GEOPHYSICAL RESEARCH LETTERS, VOL. 38, L05603, doi:10.1029/2010GL046521, 2011

Observations of parametric subharmonic instability‐induced
near‐inertial waves equatorward of the critical diurnal latitude
Xiao‐Hui Xie,1,2 Xiao‐Dong Shang,1 Hans van Haren,3 Gui‐Ying Chen,1
and Yuan‐Zhi Zhang4
Received 16 December 2010; revised 22 January 2011; accepted 28 January 2011; published 8 March 2011.

[1] Moored current observations of 75 days duration in
the northeastern South China Sea (∼20°N) suggest that
parametric subharmonic instability (PSI) of semidiurnal
(D2) internal tides can not only generate waves of frequencies close to D2/2, but also excite near‐inertial waves whose
frequencies are different from D2/2. Time series of shear
amplitudes clearly show a 14‐day cycle. Although near‐
inertial and near‐diurnal motions dominate the shear, this
cycle is in phase with the fortnightly spring‐neap cycle of
D2‐waves. After separation of near‐inertial and near‐diurnal
waves using band‐pass filters, shear magnitudes for both
motions still follow this 14‐day cycle, rather than that of
diurnal internal tides or variations of the local wind field.
This strongly suggests that PSI equatorward of the critical
latitude for D2/2 waves (∼29°) not only transfers D2‐energy
to D2/2 waves, but also to high‐mode near‐inertial waves.
Near‐inertial waves ( f ) and another subharmonic (D2‐f ),
together with D2 waves, compose a PSI‐triad following
strong interaction. Citation: Xie, X.‐H., X.‐D. Shang, H. van Haren,
G.‐Y. Chen, and Y.‐Z. Zhang (2011), Observations of parametric
subharmonic instability‐induced near‐inertial waves equatorward
of the critical diurnal latitude, Geophys. Res. Lett., 38, L05603,
doi:10.1029/2010GL046521.

(PSI), a nonlinear resonant triad interaction, can transfer
energy of low‐mode semidiurnal (D2) internal tides to high‐
mode near‐inertial waves [Hibiya et al., 2002; van Haren,
2005; Alford et al., 2007, Alford, 2008; Xie et al., 2008, 2009].
Nevertheless, the process was often thought to predominantly
occur near the so‐called diurnal critical latitudes (∼29°),
where f is equal to half the semidiurnal tidal frequency (D2/2),
because the most effective instability was assumed to happen
for perturbations of frequency D2/2 [McComas and Bretherton,
1977; Staquet and Sommeria, 2002; MacKinnon and Winters,
2005; Gerkema et al., 2006]. Until recently, Korobov and
Lamb [2008] used numerical model to show that PSI could
generate subharmonics (daughter waves) whose frequencies
were different from half the parent frequencies, and hence
PSI‐generated near‐inertial waves are also expected to occur
at non‐critical latitudes.
[3] In this paper, moored current measurements in the
northeastern South China Sea (SCS) are used to provide
the first observational evidence that high‐mode near‐inertial
waves are generated by PSI of semidiurnal internal tides
equatorward of the critical diurnal latitude and suggest that PSI
not only transfers D2‐energy to D2/2 waves, but also generates
subharmonics whose frequencies are different from D2/2.

1. Introduction

2. Data

[2] Breaking internal waves induced by shear instabilities,
which are mainly dependent on the presence of small vertical‐scale (high‐mode) motions, are the major sources of
deep‐sea mixing [Munk and Wunsch, 1998]. In the ocean
interior, many observations [e.g., Pinkel, 1983; van Haren,
2007] suggested that the largest amplitudes of shear S =
(∂u/∂z, ∂v/∂z) are often induced by near‐inertial waves
(internal waves with frequency near the local inertial frequency, f ). Atmospheric disturbances have long been known
to be the dominant mechanism generating near‐inertial waves
near the sea surface. However, D’Asaro [1991] showed that
most high‐mode near‐inertial waves, generating the highest
shear values, have dissipated before they can enter the ocean
interior and only low‐mode can propagate a significant
distance. Alternatively, parametric subharmonic instability

[4] Ocean currents were evaluated from one mooring
deployed at 118.41°E, 20.58°N, where the water depth is
2474 m (Figure 1a) and internal tides are thought to mainly
originate from Luzon Strait [Tian et al., 2003; Lien et al.,
2005]. The mooring consisted of an upward‐looking
WHL75‐I‐Z ADCP at ∼450 m (data from 436 to 52 m, 16‐m
bins) and five Aanderaa current meters at 800‐, 1000‐, 1500‐,
2000‐, and 2300‐m. In this letter, only ADCP data are used.
The mooring period was from August 2000 to March 2001.
Unfortunately, the ADCP worked only for the first ∼75 days
(from the 20th of August to 4th of November, 2000). Its
sampling interval was 15 minutes.
[5] In order to investigate the influence of wind on near‐
inertial waves, the current evolution at mooring location is
simulated using a one‐dimensional mixed layer model,
Price‐Weller‐Pinkel (PWP) [Price et al., 1986]. The wind
field and temperature‐salinity profile used in the model are
from the swath Quick Scatterometer (QuikSCAT) data and
the World Ocean Atlas 2001, respectively.

1
Key Laboratory of Tropical Marine Environmental Dynamics,
South China Sea Institute of Oceanology, Chinese Academy of Sciences,
Guangzhou, China.
2
Graduate School of Chinese Academy of Sciences, Beijing, China.
3
Royal Netherlands Institute for Sea Research, Den Burg, Netherlands.
4
Institute of Space and Earth Information Science, Chinese University
of Hong Kong, Shatin, Hong Kong.

Copyright 2011 by the American Geophysical Union.
0094‐8276/11/2010GL046521

3. Results
3.1. Spectral Analysis
[6] Since kinetic energy spectra and 16‐m current difference spectra at most depths observed by the ADCP showed
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Figure 1. (a) Mooring position (star) in the northeastern South China Sea. (b) Kinetic energy (red) and 16‐m current difference (blue) spectra averaged over 52 to 324 m. The long vertical lines represent various frequencies (f, D1, …). The short
vertical bar in the upper‐left corner indicates the 95% statistical significance level. Depth‐time series of band‐pass filtered
(c) D1 and (d) D2 velocity amplitudes. Note different color scales. (e) Time series of 24‐hour mean semidiurnal kinetic
energy (black) and raw (S, blue), inertial (2 × Sf, red) and diurnal (2 × SD1, green) shear amplitudes averaged over 52 to
324 m. Magenta curve is a 5‐point moving average of the raw shear (blue curve). The filter bounds are [0.85, 1.15] f for
near‐inertial motions, [0.9O1, 1.1K1] for D1 and [0.9, 1.1]M2 for D2. The solid and dotted vertical bars in Figure 1e indicate
semidiurnal spring (diurnal neap) and diurnal spring (semidiurnal neap) tides, respectively. Similar treatments are also applied
to Figures 2b, 2c, and 3a below.
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similar patterns, they are averaged vertically over the depth
range 52 to 324 m. The average spectra are given in Figure 1b.
From the kinetic energy spectra, we can observe that the
most obvious peaks appear in inertial (f), diurnal (D1) and
semidiurnal (D2) frequency bands. Hereafter, we use Di, i =
1, 2, 3, etc. to represent an (over‐) diurnal frequency. A rawer
kinetic energy spectrum than displayed in Figure 1b shows
that diurnal O1 and K1 are dominant in D1‐band and that
D2‐band is borne primarily by semidiurnal M2. The inertial
peak is clearly distinguished from D1‐peak. In addition to
these fundamental inertial and tidal frequency bands, significant peaks were also found at some higher tidal harmonic
bands (e.g., D3, D4). In 16‐m current difference spectra, the
strongest signal occurred at f and D1. Although D2 has strong
signal in velocity, it is rather weak in shear, indicating that
semidiurnal energy is dominated by low‐mode. In addition,
whether it is in kinetic energy spectra or 16‐m current difference spectra, a relatively weak peak is observed at a
difference interaction frequency between f and D2, i.e., D2‐f.
3.2. Time Series
[7] Taking advantage of spectral gaps between different
peaks, a fourth‐order Butterworth filter was designed to
detach these peak signals. Figures 1c and 1d show depth‐
time series of band‐pass filtered diurnal and semidiurnal
velocity amplitudes UD1 and UD2, respectively. The large
velocity amplitudes for both tidal motions are often found in
a narrow depth range near the surface, implying the dominance of internal tides over barotropic tides. In the meantime, the relatively large UD1 and UD2 values in the upper
180 m show a clear, fortnightly spring‐neap cycle. However, the diurnal and semidiurnal 14‐cycles are nearly out
of phase. Note that the diurnal 14‐day cycle becomes
unclear below 200 m. This is because O1and K1 become
relatively weak at these depths and peaks in D1‐band also
appear at some non‐tidal frequencies (e.g., M1 = M2/2) (not
shown).
[8] Figure 1e shows time‐series of the depth‐average raw
(S), inertial (Sf) and diurnal (SD1) shear amplitudes. Semidiurnal kinetic energy (u2D2 + v2D2) is also shown in Figure 1e.
Both enhanced near‐inertial and diurnal shears often occur
at semidiurnal spring tide. As a result, due to the fact that S
is dominated by near‐inertial and diurnal frequencies, its
elevation follows semidiurnal spring tide for most observation periods, rather than diurnal spring tide. The correlation coefficient between semidiurnal kinetic energy (Figure 1e,
black line) and shear variance (Figure 1e, magenta line) from
August 21st to October 31st is 0.67, markedly exceeding the
99% significance level (= 0.3). Similar results can also be
found at individual depth bins (see Figure 2d below). These
suggest that high‐mode near‐inertial and near‐diurnal waves
are strongly linked to semidiurnal internal waves.
[9] To confirm further that both f and D1 motions are
associated with semidiurnal internal tides, we examine depth‐
time series of their band‐pass filtered Sf and SD1. From
Figures 2b and 2c, one can again find that both large Sf and
SD1 often occur at semidiurnal spring tide. The heightened
Sf around a depth of 180m for the entire observation period
closely follows the semidiurnal spring‐neap cycle. Near this
depth, as well as around 260 m, the correlation coefficients
for Sf and semidiurnal kinetic energy are above the 99%
significance level (Figure 2d).The clear 14‐day modulation
rules out the possibility that the enhanced near‐inertial sig-
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nals at semidiurnal spring tide are caused by wind because
the local wind speed and wind‐generated near‐inertial
waves in the mixed layer do not show a 14‐day cycle
(Figure 2a). However, the wind field also has notable effects
on high‐mode near‐inertial signals. For example, near‐
inertial shear is enhanced around October 9th, 2000 near the
surface (upper 160 m) when the wind speeds are markedly
increased (Figures 2a and 2b). But the sub‐surface (below
160 m) shear seems not to be influenced, implying that wind
may not be the direct cause of large near‐inertial shear in
the ocean interior. As to D1 motions, the diurnal 14‐day
cycle is inconspicuous in the shear field (Figure 2c). Large
Ud during diurnal spring tide does not noticeably elevate
shear, suggesting the dominance of low‐mode diurnal internal tidal waves. The clearest evidence that energy of high‐
mode diurnal waves during semidiurnal springs is mainly
supplied by D2 waves appears near 324 m depth, where the
elevated SD1 mostly occurs at semidiurnal spring (diurnal
neap) tide (Figure 2c) and the correlation coefficient between
two time series of SD1 and semidiurnal kinetic energy is also
above the 99% significance level (Figure 2d).

4. Discussion
[10] In the above observations, we showed that both
near‐inertial and near‐diurnal shears follow a 14‐day cycle
that is consistent with semidiurnal spring‐neap. This suggests that energy of the intensified high‐mode near‐inertial
and near‐diurnal waves at semidiurnal spring tide is mainly
provided by waves of frequency D2. The enhanced D1 shear
associated with D2 waves can be attributed to PSI mechanism, as energy is transferred from low‐mode waves with
frequency D2 to high‐mode waves with frequency D2/2 = D1.
Nevertheless, the energy transfer from D2 waves to near‐
inertial waves seems to be different from the classical PSI
course, as f is significantly unequal to D2/2. Using an
inviscid two‐dimensional numerical model, Korobov and
Lamb [2008] suggested that when PSI turned into a strongly
nonlinear instability from a weakly nonlinear instability, it
could generate subharmonics whose frequencies were different from half the original frequencies. Thus, the enhanced
near‐inertial waves associated with semidiurnal internal tides
here may be the result of strongly nonlinear instabilities.
However, a PSI‐triad requires a third wave‐packet of frequency D2‐f, according to the frequency relation in PSI‐
theory [McComas and Bretherton, 1977], namely w0 = w1 +
w2, where w0 is frequency of parent wave and w1 and w2
are frequencies of two daughter waves.
[11] At depths of 100 and 196 m, the velocity amplitudes
UD2‐f clearly display a 14‐day cycle (Figure 3a). This cycle
is also in phase with the semidiurnal spring‐neap cycle.
Examination of the phase  = tan−1vD2‐f /uD2‐f (Figure 3b),
reveals a strong clockwise rotation (∂/∂t < 0), excluding
cycle‐jumps. This indicates that the strengthened D2‐f waves
is not caused by fine‐structure contamination [Alford, 2001].
Figure 3b also demonstrates an approximate 180° phase
difference between velocity signals of D2‐f motions at
depths of 100 and 196 m. These waves have a high vertical
wavenumber. These properties suggest that D2‐f waves are
generated via PSI of semidiurnal internal waves, i.e., waves
of frequency D2, f and D2‐f for a PSI‐triad. Depth‐time
maps of band‐passed filtered f and D2‐f zonal velocities
(uf and uD2‐f) during the third semidiurnal spring tide indi-
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Figure 2. (a) Time series of wind (red) and current (blue) speeds from PWP model. (b) Depth‐time series of observed Sf.
(c) Depth‐time series of observed SD1. Time series of Sf at 180 m and SD1 at 324 m are superimposed on the corresponding
depth‐time map, respectively. (d) Absolute value of correlation coefficients between semidiurnal kinetic energy and shear
variance including S (red), Sf (green) and SD1 (blue). The horizontal line gives the 99% significance level.
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Figure 3. (a) Time series of 24‐hour‐averaged UD2‐f at 100 (red) and 196 m (blue). The filter bound is [0.9, 1.1](M2 − f).
(b) Phase variations of D2 − f waves during the third semidiurnal spring tide at depths of 100 (red) and 196 m (blue). Depth‐
time maps of (c) uf and (d) uD2−f from September 16 to 20.
cate that two daughter waves in the PSI‐triad of D2 = f +
D2‐f have opposite (high) vertical wavenumbers (Figures 3c
and 3d), also agreeing well with PSI‐theory [McComas and
Bretherton, 1977]. Near 180 m depth, both wave‐packets
show an abrupt phase change. Due to the fact that the vertical wavenumber of waves is easily affected by stratification, the pattern may be associated with the depth variation
of buoyancy frequency. In addition, vertically‐standing wave
signals are often observed in diurnal velocity and shear fields
during semidiurnal spring tides (not shown). These signals
can be attributed to the superposition of two daughter waves
with nearly opposite vertical wavenumbers and nearly equal
frequencies in the PSI‐triad of D2 = D1 + D1.
[12] In order to further provide evidence of PSI, bicoherence spectrum (normalized bispectrum) is explored. This

can be used to distinguish the extent of quadratic phase
coupling in a deterministic signal from independently
excited waves [van Haren, 2005]. Since PSI of D2 waves
often occurs at semidiurnal spring tide, we pick out six six‐
day long (Hanning‐tapered) time series from six semidiurnal
springs to compute bicoherence, yielding a spectral estimation with ∼15 degrees of freedom.
[13] Figure 4 shows averaged bicoherence of u and v
velocity components. Bicoherence analysis at 148 m shows
that a significant bicoherence value occurs around [0.83,
1.17] cpd (Figure 4a), which is further evidence for the
occurrence of semidiurnal internal tidal PSI. Significant
bicoherence also appears around [2, 2] cpd, suggesting that
waves with frequency D4 is mainly generated by self‐
nonlinear interaction of D2 waves, namely D2 + D2 = D4,
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Figure 4. (a) Average bicoherence of u and v at 148 m. Note that all values less than 0.5 are set to 0.5 for clarity.
(b) Bicoherence values around [0.83, 1.17] cpd (blue) and [2, 2] cpd (red) plotted as a function of depth. The vertical lines
give 90% and 95% significance levels.
rather than by Doppler shifting. For subharmonic interaction
of D2 waves, bicoherence analysis of all observed depths
indicate that significant results at the 90% level only appear
over a limited range of vertical depths (Figure 4b), being
similar to observations by van Haren [2005] and Carter and
Gregg [2006]. However, bicoherence values around [0.83,
1.17] cpd reveal a similar depth variation with that around
[2, 2] cpd (Figure 4b), implying that semidiurnal internal
tidal PSI, like D2 + D2 = D4, may also occur at other depths.

nant mechanisms of the cascade of internal tidal energy
down to small dissipation scales available for ocean mixing.
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