion kug/w (by increasing
1), both NIE, and NIE,, increase monotonically while NIE,,
remains fixed (Fig. 9b). For very weak tide, R; is close to 0 and
the enhancement of NIE is negligible. It increases and then sat-
urates near R; = 0.25 as kuy/w increases. Thus, the enhance-
ment of NIE also saturates with strong tide, which is similar
to the effect of the wind. The R, increases monotonically,
implying that the importance of the tide increases. By keeping
the three nondimensional parameters &, kug/w, and Noho/ug the
same as those in section 3a (i.e., by changing A, uo, and the
topographic width L accordingly), the effect of the normalized
ridge height hy/H is shown in Fig. 9c. The overall behavior is

similar to that in Fig. 9b, except that R; does not saturate at
large ho/H. For a higher ridge, tide- and wind-induced NIWs
are in closer contact, leading to stronger interaction and en-
hancement of NIE. Of course, 4y/H cannot be increased to 1
and the highest ridge considered is #y/H = 0.87. Since the steep-
ness parameter ¢ remains unchanged, L is increasing with g
and thus the present result is relevant to the ocean where the
topographic spectrum is such that taller sills also tend to be
wider, which is similar to the situation in Zemskova and Gri-
souard (2021). Since the interaction between two kinds of
NIWs is considered, the phase difference between them might
have an effect. The phase of wind-induced NIWs is difficult to
adjust since wind forcing is almost a random process. However,
the phase of tide-induced NIWs can be adjusted by changing
the initial tidal phase ¢,. From Fig. 9d, NIE,, and the two ratios
are not influenced much by ¢. This shows that the enhance-
ment of NIE is robust under different phase alignments be-
tween wind- and tide-induced NIWs.

d. High NIE near Luzon Strait

Mixed layer NIE [calculated as 0.5p,(u? + v?)D, where D is
the mixed layer depth] in the SCS from the hourly GDP data-
set is shown in Fig. 10a. The most striking result is that there
is high NIE near Luzon Strait. Considering the model results
in section 3a, is this due to the mutual enhancement of wind-
and tide-induced NIWs in Luzon Strait? Since NIWs usually
possess high vertical shear (e.g., Fig. 2d) and are thus condu-
cive to local mixing, and that Luzon Strait is an important
gateway of the SCS, the interesting spatial pattern in Fig. 10a
might have a potential influence on the Luzon Strait transport
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FIG. 8. (a) Instantaneous and (b) cumulative energy dissipation averaged between —400 < x =< 40 km
for cases Wind, Tide, and Wind_tide.

(Tian et al. 2006) and even the circulation pattern of the SCS
(Gan et al. 2016; Wang et al. 2017).

The annual and winter mean NIE from the hourly GDP da-
taset averaged between 19° and 22°N are shown in Fig. 10b.
The winter mean is overall larger than the annual mean due
to the stronger winter wind. The annual mean NIE calculated
by Chaigneau et al. (2008) using 3-h-resolution drifter data
from July 1999 to December 2006 is also shown (black line).
Since the present hourly data have a higher temporal resolu-
tion and a much longer time coverage, they generally capture
more NIE than that of Chaigneau et al. (2008). The three
model results in section 3a are also shown for comparison.
Tidal forcing alone can generate only very weak mixed layer
NIE. However, wind forcing alone can generate high mixed
layer NIE near Luzon Strait, as observed in Fig. 10a. This is

due to the stronger wind over Luzon Strait (not shown),
e.g., orographic wind jets (Wang et al. 2008). Combined
wind and tide forcing further enhances this high NIE pat-
tern. From section 3a, the total tide-induced NIE is comparable
to that induced by the wind (0.47 versus 1.10 J m~3). Espe-
cially, with the simultaneous presence of wind- and tide-
induced NIWs, most of the additional NIE comes from the tide
(section 3b). According to Fig. 6¢, most of the energy transfer
from tides occurs in the mixed layer in the presence of wind
forcing, suggesting that wave—wave interactions are important
in the mixed layer. The modeled NIE (red line) near Luzon
Strait is about three times larger than that of drifter observa-
tion (magenta line). Also, the overall slope of the NIE west-
ward decreasing trend from Luzon Strait is much steeper in the
model than in drifter observation. This might be because in the

TABLE 1. Energy inputs (J m~>) from wind (W;) and tide (G) and energy dissipation (D,) cumulated from the start of simulations;
subinertial (E,) and near-inertial (NIE) energy are time averaged in the last 30 days of simulations.

NIE W, +G—-D,—E|
Case Ww; G D, E, NIE E; W, +G
Wind 5.53 0 3.96 1.19 1.10 92% 6.9%
Tide 0 1.68 1.30 0.88 0.47 53% —29.8%
Wind_tide 5.97 342 6.57 2.60 2.08 80% 2.3%
Wlnd-tlde. - Wlnd — Tide 79 519 20% 20% 25%
Wind_tide
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present 2D model mesoscale eddies and other complicated
background currents are not included, which could disperse or
advect mixed layer NIE, thus reducing the too high NIE near
Luzon Strait and the westward decreasing slope. Furthermore,
drifter observations probably underestimate the actual mixed
layer NIE. With more drifter observations and higher time res-
olution, more NIE might be captured, e.g., compare the orange
and black lines in Fig. 10b. Another possible explanation is be-
cause the present model is forced by surface wind stress and so
it does not take into account current feedback effects. In the
ocean, the amount of stress imposed by the wind depends on
the relative magnitude and direction of the wind velocity com-
pared with the ocean surface velocity. As was shown by Zhai
(2017), the relative wind effect can reduce the net wind energy
flux to NIWs by as much as 20%.

One more interesting point to note is that recent results
from moorings in Le Boyer et al. (2020) show that, despite
sufficient wind forcing, internal waves in the SCS do not ex-
hibit a strong near-inertial peak in the kinetic energy spec-
trum. This is largely consistent with the small near-inertial
peak in our mooring result (black line in Fig. 3). However, by
drifter observations in the surface mixed layer, it is shown
that there is indeed high NIE near Luzon Strait (Fig. 10a),
and this complements mooring results that are usually be-
neath the surface mixed layer.

4. Conclusions

Wind- and tide-induced NIWs in the northern SCS can mu-
tually enhance each other to generate more NIE. Compared

to a linear superposition of wind and tide forcing alone, com-
bined forcing leads to an enhancement of 25% more NIE.
This is because in the presence of tide-induced NIWs, the
wind can inject more NIE, while in the presence of wind-
induced NIWs, tidal straining can transfer more tidal energy
to tide-induced NIWs. However, the former effect (more
wind energy input) is weak and the latter effect (more tide en-
ergy input) contributes most of the additional NIE. In addi-
tion to NIE, energy dissipation is also enhanced to a similar
degree by the simultaneous presence of wind- and tide-
induced NIWs. If tide-induced NIWs are neglected, as is usu-
ally the case, the total NIE will be underestimated by almost
50%, which is a significant effect. This mutual enhancement
effect between wind- and tide-induced NIWs is similar to the
nonlinear coupling between small- and large-scale bathymetry
interacting with steady stratified flows, in which the flow re-
sponse generated by one type of bathymetry can promote
more wave generation and dissipation associated with the
other type of bathymetry, as reported in the simulations of
Klymak (2018) and Zheng et al. (2022).

With increasing wind intensity and tidal excursion, the en-
hancement of NIE (R;) saturates, while it increases monoton-
ically with increasing ridge height (up to h/H = 0.87). A
higher ridge leads to a closer contact between wind- and tide-
induced NIWs;, thus producing stronger mutual enhancement.
In the present study, the ridge width also changes with the
ridge height, such that the ridge slope remains unchanged.
Thus, the present result is relevant to the ocean where the to-
pographic spectrum is such that taller ridges also tend to be
wider. The initial tidal phase does not influence the results
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FIG. 10. (a) Logarithm of annual mean mixed layer NIE (J m~2)
in the SCS from the hourly GDP dataset. The magenta line is the
20.5°N transect in the model and the white star is the location of
the mooring. (b) Annual (orange line) and winter (January-March,
magenta line) mean NIE from the hourly dataset, annual mean
NIE from Chaigneau et al. (2008, black line), and model mixed
layer NIE (blue, green, and red lines). The vertical dotted line indi-
cates the ridge top position in the model.

much, and thus the present results are robust for different
wind-tide phase alignments. This result is similar to that in
Omidvar et al. (2022), in which it is shown that the presence
of wind promotes M, internal tide generation in the nearshore
region regardless of wind-tide initial phase lag. However, it
should be noted that, in the present 2D model, it is relatively
easy to get wave—wave energy transfers. In a 3D model, the
phases may become randomized enough to damp energy
transfers, which will be part of our future research.

For the high mixed layer NIE near Luzon Strait as revealed
by satellite-tracked surface drifters, it is mainly generated by the
wind while the interaction with tide-induced NIWs can reinforce
this pattern. Considering the vertically oscillatory structures (i.e.,
high vertical shear) of tide-induced NIWs and the mutual en-
hancement effect, tide-induced NIWs might be important for lo-
cal mixing and the energetics of NIWs near Luzon Strait.
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