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Abstract Severe tropical storm Chanchu passed the subsurface mooring in the western South China Sea
in June 2004, and its effects on the internal waveﬁeld and nonlinear interactions were examined. The
internal waveﬁeld was characterized by diurnal (D1) and semidiurnal (D2) tides before Chanchu. However,
after the passage of Chanchu, the internal waveﬁeld was not only characterized by diurnal and semidiurnal
tides but also by near‐inertial (f) waves, internal waves with higher harmonic frequency (fD2 = f+D2 and
D3 = D1+D2), and enhanced diurnal currents. Analysis of the rotary coefﬁcient and bicoherence suggested
that the observed fD2 waves, D3 waves, and enhanced diurnal currents originated from the nonlinear
interactions of f+D2 = fD2, D1+D2 = D3, and f+f = 2f, respectively. Previous studies indicated that the
nonlinear interactions induced by tropical cyclones mainly occur between the near‐inertial waves and
internal tides (f+D1 = fD1 or f+D2 = fD2). Our observations indicate that tropical cyclones can also induce
the self‐interaction of near‐inertial waves (f+f = 2f) and enhance nonlinear interactions between diurnal and
semidiurnal tides (D1+D2 = D3). Critical diurnal latitudes (where 2f ≈ D1) play an important role in the
occurrence of these nonlinear interactions. Near‐inertial waves undergo self‐interactions (f+f = 2f) near the
critical diurnal latitudes, and near‐inertial energy is transferred to diurnal waves. Enhanced diurnal waves
further contribute to the nonlinear interactions of D1+D2 = D3. These nonlinear processes might promote
the energy cascade of the near‐inertial waves induced by tropical cyclones near the critical diurnal latitudes
and play an important role in ocean mixing.

1. Introduction
Near‐inertial waves, namely internal waves with a frequency near the local inertial frequency (=2Ω sin ϕ,
where Ω = 7.2921 × 10−5 rad/s is the local vertical component of the Earth's rotation vector and ϕ is the
latitude), are often observed in the ocean. These waves form the energetic part of the internal wave spectrum
(Ferrari & Wunsch, 2009; Garrett & Munk, 1975). Surface wind forcing has long been suggested to be a
dominant mechanism for the generation of near‐inertial waves (Garrett, 2001; Gill, 1984). As a result, the
largest velocity amplitude they cause is often observed in the upper ocean and can reach 2 m/s (Sanford
et al., 2007; Sanford et al., 2011; Teague et al., 2007). The near‐inertial waves generated in the upper ocean
generally persist for a dozen days before decay (D'Asaro, 1989; Garrett, 2001; Qi et al., 1995). Nonlinear
interactions are an important mechanism for the decay of near‐inertial waves, as they are the ﬁrst step in
the cascade of energy to shorter wavelengths and eventually to ocean mixing. Previous numerical
experiments and observations (Davies & Xing, 2003; van Haren et al., 1999; van Haren et al., 2002; Xie
et al., 2008; Xing & Davies, 2002) indicated that nonlinear interactions can cascade energy from near‐inertial
waves and internal tides into small‐scale internal waves.
The South China Sea (SCS), one of the largest marginal seas in the Paciﬁc Ocean, covers the area from
approximately 0 to 23°N and 100 to 120°E. A dozen tropical cyclones (TCs) pass through or form in this
marginal sea each year (Goh & Chan, 2010; Wang et al., 2007), which can induce energetic near‐inertial
waves, and provide high levels of energy for ocean mixing (Xu et al., 2013). There have been several
observational studies of near‐inertial waves induced by TCs in the SCS (Cao et al., 2018; Chen et al., 2013;
Guan et al., 2014; Sun et al., 2011). Sun et al. (2011) explored the evolution of near‐inertial waves during a
severe tropical storm in the western SCS and explained the causes of a blue shift in the inertial frequency.
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Chen et al. (2013) examined the seasonal variability of near‐inertial waves and their relation to TCs and
eddies in the northwestern SCS. Guan et al. (2014) reported the response of the upper ocean to typhoon in
the northern SCS, while Cao et al. (2018) explored the features of typhoon‐induced near‐inertial waves
and their underlying mechanisms with mooring array data. These studies have greatly increased our knowledge of near‐inertial waves induced by TCs in the SCS. However, the effects of TCs on the internal waveﬁeld
and nonlinear interactions are still not fully understood. Although numerical experiments (Simmons, 2008;
Xing & Davies, 2002) have found that nonlinear interactions can cascade energy from near‐inertial waves
and internal tides into higher‐mode internal waves, few observational studies have reported these nonlinear
processes after the passage of TCs, especially near the critical diurnal latitudes. One observational study
involving the TC‐induced nonlinear interactions in the SCS was reported by Guan et al. (2014). Using mooring data obtained from the northern SCS, Guan et al. (2014) found strong nonlinear interactions between
near‐inertial waves and diurnal tides after the passage of typhoon. However, to the best of our knowledge,
no observational studies have reported the TC‐induced nonlinear interactions near the critical diurnal latitudes of the SCS. The critical diurnal latitude band is a special zone for diurnal tides where they are prone to
undergo parametric subharmonic instability (PSI, Alford et al., 2007; Alford, 2008; Simmons, 2008; Xie et al.,
2009). The effects of the critical diurnal latitudes on the nonlinear interactions and the types of waves that
involve nonlinear interactions after the passage of TCs near the critical diurnal latitudes are unclear. The
objective of this paper is to investigate the effects of a severe tropical storm on the internal waveﬁeld and
demonstrate the enhancement of nonlinear interactions between the internal waves near the critical diurnal
latitudes. Nonlinear interactions induced by TCs near the critical diurnal latitudes were found to differ from
those occurring in regions far away from the critical diurnal latitudes. In addition to the nonlinear interactions between the near‐inertial waves and internal tides, we found that TCs can also induce the self‐
interactions of near‐inertial waves and nonlinear interactions between diurnal and semidiurnal tides near
the critical diurnal latitudes. In the following section, we describe the instruments and measurement techniques we used, and the severe tropical storm passing through the observation site. The rotary analysis and
bicoherence methods are introduced in section 3. In section 4, we investigate the distribution of energy in the
internal wave band with the rotary spectrum and diagnose the nonlinear interactions with bicoherence.
Finally, discussion and conclusions are presented in section 5.

2. Mooring Observations
On 26 May 2004, one acoustic Doppler current proﬁler (ADCP) mooring was deployed in the western SCS to
study ocean circulation and internal waves (Figure 1). The mooring was deployed for 123 days from 26 May
to 27 September 2004 and provided a detailed description of the internal waveﬁeld. The mooring station was
located at 13.99°N and 110.52°E, which is close to the critical bidiurnal latitudes (13.44°N for O1 internal tide
and 14.52°N for K1 internal tide). The water depth is approximately 1,800 m. The mooring was equipped
with an upward looking 75‐kHz ADCP that pinged and recorded currents at 30‐min intervals with a vertical
resolution of 8 m between 8 and 480 m. The ADCP relies on sufﬁcient natural scatters in the water column to
create a good return signal. Data with a signal‐to‐noise ratio below 6 dB were rejected, and the occasional
unrealistic extreme values (speed>10 m/s) were removed. If these absent data points had good values adjacent in either time or space, then they were estimated by linear interpolation. The data in the upper 48 m
were excluded from analysis as their quality was poor and they could not be easily restored.
One of the TCs that passed through the SCS in 2004 was named Chanchu (Figure 1), which formed in the
western Paciﬁc and developed into a severe tropical storm in the SCS. Chanchu arrived at the mooring on
12 June 2004 (yearday 163) with a maximum wind speed of approximately 30 m/s. Details of Chanchu's track
and maximum wind speed were obtained from the Typhoon Online website (http://www.typhoon.org.cn/).
To explore the effects of Chanchu on the internal waveﬁeld and nonlinear interactions, current data captured by the mooring from 27 May to 8 August 2004 (yeardays 147 to 220) were used for analysis.

3. Spectrum Analysis
Based on the rotary analysis of the vector time series (Gonella, 1972; Thomson & Emery, 2014), the horizontal velocity vector u(t) = u(t)+iv(t) for a speciﬁed frequency ω can be separated into clockwise (A−) and
LIANG ET AL.
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Figure 1. Bottom topography (ETOPO2v2) of the SCS. The location of the ADCP mooring is marked by the red star at
13.99°N, 110.52°E. The track of Chanchu is indicated by the green circles with labeled yeardays (162.08, 162.33,
162.58, …). The maximum wind speeds are indicated by the scaled horizontal bars. SCS = South China Sea; ADCP =
acoustic Doppler current proﬁler.

anticlockwise (A+) rotating circular components. One ratio that can be used to describe the polarization
characters of the internal waves is the rotary coefﬁcient, which is deﬁned as
CR ðωÞ ¼

A− −Aþ
Aþ þ A−

(1)

CR is equal to 1, 0, and −1 for clockwise, unidirectional, and anticlockwise motions, respectively. Under linear perturbation, the theoretical rotary coefﬁcient can be deﬁned as (Gonella, 1972; van Haren, 2003)
C R ðωÞ ¼

2ωf
;
ω2 þ f 2

(2)

where f is the inertial frequency. CR = 1 when ω is equal to f, indicating that inertial waves are clockwise
rotary in the Northern Hemisphere. CR decreases as ω increases in the internal wave band.
The bispectrum is often used to study the nonlinear interactions between internal waves, which is deﬁned as
(Kim & Powers, 1979)


Bðω1 ; ω2 Þ ¼ E Aðω1 ÞAðω2 ÞA* ðω1 þ ω2 Þ ;

(3)

where A = A++A−, A* represents the complex conjugate of A, and E[ ] is the expected value. Speciﬁcally,
nonlinear interactions are associated with nonzero value of the bicoherence that is given by
jBðω1 ; ω2 Þj
bðω1 ; ω2 Þ ¼  
 
1=2 :
E jAðω1 ÞAðω2 Þj2 E jAðω1 þ ω2 Þj2

LIANG ET AL.
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Figure 2. Time series of the (a) uf, (b) uD1 , and (c) uD2 band‐pass‐ﬁltered velocities measured by the mooring ADCP from
yeardays 147 to 220. In all panels, the vertical black lines represent the time at which Chanchu passed the mooring. The
blue rectangles in Figure 2b indicate the periods of spring tides. SCS = South China Sea; ADCP = acoustic Doppler current
proﬁler.

Bicoherence is a quantity that shows whether or not a statistically dominant phase relationship exists for a
wave triad that stands out above random phasing (Kim & Powers, 1978, 1979). That is, if waves present at
frequencies ω1, ω2, and ω1+ω2 are spontaneously excited independent waves, each wave may be
characterized by statistically independent random phases. The statistical averaging in equation (4) will lead
to a bicoherence value of zero due to the random phase mixing effect. In contrast, if the three spectral components are nonlinearly coupled to each other, the total phase of three waves will not be random. The statistical averaging in equation (4) will lead to a nonzero bicoherence value.
A nonzero bicoherence value generally identiﬁes two components of a nonlinear triad interaction, but for a
ﬁnite‐length time series, even a process with truly independent Fourier components will have a nonzero
bicoherence value (Elgar & Guza, 1988). The signiﬁcance levels of bicoherence must be known to determine
if the data are statistically consistent with a linear random phase process. Elgar and Guza (1988) demonstrated that the signiﬁcance levels of bicoherence can be determined by the number of degrees of freedom
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(λ). The signiﬁcance levels of 80%, 90%, and 95% are equal to 3:2=λ, 4:6=λ, and 6:0=λ, respectively,
where λ is two times the independent realizations.

4. Results
4.1. Time Series
The observed velocities contain internal waves and mesoscale motions. To clearly show the vertical structure
of the internal waves, waves associated with the dominant internal wave frequencies were isolated using a
fourth‐order Butterworth ﬁlter. The ﬁlter bounds were [0.85f, 1.15f] for near‐inertial waves (f), [0.9O1, 1.1K1]
for diurnal tides (D1), and [0.9M2, 1.1M2] for semidiurnal tides (D2), where O1 and K1 are the frequencies of
lunar diurnal tides and M2 is the frequency of the principal lunar semidiurnal tide. Figure 2a presents the
time series of band‐pass‐ﬁltered inertial velocity (east‐west component). The severe tropical storm
Chanchu arrived at the mooring on yearday 163 with a maximum wind speed of approximately 30 m/s
(Figure 1). Near‐inertial waves induced by Chanchu can be clearly observed in the upper ocean, which were
generated in the surface layer and propagated down to the deeper layers. The waves grew in strength from
yeardays 163 to 172, during which the amplitude of the near‐inertial waves gradually increased from the
LIANG ET AL.
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background value of 0.05 m/s to a maximum value of approximately 0.2 m/s. The amplitude of the near‐
inertial waves decreased with an e‐folding decay timescale of approximately 2 weeks, which is consistent
with previous observations (Guan et al., 2014; Oey et al., 2008; Qi et al., 1995). These near‐inertial waves
exhibited upward phase propagation, suggesting downward energy propagation. Near‐inertial signals dominated by downward phase propagation were observed on yeardays 185–200 at depths of 100–400 m
(Figure 2a), which contrast with the features of the near‐inertial waves induced by Chanchu (upward phase
propagation). Furthermore, a phase difference in the velocity signals of approximately 180° occurred alternately on yeardays 185–200 at depths of 100–400 m, exhibiting a checkerboard pattern. These distinguishing
features suggest that the near‐inertial waves may have been generated via PSI (Alford et al., 2007; Xie et al.,
2009), as the mooring was located near the critical diurnal latitudes where diurnal tides are prone to undergo
PSI (Alford, 2008; Simmons, 2008). However, these near‐inertial waves were much weaker than those
induced by Chanchu.
Figures 2b and 2c show the time series of the band‐pass‐ﬁltered diurnal and semidiurnal velocities, respectively. Large velocities for both frequency bands were observed in the upper 200 m. Diurnal tides were stronger and more variable than semidiurnal tides, and the fortnightly spring‐neap tidal cycle was apparent in the
diurnal signals but faint in the semidiurnal signals. Large‐amplitude diurnal velocities were mainly observed
during spring tides. However, diurnal waves were enhanced during neap tides when the near‐inertial waves
were strong (from yeardays 163 to 192). These diurnal enhancements were mainly concentrated in the upper
layer. To explore the effects of Chanchu on the internal waveﬁeld and nonlinear interactions, we divided the
observation into three stages. Stage 1 ranges from yeardays 147 to 163, corresponding to the period during
which the internal waveﬁeld was undisturbed by Chanchu. Stage 2 ranges from yeardays 163 to 192, corresponding to the period of strong near‐inertial waves induced by Chanchu. Finally, Stage 3 ranges from yeardays 192 to 220, corresponding to the period during which the near‐inertial waves induced by Chanchu
had decayed.
4.2. Kinetic Energy Spectra
To consider the energy content as a function of frequency, kinetic energy spectra (clockwise plus anticlockwise) are presented in Figure 3. The kinetic energy spectra are vertically averaged over depths between 48
and 152 m, as the strong near‐inertial waves mainly occurred in the upper ocean (Figure 2a). During
Stages 2 and 3, the peaks at f band are found at ω = 0.516 cpd (Figure 3b) and ω = 0.539 cpd (Figure 3c),
respectively. These peaks are blue shifted relative to the local inertial frequency of 0.485 cpd. With the kinetic
energy spectrum from Stage 1 (Figure 3a), we examined the background of the internal waveﬁeld for an
ocean undisturbed by Chanchu. The kinetic energy spectrum only shows signiﬁcant peaks at D1 and D2
bands. The diurnal tides were the dominant constituents. The peak at f band is smaller than those at D1
and D2 bands. The energy density ratio of near‐inertial waves to diurnal tides is only 1:3, suggesting that
the near‐inertial waves before the passage of Chanchu were weak. Small peaks (below the 95% statistical signiﬁcance level) at fD1, fD2, and D3 bands suggest the absence of fD1, fD2, and D3 waves before the passage of
Chanchu. The kinetic energy spectrum of Stage 2 exhibits different features (Figure 3b). This kinetic energy
spectrum not only shows signiﬁcant peaks at D1 and D2 bands but also at f band. The ratio of energy density
at f, D1, and D2 bands is 13:3:1, indicating that near‐inertial waves were the dominant constituents. The peak
energy density at f band is 0.14 m2·s−2·cpd−1, which is approximately 20 times larger than that in Stage 1.
The increasing energy in the near‐inertial waves mainly results from the response of the ocean to
Chanchu. The signiﬁcant peaks at fD2 and D3 bands are of particular interest. These peaks are 5 to 6 times
more energetic than the background continuum that has a consistent roll‐off with that expected for the
Garrett‐Munk spectrum (Garrett & Munk, 1979). The kinetic energy spectrum for Stage 3 (Figure 3c) only
shows signiﬁcant peaks at f, D1, and D2 bands, but no signiﬁcant peaks are found at fD1, fD2, and D3 bands.
The energy density ratio of f, D1, and D2 bands is 10:3:1. Near‐inertial waves were still the dominant constituents, but they were much weaker than those in Stage 2. These inertial energy levels might result from other
wind forcing occurring on yeardays 205–215 (Figure 2a).
The most notable feature of Figure 3 is that signiﬁcant peaks at fD2 and D3 bands are only found in the
kinetic energy spectrum of stage 2. fD2 (=f+D2) is a harmonic of f and D2, and D3 (=D1+D2) is a harmonic
of D1 and D2. It is noteworthy that the Eulerian records of ocean quantities typically suffer from ﬁne‐structure
contamination wherein the intrinsic spectrum is Doppler shifted by the (vertical) advective motions caused
LIANG ET AL.
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Figure 3. Average rotary spectra (clockwise plus anticlockwise) of the kinetic energy between 48 and 152 m for Stages (a)
1, (b) 2, and (c) 3. The smoothing curves represent the spectral shape predicted by the Garrett and Munk model. The
vertical bars represent the frequencies of near‐inertial waves (f), diurnal tides (D1), semidiurnal tides (D2), and higher
harmonics (fD1 = f+D1, fD2 = f+D2, and D3 = D1+D2). The vertical lines in the upper right‐hand corner represent the 95%
statistical signiﬁcance level.

by internal tides and thus shows peaks at f ± D1 and f ± D2 bands (Alford, 2001). The possibility of ﬁne‐
structure contamination can be ruled out in our observation. If the velocity records suffered from ﬁne‐
structure contamination during the observation, the peak at fD1 band would be more signiﬁcant as the
diurnal tides were stronger than the semidiurnal tides. However, the peak at fD2 band is more signiﬁcant
than that at fD1 band, which is not consistent with the features of the spectrum that suffered from ﬁne‐
structure contamination. Similarly, the peak at D3 band is not due to ﬁne‐structure contamination. The
peak at D3 band would appear in the spectra of the three stages if the velocity records suffered from ﬁne‐
structure contamination because both semidiurnal and diurnal tides were strong in all stages. However,
signiﬁcant peak at D3 band is only observed in the spectrum of Stage 2. Therefore, the peaks at fD2 and D3
bands are not due to ﬁne‐structure contamination. This suggests that fD2 and D3 waves were generated in
Stage 2. These waves are likely to be derived from nonlinear interactions between the near‐inertial waves
and internal tides.
4.3. Shear Spectra and CR(ω) Spectra
The features of internal waves derived from nonlinear interactions differ from those of spontaneously
formed linear internal waves. Internal waves derived from nonlinear interactions are generally in high
modes and have strong shear (Davies & Xing, 2003; van Haren et al., 1999; Xing & Davies, 2002). To explore
the features of the observed waves, we compared the shear spectra of the three stages (Figure 4). A vertical
interval of 8 m is used for the shear calculation (S = uz+ivz), and the shear spectra are vertically averaged
over depths between 48 and 152 m. No signiﬁcant peaks are found at fD2 and D3 bands in shear spectra of
LIANG ET AL.
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Figure 4. Average rotary spectra (clockwise plus anticlockwise) of the shear between 48 and 152 m for Stages 1, 2, and 3.
The vertical lines represent various frequency bands (f, D1, fD1, …), and the vertical line in the upper right‐hand corner
represents the 95% statistical signiﬁcance level.

Stages 1 and 3 due to the absence of fD2 and D3 waves. In contrast, the shear spectrum of Stage 2 exhibits
peaks at fD2 and D3 bands, indicating that the fD2 and D3 waves observed in Stage 2 had strong shear.
This is consistent with the internal waves derived from the nonlinear interactions. Energy can be
transferred from large‐scale (low‐mode) to small‐scale (high‐mode) internal waves through nonlinear
interactions (Davies & Xing, 2003; van Haren et al., 1999; Xing & Davies, 2002).
To further conﬁrm the occurrence of nonlinear interactions, we examined the polarization characteristics of
the internal waves with the CR(ω) spectrum (Figure 5). If fD2 waves were the nonlinear coupling waves
derived from nonlinear interactions between near‐inertial waves and diurnal tides, their polarization characteristics should be strongly clockwise, as those of the near‐inertial waves are (Mihaly et al., 1998; van
Haren, 2003). The observed CR exhibits a strong predominance of clockwise waves near the inertial frequency, as expected in linear wave theory for the Northern Hemisphere. Theoretically, CR decreases as ω
increases within the internal wave band if the internal waves were linearly independent (equation (2)).
The CR values of Stage 1 are almost consistent with the theoretical values except those near f band. The
CR values near f band are much lower than the theoretical values. This is mainly due to the lack of near‐
inertial variability during this stage. The CR values of Stage 3 are also consistent with the theoretical values
and exhibit a decreasing trend as predicted by the theory. No signiﬁcant peak that deviates largely from the
theoretical value is found in the spectra of Stages 1 and 3. However, the CR values of Stage 2 do not show a
smooth decrease with frequency, as predicted by the theory. Instead, there is an elevated peak at fD2 band.
This peak value reaches 0.65, which is signiﬁcantly greater than the theoretical value of 0.38. The large CR

Figure 5. Moderately smoothed rotary coefﬁcient. The dashed curve is the variation in the theoretical rotary coefﬁcient.
The vertical lines represent various frequency bands (f, D1, fD1, …).
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value at fD2 band suggests that the fD2 waves were strongly clockwise, which is consistent with the polarization characteristics of near‐inertial waves. These observations indicated that the observed fD2 waves in Stage
2 were forced by the near‐circular clockwise near‐inertial waves, rather than spontaneously formed.
4.4. Diurnal Currents, fD2, and D3 Waves
The above spectrum analysis indicates that enhanced diurnal currents, fD2 waves, and D3 waves occurred
during the stage characterized by strong near‐inertial waves induced by Chanchu. The relationship
between these enhanced waves and near‐inertial waves can be also observed in the temporal domain.
Strong diurnal currents were only observed during spring tides in Stages 1 and 3, while strong diurnal currents were observed during both spring and neap tides in Stage 2 (Figure 2b). The diurnal enhancements
during neap tides in Stage 2 were mainly concentrated in the upper 150 m, with the largest amplitude
reaching 0.18 m/s, which is comparable to the amplitude during spring tides. These observations suggest
that the enhanced diurnal currents observed in Stage 2 were strongly related to the near‐inertial waves
induced by Chanchu.
Figures 6a and 6b show time series of the meridional velocities of f and fD2 bands, respectively. Elevated fD2
waves were observed during Stage 2, and their maximum amplitude approached 0.10 m/s, which is comparable to the amplitude of semidiurnal tides (Figure 2c). Not all of the strong near‐inertial waves were accompanied by elevated fD2 waves; only the strong near‐inertial waves on yeardays 174–181 were (indicated by
the red rectangle). This suggests that, in addition to the near‐inertial waves, other factors must be met in
the generation of fD2 waves. Numerical models (Davies & Xing, 2003; Xing & Davies, 2002) have indicated
that nonlinear terms w∂uf/∂z and w∂vf/∂z play an important role in the nonlinear processes, where w is the
vertical velocity caused by internal tides, and ∂uf/∂z and ∂vf/∂z are the shear from near‐inertial waves. Here
we cannot examine the relationship between fD2 waves and nonlinear terms directly owing to the lack of
vertical velocity data. However, we can calculate the near‐inertial shear |Sf| = (|∂uf/∂z|2+|∂vf/∂z|2)1/2 and
examine its relation to the fD2 waves. The time series of near‐inertial shear is shown in Figure 6c. fD2 waves
are found to be strongly related to the near‐inertial shear. fD2 waves were concentrated within the upper 130
m, where near‐inertial shear is strong (indicated by the red rectangle), suggesting that near‐inertial shear
plays an important role in the generation of fD2 waves. These observations are consistent with the model created by Xing and Davies (2002) whose results indicate that the enhanced energy at inertia‐tidal interaction
frequencies (f+D2) is mainly caused by the strong inertial shear aroused by inertial waves.
The relationship between D3 and near‐inertial waves can also be observed in the temporal domain.
Figures 6d and 6e show time series of the kinetic energy of near‐inertial and D3 waves, respectively. The
kinetic energy is given by E = 0.5ρ0(u2+v2), where ρ0 = 1024 kg/m3 is the reference water density. Similar
to fD2 waves, not all of the strong near‐inertial waves were accompanied by D3 waves, which are also related
to the near‐inertial shear. Elevated D3 waves were mainly concentrated in the upper 150 m, where the near‐
inertial shear was strong (indicated by the red rectangle). Good relationships between D3 waves, near‐
inertial waves, and near‐inertial shear suggest that the near‐inertial waves and shear induced by Chanchu
play an important role in the generation of D3 waves.
The near‐inertia waves experienced great evolution during Stage 2 (Figure 6d). The near‐inertial waves on
yeardays 163–173 were stable, with most of the energy concentrated at depths of 50 to 75 m. However, they
became unstable after yearday 173. The near‐inertial energy scattered to a deeper depth (50–130 m) and
decayed quickly on yeardays 173–181 (indicated by the green curve in Figure 6d). The scattering and decay
of energy occurred at the same depth‐time range as elevated fD2 and D3 waves (indicated by the red rectangle), which suggests that the near‐inertial waves might endure nonlinear interactions after yearday 173, and
near‐inertial energy was transferred to higher‐frequency internal waves. Wave radiation (including lateral
and downward radiation) can also cause near‐inertial waves to decay (D'Asaro, 1989; Garrett, 2001).
However, we have no more data to estimate the energy that radiates away and the energy transferred to
higher‐frequency internal waves.
4.5. Bicoherence
To further conﬁrm that the diurnal currents, fD2 waves, and D3 waves observed in Stage 2 are the nonlinear
coupling waves derived from nonlinear interactions, we diagnose the internal waveﬁeld using bicoherence
LIANG ET AL.
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Figure 6. Time series of (a) near‐inertial velocity, (b) fD2 velocity, (c) near‐inertial shear, (d) kinetic energy of the near‐
inertial waves, and (e) kinetic energy of the D3 waves. The green curve in Figure 6d represents the average kinetic
energy of the near‐inertial waves between 48 and 200 m. In all panels, the red rectangle indicates the period of elevated fD2
and D3 waves.

spectra. The velocity data in Stage 2 were divided into seven segments (50% overlapping) for the bicoherence
calculation. We assumed that the two velocity components were dependent and did not increase the degrees
of freedom. Thus, the seven independent realizations suggest that the number of degrees of freedom is 14,
and the signiﬁcance levels of 90% and 95% are equal to 0.573 and 0.655, respectively. Figure 7a provides
the average bicoherence of velocities u(t) and v(t) from the depth bins between 72 and 96 m. Large
bicoherence values are found near the frequency pairs of [f, f] = [0.485, 0.485], [f, D2] = [0.485, 1.932],
and [D1, D2] = [1.003, 1.932] cpd, which are signiﬁcant at the 90% level, indicating the occurrence of
nonlinear interactions of f+f = 2f, f+D2 = fD2, and D1+D2 = D3, respectively. No signiﬁcant bicoherence
values are found at [f, D1] = [0.485, 1.003] cpd. This suggests weak nonlinear interactions between near‐
inertial waves and diurnal tides (f+D1 = fD1), which is consistent with the weak fD1 waves in Stage 2.
Figure 7b provides the bicoherence values with depth for the [f, f], [f, D2], and [D1, D2] frequency pairs. The
bicoherence values at [f, f] exceed the 90% statistical signiﬁcance level between 60 and 90 m, suggesting that
the superharmonic transfer of f energy to 2f (≈D1) mainly occurred in the upper ocean, which is consistent
with the enhanced diurnal currents observed during Stage 2 (Figure 2b). The bicoherence values at [f, D2]
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Figure 7. (a) Average bicoherence of the u(t) and v(t) velocities using data obtained between 72 and 96 m. The 90% and
95% statistical signiﬁcance levels are indicated in the color bar. (b) Vertical proﬁles of bicoherence near the [f, f], [f,
D2], and [D1, D2] frequency pairs. The vertical dashed lines indicate the 90% and 95% statistical signiﬁcance levels.

exceed the 90% statistical signiﬁcance level in the upper 130 m, and even exceed the 95% statistical
signiﬁcance level in the upper 75 m, suggesting strong nonlinear interactions of f+D2 = fD2 in the upper
ocean. This is consistent with the elevated fD2 waves observed during Stage 2 (Figure 6b). Similarly, the
bicoherence values exceeding the 90% statistical signiﬁcance level at [D1, D2] suggest the occurrence of
nonlinear interaction of D1+D2 = D3 in the upper 130 m, which is consistent with the elevated D3 waves
presented in Figure 6e.

5. Discussion and Conclusions
Current data recorded from a moored ADCP in the western SCS were used to demonstrate the evolution of
the internal waveﬁeld and the enhancement of nonlinear interactions after the severe tropical storm
Chanchu. The internal waveﬁeld was characterized by semidiurnal and diurnal tides before the passage of
Chanchu, whereas the internal waveﬁeld after the passage of Chanchu was characterized not only by semidiurnal and diurnal tides but also by enhanced diurnal currents, fD2 waves, and D3 waves. Analysis of the
shear spectra and rotary coefﬁcient indicates that these observed waves were not spontaneously excited
independent waves; they exhibited strong shear and were strongly related to the near‐inertial waves and
shear induced by Chanchu. These features are consistent with those of nonlinear coupling waves derived
from nonlinear interactions. Analysis of the bicoherence further conﬁrms that the enhanced diurnal currents, fD2 waves, and D3 waves were derived from the nonlinear interactions of f+f = 2f, f+D2 = fD2, and
D1+D2 = D3, respectively.
Nonlinear couplings between the wind‐generated near‐inertial waves and internal tides are common nonlinear processes in the ocean and have been reported in numerical experiments and observations (Davies
& Xing, 2003; Guan et al., 2014; van Haren et al., 1999; Mihaly et al., 1998; Xing & Davies, 2002).
However, to the best of our knowledge, no observations have reported the nonlinear interactions of f
+f = 2f and D1+D2 = D3 after the passage of TCs. The occurrence of the nonlinear interactions of f+f = 2f
and D1+D2 = D3 is a rare phenomenon, as either only near‐inertial waves (f+f = 2f) or no near‐inertial waves
(D1+D2 = D3) are involved in the interaction processes. Typically, external excited baroclinic waves are
prone to couple with the existing internal waves, but it is difﬁcult for them to undergo self‐interactions or
trigger nonlinear couplings between the existing internal waves. Thus, the nonlinear interactions of f
+f = 2f and D1+D2 = D3 are rarely observed by mooring observations after the passage of TCs. In our observations, the location of the mooring might play an important role in the occurrence of these nonlinear interactions. Our mooring was located near the critical diurnal latitudes where 2f ≈ D1. Near‐inertial waves
underwent self‐interactions of f+f = 2f in our observations, in which energy was transferred from near‐
inertial waves to their harmonic waves (2f ≈ D1). These harmonic waves further contributed to the nonlinear
interactions of D1+D2 = D3.
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The occurrence of the self‐interaction of near‐inertial waves suggests that energy was transferred from the
near‐inertial waves to the diurnal waves, as our mooring was located near the critical diurnal latitudes where
2f ≈ D1. These diurnal waves might contribute to the enhancement of diurnal currents observed in Stage 2.
Using mooring data obtained from the northern SCS, Guan et al. (2014) also observed enhanced diurnal currents after the passage of typhoon Megi and attributed this enhancement to the intensiﬁcation of stratiﬁcation induced by Megi. Here there were no available temperature and salinity data during the observation
period, and we cannot examine the impact of Chanchu on stratiﬁcation. More observations or numerical
experiments are required to further explore the enhancement of diurnal currents near the critical diurnal
latitudes in the near future.
An interesting phenomenon observed here is that the nonlinear interactions between the near‐inertial
waves and diurnal tides (f+D1 = fD1) were weaker than the nonlinear interactions between near‐inertial
waves and semidiurnal tides (f+D2 = fD2), though the diurnal tides were 5 times stronger than the semidiurnal tides after the passage of Chanchu. This is contrary to the observations reported by Guan et al. (2014),
who found strong nonlinear interactions of f+D1 = fD1 but weak nonlinear interactions of f+D2 = fD2 after
the passage of typhoon Megi in the northern SCS. We expect that various factors contribute to this difference,
which may include the critical diurnal latitudes. Near‐inertial waves underwent self‐interactions near the
critical diurnal latitudes, involving energy transfer from the near‐inertial to diurnal waves. This process
might affect the nonlinear interactions between near‐inertial waves and diurnal tides. However, more observations or numerical experiments are required to investigate these processes.
This study provides a suggestive and intriguing insight into the effect of TCs on the internal waveﬁeld and
nonlinear interactions in the western SCS. A dozen TCs pass through or form in the SCS each year, many
of which propagate across the critical diurnal latitudes and induce strong near‐inertial waves. Our observations suggest that, in addition to the nonlinear interactions between near‐inertial waves and internal
tides, the TC‐induced near‐inertial energy near the critical diurnal latitudes can also be cascaded into
high‐frequency internal waves through the nonlinear interactions of f+f = 2f and D1+D2 = D3, which
are rarely observed in regions far away from the critical diurnal latitudes. These nonlinear processes
would greatly promote the cascade of near‐inertial energy and suggest strong turbulent mixing near the
critical diurnal latitudes. However, our research is a case study. More observations or numerical experiments are required to further investigate the inﬂuence of critical diurnal latitudes on nonlinear processes
in the near future.
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