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Abstract

The influence of Typhoon Kalmaegi on internal waves near the Dongsha Islands in the northeastern South China
Sea was investigated using mooring observation data. We observed, for the first time, that the phenomenon of
regular variation characteristics of the 14-d spring-neap cycle of diurnal internal tides (ITs) can be regulated by
typhoons. The diurnal ITs lost the regular variation characteristics of the 14-d spring-neap cycle during the
typhoon period owing to the weakening of diurnal coherent ITs, represented by O, and K;, and the strengthening
of diurnal incoherent ITs. Results of quantitative analysis showed that during the pre-typhoon period, time-
averaged modal kinetic energy (sum of Modes 1-5) of near-inertial internal waves (NIWs) and diurnal and
semidiurnal ITs were 0.62 kJ/m?, 5.66 kJ]/m?, and 1.48 kJ/m?, respectively. However, during the typhoon period,
the modal kinetic energy of NIWs increased 5.11 times, mainly due to the increase in high-mode kinetic energy. At
the same time, the modal kinetic energy of diurnal and semidiurnal ITs was reduced by 68.9% and 20%,
respectively, mainly due to the decrease in low-mode kinetic energy. The significantly reduced diurnal ITs during
the typhoon period could be due to: (1) strong nonlinear interaction between diurnal ITs and NIWs, and (2) a

higher proportion of high-mode diurnal ITs during the typhoon period, leading to more energy dissipation.
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1 Introduction

Numerical calculations (Xing and Davies, 2002) and observa-
tions (Davies and Xing, 2003; Xie et al., 2008) have indicated non-
linear interactions between near-inertial internal waves (NIWs)
and internal tides (ITs) can transfer energy to small-scale (i.e.,
high-mode) internal waves (IWs), eventually resulting in turbu-
lent mixing. Nonlinear interaction is a dominant mechanism of
IWs dissipation (Li et al., 2019). Local mixing is mainly sustained
by the dissipation of small-scale (i.e., high-mode) internal waves.
The latter, often triggered by nonlinear interactions, are prone to
direct breaking and thus drive mixing in the near field of their
generation site (Vic et al., 2019).

Typhoons can induce strong nonlinear interactions between
NIWs and diurnal ITs, resulting in rapid damping of the NIWs by
transferring the energy to a higher frequency (Guan et al., 2014).
The vertical velocity of diurnal ITs and vertical shear of near-iner-
tial currents can influence the nonlinear interactions between
typhoon-induced NIWs and diurnal ITs (Liu et al., 2018).
Typhoons can also induce the self-interaction of NIWs (f+ f = 2f)
and enhance nonlinear interactions between diurnal and semidi-
urnal ITs (D, +D,=D;) (Liang et al., 2019). The above-cited

studies have significantly expanded our understanding of nonlin-
ear interactions between NIWs and ITs in the South China Sea
(sCs).

However, most studies have only focused on the characterist-
ics of typhoon-induced NIWs, and very few observational studies
have reported the characteristic changes in ITs during the pass-
age of typhoons. Our observations provide a good opportunity to
investigate the mechanisms underlying the influence of a strong
typhoon on NIWs and ITs, especially in terms of the modal
energy and cycle regulation. Our current study aimed to provide
quantitative analyses of the modal energy change of NIWs and
ITs during the passage of a typhoon and determine the effect of
typhoons on the cycle regulation of diurnal ITs.

2 Data and methods

2.1 Data

Mooring data were obtained at 20°44'N, 117°44'E near the
Dongsha Islands in the northeastern SCS (Fig. 1). Water depth at
the mooring location was approximately 1 249 m. The mooring
consisted of three acoustic Doppler current profilers (ADCPs).
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One upward-looking WHS75K ADCP measured the current velo-
city from 76 m to 412 m, with a depth interval of 16 m and a ping
rate of 120 s. One downward-looking WHS75K ADCP measured
the current velocity from 477 m to 941 m, with a depth interval of
16 m and a ping rate of 120 s. Yet another downward-looking
WHS150K ADCP measured the current velocity from 972 m to
1116 m, with a depth interval of 16 m and a ping rate of 90 s. In
this study, we recorded observations from August 2 to September
27, 2014. The typhoon that influenced the mooring site in 2014
was named Kalmaegi (Fig. 1) and details of Kalmaegi's track were
obtained from the Typhoon Online website (http://www.
typhoon.org.cn/). Wind speed data of the mooring site were ob-
tained from the ERA-Interim reanalysis data (http://apps.
ecmwf.int) (Yu et al., 2017). The detailed information about
propagation speed and radius of Typhoon Kalmaegi was presen-
ted in Table 1.

2.2 Methods

Effective depth of the current data, measured by the ADCP,
covered more than 75% of the water depth; therefore, the baro-
tropic current was estimated with the depth-averaged current.
The baroclinic current was obtained by removing the barotropic
current from the raw current. To examine the characteristics of
the IWs, time series of the baroclinic current at each depth was
band-pass filtered with a fourth-order Butterworth filter. The cut-
off frequencies were set to [0.6, 0.81] cycles per day for NIWs and
[0.8, 1.2] and [1.8, 2.2] cycles per day for diurnal and semidiurnal
ITs.

The NIWs and diurnal and semidiurnal ITs could be repres-
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ented by a superposition of discrete baroclinic modes; hence,
they were projected onto baroclinic modes by modal decomposi-
tion. The baroclinic modes for vertical displacement @ (z) can be
determined using the eigenvalue equation (Liu et al., 2019; Zhao
etal., 2010):

z M

where n is the mode number and C, is the eigenspeed. The
buoyancy frequency profile N (z) was computed using full-depth
conductivity-temperature-depth data collected at the mooring
site when mooring was deployed.

The baroclinic velocity of mode # is expressed as:

tnlz, ) = 1 (1) (2), @
where @, (z) represents the vertical structures of baroclinic
modes (Zhao et al., 2010), and u/, (¢) represents the time-varying
magnitudes of baroclinic modes. At each time, u), (¢) was extrac-
ted from the baroclinic velocity profiles by least-squares modal
fitting (Alford, 2003; Nash et al., 2005).

The horizontal kinetic energy (HKE) of mode n was com-
puted as Pickering et al. (2015):

1
HKE = 2P < un(z, 1) >, 3)

where <> denotes both time and depth averages.
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Fig. 1. Map of the northern South China Sea with the location of mooring (red star). Blue line represents the track of Typhoon

Kalmaegi.

Table 1. The propagation speed and radius of Typhoon Kalmaegi

Time The 13.9-17.1 m/s The 24.5-28.4 m/s The 32.7-36.9 m/s Propagationﬁspeed/ Distance to Kalmaegi
wind radius/km wind radius/km wind radius/km (km-h™') track/km
2014/09/14 18:00 200-350 60-120 30 30 350
2014/09/15 00:00 210-400 70-110 40 30 304
2014/09/15 06:00 190-450 100-110 40 30 305
2014/09/15 12:00 280-480 110-120 60 40 401
2014/09/15 18:00 280-480 110-120 60 40 534
2014/09/16 00:00 280-480 110-120 60 40 534
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3 Results and discussion

3.1 Modal energy characteristics

Atmospheric forcing at the mooring site, induced by a
typhoon during the measurement period, is shown in Fig. 2a. The
wind speed began to increase on September 13. The highest wind
speed induced by Typhoon Kalmaegi at the mooring site oc-
curred on September 15, with instantaneous values exceeding
19 m/s; the intensity decreased subsequently. Therefore, we con-
sidered August 30 to September 12 as the pre-typhoon period
and September 13 to September 27 as the typhoon period.

To characterize the modal energy change of NIWs, and diurn-
al and semidiurnal ITs, induced by the typhoon, we analyzed
the total depth-integrated modal energy (sum of Modes 1-5). Fig-

ure 2b clearly shows that NIWs gained strength from September
13 and peaked on September 21, and weakened thereafter. Con-
sidering both Figs 2a and b, the date of maximum NIWs was con-
cluded to be six days after the highest wind speed. This revealed
that the enhancement of NIWs due to atmospheric forcing exhib-
ited a hysteresis effect. Quantitative analysis (Table 2) demon-
strated that modal energy of NIWs increased 5.11 times, from
0.62 kJ/m? during the pre-typhoon period to 3.79 kJ/m? during
the typhoon period. Specific to single mode, all five modes in-
creased during the typhoon period, but Modes 3-5 exhibited a
larger increase than Modes 1-2; we, therefore, defined Modes 1-2
as low modes and Modes 3-6 as high modes. Overall, the en-
hancement of NIWs was mainly due to increase in high-mode
energy.
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Fig. 2. Time series of 10 m wind speed (a), modal energy distribution of NIWs (b), diurnal barotropic tides (c), diurnal ITs (d), semidi-

urnal ITs (e), fD, (f), and /D, (g).
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Table 2. Time-averaged modal energy (kJ/m?) distribution of
NIWSs, and diurnal and semidiurnal ITs

Number of modes  Pre-typhoon Typhoon
NIWs Mode 1 0.21 0.70
Mode 2 0.06 0.16
Mode 3 0.13 0.95
Mode 4 0.09 0.95
Mode 5 0.13 1.03
0.62 3.79
Diurnal ITs Mode 1 3.08 0.46
Mode 2 1.11 0.38
Mode 3 0.63 0.25
Mode 4 0.34 0.33
Mode 5 0.50 0.34
5.66 1.76
Semidiurnal ITs Mode 1 0.63 0.41
Mode 2 0.55 0.35
Mode 3 0.20 0.20
Mode 4 0.03 0.10
Mode 5 0.07 0.12
1.48 1.18

Note: Bold numbers are total values.

The total depth-integrated modal energy of diurnal ITs de-
creased during the typhoon period (Fig. 2d). Quantitative analys-
is (Table 2) demonstrated that total modal energy of diurnal ITs
was reduced by 68.9%, from 5.66 kJ/m? during the pre-typhoon
period, to 1.76 kJ/m? during the typhoon period. All five modes
decreased during the typhoon period, but low modes exhibited
larger declines than high modes. This suggested that the weaken-
ing of diurnal ITs was mainly due to a decrease in the low-mode
energy. During the pre-typhoon period, low modes played a
dominant role in the modal energy of diurnal ITs, and the max-
imum proportion of low-mode energy with respect to total mod-
al energy of diurnal ITs was 74%. However, during the typhoon
period, the proportion was 48%, which meant that the high mode
signals accounted for a relatively larger proportion. Simultan-
eously, the depth-integrated modal energy of semidiurnal ITs ex-
hibited no clear change during the pre-typhoon and typhoon
periods (Fig. 2e). The modal energy of semidiurnal ITs during the
typhoon period was reduced by 20% compared with that during
the pre-typhoon period. The proportions of low modes in semidi-
urnal ITs during the pre-typhoon and typhoon periods were 80%
and 64%, respectively. For semidiurnal ITs, low modes decreased
while high modes increased during the typhoon period. The
commonality of diurnal and semidiurnal ITs was mainly in the
low-mode energy attenuation, although difference between the
two was not apparent.

Not only did diurnal ITs lose energy during the typhoon peri-
od, they also lost their fortnightly temporal pattern. The diurnal
ITs displayed a clear 14-d spring-neap cycle from August 30 to
September 12 (Fig. 2d). However, during the typhoon period, the
previous fortnightly temporal pattern of diurnal ITs disappeared.
To make clear that Typhoon Kalmaegi did regulate the temporal
variation during the typhoon period, we also added the temporal
variation of diurnal barotropic tides (Fig. 2c) which we com-
pared with diurnal ITs between the pre-typhoon and typhoon
periods. The diurnal ITs and diurnal barotropic tides had a signi-
ficant time shift, implying that the diurnal ITs were not locally
generated (Shang et al., 2015). The diurnal barotropic tides dis-
played a 14-d spring-neap cycle during observation period dur-

ing pre-typhoon period, but not as obvious as diurnal ITs. And
during typhoon period, diurnal barotropic tides still showed a
14-d spring-neap cycle, meanwhile the previous fortnightly tem-
poral pattern of diurnal ITs disappeared. This indicated that
Typhoon Kalmaegi did regulate the temporal variation of diurnal
ITs during the typhoon period. The phenomenon that typhoons
can modulate the period of diurnal ITs was observed, for the first
time, in the mooring data. We will discuss the reason for this later
in the manuscript.

The modal energy of fD, and fD, were presented in Figs 2f and
g. The modal energy of D, and fD, increased slightly during the
typhoon period. Results of quantitative analysis showed that the
modal energy of fD, and fD, during the typhoon period was in-
creased by 13% and 48.5% compared with that during the pre-
typhoon period.

3.2 Coherent and incoherent parts

To further study the characteristic changes in diurnal and
semidiurnal ITs during the typhoon period, diurnal ITs were di-
vided into diurnal coherent ITs (CITs) and diurnal incoherent ITs
(ICITs), following the method described by Zhai et al. (2020), and
the same was done for semidiurnal ITs. The time-averaged HKE
of coherent and incoherent parts of diurnal and semidiurnal ITs
during the pre-typhoon and typhoon periods are shown in Fig. 3.
During the typhoon period, HKE of diurnal CITs decreased in the
upper layer, which was shallower than 400 m (especially shallow-
er than 124 m) (Fig. 3a), whereas HKE of diurnal ICITs increased
in the observational depth (especially shallower than 268 m)
(Fig. 3c). The variation characteristics of semidiurnal ITs were
more clearly apparent; HKE of semidiurnal CITs was clearly
weakened (Fig. 3b) and that of semidiurnal ICITs was streng-
thened, during the typhoon period (Fig. 3d). During the pre-
typhoon period, diurnal CITs accounts for about 82.7% of diurn-
al motions and semidiurnal ITs contains smaller fraction (80.8%)
of the coherent motions, compared to 64.7% and 58% during the
typhoon period. This indicated that coherent and incoherent
parts of diurnal and semidiurnal ITs exhibited consistent charac-
teristic changes during the typhoon period; while the coherent
part in diurnal and semidiurnal ITs decreased, the incoherent
part tended to increase. Previous observation results showed that
both diurnal and semidiurnal ITs contained stronger coherent
signals than incoherent counterparts and diurnal ITs are more
coherent than semidiurnal ITs in the northeastern SCS (Xu et al.,
2013, 2014). These results are consistent with the results of our
paper.

Diurnal ITs displayed a clear 14-d spring-neap cycle during
the pre-typhoon period, but lost this fortnightly temporal pattern
during the typhoon period (Fig. 2d). Previous studies had repor-
ted that diurnal ITs exhibit a fortnightly spring-neap cycle in the
SCS (Shang et al., 2015; Xie et al., 2013, 2018) and a 14-d cycle of
diurnal ITs was induced by the superposition of O, and K, (Xie
etal., 2013). To discuss the reasons for the disappearance of fort-
nightly temporal patterns of diurnal ITs during the typhoon peri-
od, major axes of O; and K; varying with depth during the pre-
typhoon and typhoon periods (Fig. 4) were obtained by applying
harmonic tidal analysis to the baroclinic current at each depth
(Pawlowicz et al., 2002). The superposition velocity of diurnal tid-
al components O, and K; was extracted, and the depth-averaged
HKE of O, +K,; was calculated (Fig. 5).

Compared with the pre-typhoon period, the major axis of O;
and K, decreased in the upper layer (shallower than 400 m) dur-
ing typhoon period while that of K; decreased in the lower layer
(deeper than 765 m) (Fig. 4). This indicated that the upper O,
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and K; were weakened during the typhoon period. The HKE of
diurnal CITs decreased during the typhoon period; hence, as the
two main diurnal constituent tides, attenuation of O, and K; dur-
ing the typhoon period seemed to be justified.

Owing to the superposition effect of diurnal tidal compon-
ents O; and Ky, regular variation characteristics of the 14-d
spring-neap cycle were evident during the pre-typhoon period
(Fig. 5). However, due to the apparent weakening of O, and K,
regular variation characteristics of the 14-d spring-neap cycle

were not apparent during the typhoon period. Previous observa-
tions had shown that temporal variation of diurnal ITs depends
on the percentage of diurnal CITs, and an inadequate proportion
of coherent ITs was suggested as the reason for the disappear-
ance of seasonal variability in the northeastern area (Lee et al.,
2012). In our study area, during the typhoon period, diurnal CITs
faded and diurnal ICITs were enhanced, implying that diurnal
CITs account for a much lower fraction of diurnal energy. In par-
ticular, O; and K; weakened noticeably during the typhoon peri-
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Fig. 5. Depth-averaged HKE of O; + K; during the observation period.

od. Therefore, the weakening of diurnal CITs, represented by O,
and K;, while the strengthening of diurnal ICITs, may be the
reason underlying the disappearance of regular variation charac-
teristics of the 14-d spring-neap cycle of diurnal ITs during the
typhoon period.

3.3 Influence mechanisms of typhoons

Time-averaged kinetic energy of NIWs during the typhoon
period (not given) was markedly increased in the upper 400 m,
which meant that the effective depth of influence of Typhoon
Kalmaegi was less than 400 m. To determine why diurnal ITs lost
more energy than semidiurnal ITs during the typhoon period, we
compared the kinetic energy spectra between the pre-typhoon
and typhoon periods. In Fig. 6, we compared the kinetic energy
spectra during the pre-typhoon and typhoon periods at two dif-
ferent depths. Peaks in the kinetic energy spectra were concen-
trated at local inertial, diurnal, and semidiurnal frequencies. Due
to the limited temporal span of data in the pre-typhoon and
typhoon periods, various diurnal and semidiurnal frequencies
could not be distinguished in the spectra (displayed as diurnal
and semidiurnal frequency bands D, and D,). Variability of en-
ergy in the near-inertial motion was associated with both depth
and time; however, diurnal and semidiurnal motions were
mainly associated with time. Energy of the typhoon-induced
near-inertial motions during the typhoon period was much high-
er than that during the pre-typhoon period at a depth of 172 m.
However, the contrast occurred at a depth of 92 m. The energy of
diurnal and semidiurnal motions during the typhoon period
faded, compared with that during the pre-typhoon period. This
was consistent with the modal-decomposition results. In addi-
tion to the peaks of local inertial, diurnal, and semidiurnal fre-
quencies, peaks also occurred at nonlinear interaction frequen-
cies between the inertial and diurnal or semidiurnal motions
(i.e., fD; and fD,). Waves of fD; during the typhoon period were
more energetic than those during the pre-typhoon period at
depths of 92 m and 172 m. The strength of fD, clearly varied with
time and water depth. The energy of fD, during the typhoon peri-
od was significantly higher than that during the pre-typhoon
period at a depth of 172 m. However, there was almost no change
ata depth of 92 m.

To explore clearly the vertical variations of diurnal and semi-
diurnal ITs, NIWs, fD, and fD,, we provided depth-time series of
their signals (Fig. 7). The large velocity amplitudes of diurnal and
semidiurnal ITs were found in a narrow depth range near the sur-
face (Figs 7a and b), and large velocity amplitudes of diurnal ITs
were also found near the bottom (Fig. 7a). What's more, the relat-
ively large velocity amplitudes of diurnal ITs in the upper 300 m
and lower 1 000 m showed a clear fortnightly spring-neap cycle
(Fig. 7a). However, during the typhoon period, diurnal ITs
weakened obviously and the characteristic of fortnightly spring-
neap cycle disappeared. In the meantime, velocity amplitudes of
NIWs increased between the depths of 100-300 m (Fig. 7c), and
velocity amplitudes of fD, and fD, also increased at the corres-
ponding depth but with a delay time (Figs 7d and e).

While nonlinear interactions appeared at the mooring site,
the reason behind diurnal ITs losing more energy in the nonlin-
ear processes than semidiurnal ITs remains to be answered. The
secondary wave fD; could be forced by the coupling of NIWs and
diurnal ITs via Eqs (4) and (5) (Guan et al., 2014; Liu et al., 2018):

(30, (29, (), o
ot 0x o oy o 0z ™
(), () (), o
ot 0x o 0y o 0z o

The same was observed for the secondary wave fD,, which
was forced by the coupling of NIWs and semidiurnal ITs.

The horizontal nonlinear momentum terms (Terms 1 and 2
on the right side of Egs (4) and (5)) are beyond computation be-
cause there is only a single mooring site in our study. However,
Guan and coworkers (Guan et al., 2014) had demonstrated the
amplitude of horizontal nonlinear terms to be more than 10
times smaller than that of the vertical nonlinear terms (Term 3 on
the right side of Eqs (4) and (5)). Therefore, we only calculated
the vertical nonlinear terms (Liu et al., 2018). Furthermore, ver-
tical nonlinear terms for the triad of interactions fD; =f+D,

0
could be decomposed into 7leaiuf (i.e., Component 1) and
z
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D (j.e., Component 2). Same as true for the vertical non-

—wr
linear terms for the triad of interactions fD, =f+D,. To examine
the relative strength of different nonlinear processes and explain
why diurnal ITs lost more energy than semidiurnal ITs, Compon-
ents 1 and 2 were calculated and compared.

A time series of depth-averaged Component 1 and Compon-
ent 2 is shown in Fig. 8. For interactions fD; = f+ D;, Component
1 initially exhibited a weaker amplitude, which subsequently in-
creased significantly (the maximum amplitude increased 8x
10-5 m/s?) during the typhoon period. The corresponding Com-
ponent 2 exhibited the same characteristic as Component 1 but
increased at a much slower rate than Component 1 (the maxim-
um amplitude increased 4x10-5 m/s2). In contrast, for interac-
tions fD, =f+D,, Component 1 increased at a much slower rate
(the maximum amplitude increased 3x10-%> m/s2). The corres-
ponding Component 2 also increased at a much slower rate than
Component 1. The results collectively demonstrated that during
the typhoon period, fD; and fD, currents were mainly induced
by the corresponding Component 1, consistent with the results of

Liu et al. (2018). In addition, Components 1 and 2 of interactions
fDy=f+D; had larger amplitudes than those of interactions
fD,=f+D,. This suggested that the interactions fD,=
f+D; were much stronger than the interactions fD,=f+D,.
Clearly, the stronger diurnal ITs played a more important role
than semidiurnal ITs in transferring internal wave energy (Xie et
al., 2008). This could explain why diurnal ITs lost more energy in
the nonlinear process than semidiurnal ITs.

3.4 Discussion

Unfortunately, mooring data were collected only until
September 27. If the duration of collection of mooring data had
been longer, we could have studied the entire process of the ef-
fect of typhoon on IWs and the characteristic change of IWs.

As mentioned in Section 3.1, diurnal ITs have a 14-d cycle
during the pre-typhoon period, the regular variation characterist-
ics of which were lost during the typhoon period. This was an im-
portant finding that could improve our understanding of the ef-
fect of typhoons on ITs in the SCS. The strong shear of NIWs and
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Fig. 8. Time series of depth-averaged Component 1 and Component 2 of a nonlinear term for interactions fD; =f+D; (a) and

fD,=f+D; (b).

vertical velocity of diurnal ITs could lead to nonlinear interac-
tions between NIWs and diurnal ITs, consistent with previous ob-
servational results (Liu et al., 2018). In addition, our study
showed that diurnal ITs lose more energy than semidiurnal ITs
during the typhoon period. There can be two possible explana-
tions for the large reduction in diurnal ITs. First, the interactions

f+D, =fD; were much stronger than the interactions f4 D, =
fD,, which caused the diurnal ITs to lose more energy than semi-
diurnal ITs in transferring internal wave energy. Second, diurnal
ITs contained a larger proportion of high modes than semidiurn-
al ITs during the typhoon period. In addition, all five modes of di-
urnal ITs decreased during the typhoon period. However, for
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semidiurnal ITs, low modes decreased, but high modes in-
creased, during the typhoon period, implying that low modes
may be scattered into high modes. Consequently, there seemed
to be a large reduction in diurnal ITs than in semidiurnal ITs.

Besides the modulations from typhoon, mesoscale eddies or
Kuroshio intrusion might refract away the tidal beam emitted
from Luzon Strait (Huang et al., 2018; Xu et al., 2021), leading to
the absence of internal tidal energy at the observation site. And in
presence of strain, there is a permanent energy transfer from
mesoscale eddies to near-inertial oscillations forced by isotropic
wind stress (Jing et al., 2017). Besides, because of the current and
stratification modulations by the eddy pair, the propagation
speed of the mode-1 semidiurnal internal tides sped up (slowed
down) within the anticyclonic eddy’s (cyclonic eddy’s) southern
portion (Huang et al., 2018). The different Kuroshio paths will al-
ter the radiating pattern and local dissipation efficiency of intern-
al tides (Kerry et al., 2014; Xu et al., 2021).

Based on the automatic eddy detection method (Halo et al.,
2014; Yu et al., 2017), we have examined the mesoscale vari-
ations in the northern SCS from sea level anomaly data (figure
not shown). During the observation period, we found that a
mesoscale warm eddy formed on September 11 and remained
until the end of the observation. The warm eddy center was
closest to mooring station on September 21. The vorticity at
mooring station reached the maximum on September 8 and then
decreased gradually until to zero on September 16. The trans-
ition from positive value to negative value of vorticity reflects the
influence of the warm eddy on the mooring station. The influ-
ence of the warm eddy on the mooring station covers the pre-
typhoon and typhoon periods and indicates that Typhoon Kal-
maegi and the warm eddy shared overlapping influence at the
mooring station. However, due to the limited observation data, it
is impossible to separate the influence of Typhoon Kalmaegi and
the warm eddy, which still need further research.

There are primarily two types of interactions that have been
identified in the ocean, which are termed resonant (weak wave-
wave) and nonresonant (strong) interactions, resonant interac-
tion is primarily due to the resonant relationship (e.g., disper-
sion, frequency, and wave number) among the interaction waves
and nonresonant interaction is primarily due to large, nonlinear
advection terms from internal wave momentum equations (Liu
etal., 2018). McComas and Bretherton (1977) divided the reson-
ant interactions into three distinct classes, namely Induced Diffu-
sion (ID), Parametric Subharmonic Instability (PSI), and Elastic
Scattering (ES). ID is an interaction between a pair similar small-
scale-high-frequency waves and a largescale-low-frequency
wave. ID dominates internal wave spectra at high frequencies
(Mtiller et al., 1986) and ID transferring energy from the high to
low frequencies (McComas and Miiller, 1981). ES transfers en-
ergy between two waves with nearly opposite vertical, but similar
horizontal, wavenumbers. In the case of PSI, two internal waves
of nearly opposite wavenumbers and nearly equal frequencies
resonantly interact with an internal wave of much smaller
wavenumber and almost twice the frequency (Onuki and Hibiya,
2014). Many observations have confirmed that semidiurnal (D,)
internal tides can transfer energy via PSI to NIWs with frequen-
cies of two subharmonic waves (D,/2) close to the local inertial
frequency (Alford, 2008; Xie et al., 2008, 2009). Observations in
the northern SCS have suggested that the PSI of D, internal tides
generates NIWs as well as internal waves with frequencies
around D, - f, in which the two subharmonic waves are not equal
to half the forcing frequency (Xie et al., 2011). Some observations

indicate that the nonresonant interaction also plays an import-
ant role in the energy transfer of internal waves, which is found to
occur mainly between semidiurnal ITs and typhoon-induced NI-
Ws (Liao et al., 2012) and diurnal ITs and typhoon-induced NIWs
(Guan et al., 2014). Our observations found that interaction
between typhoon-induced NIWs and diurnal and semidiurnal
ITs can occur at the same time and led to the attenuation of di-
urnal and semidiurnal ITs.

4 Conclusions

Using in-situ observational data, modal decomposition, spec-
tral analysis, and nonlinear term analysis, we investigated the ef-
fect of typhoons on the characteristics of IWs near the Dongsha
Islands in the northeastern SCS. Several important conclusions
were drawn from the study.

First, during the typhoon period, the modal energy of NIWs
increased 5.11 times, mainly due to the increase in high-mode
energy. Our observations suggested that typhoons can lead to a
rapid rise of atmospheric forcing at the mooring site. The time-
averaged modal energy (sum of Modes 1-5) of NIWs was the
highest on September 21, which was six days after the day of
maximum wind speed. This indicated that the enhancement of
NIWs due to atmospheric forcing exhibited a hysteresis effect.
Quantitative analysis demonstrated the time-averaged modal en-
ergies of NIWs to be 0.62 kJ/m2and 3.79 kJ/m? during the pre-
typhoon and typhoon periods, respectively. Thus, the modal en-
ergy of NIWs increased 5.11 times during the typhoon period.
Specific to each single mode, all five modes increased during the
typhoon period, although the high-mode increased more rapidly
than the low-mode. Consequently, the enhancement of NIWs
was mainly due to the increase in high-mode energy.

Second, we found that typhoons can lead to a decrease in the
modal energy of diurnal and semidiurnal ITs, mainly due to a de-
crease in the low-mode energy. Quantitative analysis demon-
strated that during the pre-typhoon period, the time-averaged
modal energies of diurnal and semidiurnal internal tides were
5.66 kJ/m? and 1.48 kJ/m?, respectively. However, during the
typhoon period, the corresponding values were 1.76 kJ]/m? and
1.18 kJ/m?, respectively. It was, therefore, concluded that the
modal energies of diurnal and semidiurnal ITs were reduced by
68.9% and 20%, respectively, during the typhoon period. The di-
urnal and semidiurnal ITs were both dominated by low modes
during the pre-typhoon period. However, during the typhoon
period, diurnal ITs contained a higher proportion of high modes,
since there were larger declines in low modes. The decrease in
low-mode energy was also the main reason for the decrease in
modal energy of diurnal and semidiurnal ITs during the typhoon
period. The significantly reduced diurnal ITs during the typhoon
period could be (1) due to the strong nonlinear interaction
between diurnal ITs and NIWs and (2) due to a higher propor-
tion of high modes during the typhoon period, which led to a lar-
ger energy dissipation.

Finally, our observations led to the interesting and novel find-
ing that typhoons can regulate the 14-d spring-neap cycle of di-
urnal ITs which result from the modulation of O; and K; con-
stituents. Weakening of diurnal CITs, represented by O, and K;,
and strengthening of diurnal ICITs might explain the disappear-
ance of regular variation characteristics of the 14-d spring-neap
cycle of diurnal ITs during the typhoon period.
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