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Based on subsurface mooring observations and HYCOM data, a complete
investigation was conducted of the near-inertial waves (NIWs) caused by
Typhoon MITAG to the east of Taiwan. HYCOM data were mainly used to
reveal the role played by anticyclonic eddies in the propagation of NIWs. The
results show that most typhoon-generated NIWs propagate towards negative
vorticity, and NIWs near the edge gradually accumulated towards the eddy
center and down to 800 m. NIWs propagating through the thermocline to the
deep ocean were mainly concentrated in the eddy, and the near-inertial energy
flux showed a significant enhancement from 400 to 600 m. Moreover, the
downwards propagation of NIWs in the eddy enhanced the kinetic energy of
background flow. NIWs outside the anticyclonic eddy dissipated quickly, while
inside the eddy, there were high value areas of e-folding time. Dynamic mode
decomposition illustrates that the anticyclonic eddy mainly captures higher
modes of NIWs, and the state of continuous energy growth of higher modes
can be maintained for more than a week. In addition, NIWs can also be carried
westwards by the advection of the mean background flow at the eddy’s edge.

KEYWORDS

near-inertial waves, typhoon, HYCOM data, anticyclonic eddy, energy flux,
background flow

1 Introduction

Near-inertial waves (NIWs) with a frequency near the inertial frequency f appear as
prominent peaks in both the continuum internal wave spectrum and the shear spectrum
(Alford and Whitmont, 2007; Silverthorne and Toole, 2009). They are an important constituent
of high-frequency oscillations in the ocean (Alford et al., 2016) and are widespread globally
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(Webster, 1968). There is significant variability in both the spatial and
temporal distributions of NIWs (Liu et al., 2019), such as seasonality
(Chen et al, 2013; Whalen et al, 2018) and differences between
latitudinal bands (Elipot et al, 2010; Alford, 2020). NIWs are not
only important carriers for the transmission of wind energy to the deep
ocean (Greatbatch, 1984; Price et al., 1986) but also one of the main
energy sources for deep ocean internal waves (Alford, 2003; Furuichi
et al., 2008; Flexas et al,, 2019). Therefore, NIWs play a crucial role in
air-sea fluxes, ocean mixing and energy dissipation and have a
nonnegligible impact on climate (Jochum et al., 2013).

Unsteady wind fields are an important source of NIWs (Alford
et al,, 2012), in which tropical cyclones (TCs) are the most typical
processes due to relatively intense and transient wind stress. TCs can
instantaneously generate strong near-inertial kinetic energy (NIKE) in
the mixed layer along their path. Most of the NIKE is transmitted into
the thermocline and deeper layers by NIWs (D’Asaro et al, 1995;
Alford, 2001; Jiang et al., 2005), with some of them even reaching layers
deeper than 1000 m [30], demonstrating their potential importance in
mixing the deep ocean. Previous studies suggest that typhoon-
generated NIWs have horizontal wavelengths of hundreds to
thousands km in the upper ocean (Hisaki and Naruke, 2003;
Johnston et al, 2021) and large vertical group velocities (tens to
hundreds m per day) (Sun L. et al,, 2011; Sun Z. et al, 2011; Yang
et al,, 2015; Hou et al,, 2019; Yu et al,, 2022). The frequency of these
NIWs experiences a redshift (frequency below the local inertial
frequency f) or a blueshift (frequency above f) under different
background flows (Sun L. et al,, 2011; Sun Z. et al,, 2011; Chen et al,
2013; Pallas-Sanz et al., 2016; Hou et al,, 2019). There is now a relatively
adequate characterization of typhoon-induced NIWs. However, the
difficulty of obtaining three-dimensional in-situ observations limits our
understanding to some extent. Exploration of typhoon-induced NTW's
using reliable model data is needed.

The propagation of NIWs in the ocean interior occurs with
different modes, with almost all depth-integrated near-inertial
horizontal energy fluxes projected onto the first five modes (Raja
et al,, 2022). Different modes can reflect the vertical structure of
internal waves (Greatbatch, 1984). It is generally accepted that low-
mode internal waves are more stable and high-mode waves are
dissipative (Nikurashin and Legg, 2011; Simmons and Alford,
2012). However, the mode structure of NIWs has been less
explored than that of internal tides and internal solitary waves.
Some observations suggest that the vertical structure of typhoon-
generated NIWs is dominated by the second baroclinic mode, while
the first mode is not significant due to its large horizontal scale
(Chen et al., 2013). Studies using HYCOM data demonstrate that
NIWs with small e-folding time are dominated by the first three
modes, while those with larger e-folding time are gradually
controlled by higher modes, which may be related to the
interaction of NIWs and mesoscale eddies (Cao et al., 2021).
These previous studies illustrate that the investigation of mode
structure is important for understanding both the propagation and
energy dissipation of NIWs.
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Under the influence of the beta-dispersion effect, the horizontal
scale of wind-generated near-inertial motion in the mixed layer will
decrease, thereby increasing the propagation speed of NIWs and
allowing the near-inertial energy to propagate farther away (Gill,
1984). The vorticity of mesoscale eddies that are inhomogeneously
spatially distributed has the same effect on NIWs. Mesoscale eddies
can also influence the way winds input energy to the ocean by
shifting the resonant frequency from local f to effective Coriolis
frequency for (WELLER, 1982; Kunze, 1985). A global model shows
that divergence of NIKE and near-inertial energy flux are strongly
modulated by the background vorticity, with most of the horizontal
energy flux converging in anticyclonic eddies (Raja et al., 2022).
Many observations have confirmed that anticyclonic eddies are
more conducive to the enhancement and propagation of NIWs to
the deep ocean (Lee and Niiler, 1998; Park and Watts, 2005; Jaimes
and Shay, 2010), whereas cyclonic eddies confine NIWs to the
mixed layer and allow them to propagate out of eddies (Zhang et al.,
2018). In the region of negative vorticity, wind-generated NIWs are
not able to escape freely. These NIWs are then trapped and stay in
the critical layer of anticyclonic eddies. These NIWs, which
continue to accumulate in the critical layer, can release energy
through transfer to the mean flow, turbulent mixing and dissipation
or wave—wave interactions (Kunze, 1985). At present, studies
related to the release of near-inertial energy in mesoscale eddies
are rare. In addition, horizontal flow shear can also influence NIWs
by modulating f.s There was a significant elevation of NIKE in the
Kuroshio. The negative vorticity region of the Kuroshio acts as a
waveguide, advecting NIWs to the northeast over 300 km (Rainville
and Pinkel, 2004; Jeon et al., 2019).

The subtropical northwest Pacific has complex multiscale
oceanic dynamic processes (Hu et al, 2015) and is also
characterized by an abundance of TCs (Hu et al., 2020). Due to
the difficulty of implementing marine observations, most previous
studies have focused on the South China Sea (Huang et al., 2021;
Yang et al., 2021), and research on NIWs east of Taiwan, where
mesoscale processes are highly active, remains limited. In this paper,
by comparing observations with HYCOM data, we confirmed that
HYCOM data can effectively simulate the typhoon-generated NIW's
east of Taiwan during Typhoon MITAG. Therefore, the HYCOM
data was used to explore the reasons for the differences between
mooring observations of the same near-inertial event and the
influence of mesoscale eddies on the propagation of NIWs.

This paper is organized as follows. The moorings, typhoon
information and HYCOM data together with methodology are
introduced in Section 2. The in-situ observations and HYCOM
data are compared in Section 3. In Section 4, the generation and
propagation of NIKE generated by Typhoon MITAG are discussed,
focusing on e-folding time, near-inertial energy flux inside and
outside an anticyclonic eddy and the release of near-inertial energy.
In Section 5, the mode composition is performed and a case analysis
along the zonal section where the moorings are located is provided.
Finally, the main conclusions are summarized in Section 6.
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2 Data and methods
2.1 Mooring observations

Two subsurface moorings were deployed in the Northwest
Pacific east of Taiwan from August 2019 to December 2020
(Figure 1), and each mooring was equipped with two 75 kHz
Teledyne RDI acoustic Doppler current profilers (ADCPs). The
details of the mooring deployments are listed in Table 1. After pre-
processing (including depth correction, quality control, etc.), the
velocity data are interpolated onto standard layers with intervals of
5 m. Depending on the depth of propagation of the near-inertial
events of interest in this paper, data from 50 to 800 m were used
primarily for the follow-up study.

2.2 Typhoon MITAG

Typhoon MITAG formed as a tropical depression near 13.0°N,
138.9°E in the morning of 27 September 2019 and then moved
northwest with a maximum wind speed of ~13 m/s. Then, MITAG
entered the sea area east of Taiwan at 08:00 on 30 September while
changing its direction to the north, and strong winds (wind speed
exceeding 15 m/s) began to affect the observation points. On 30
September, MITAG passed between the two moorings, and the path
of the typhoon center was closer to C06 (Figure 1). After passing the
moorings, MITAG made landfall in mainland China on 1 October.
The typhoon best track data were downloaded from The Regional
Specialized Meteorological Center (RSMC) Tokyo-Typhoon center
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FIGURE 1

Topography east of Taiwan and trajectory of Typhoon MITAG (black
line and dots). Pink triangles represent the locations of the ADCP
moorings. Time corresponding to some of the black dots is marked
in gray letters.

TABLE 1 Mooring deployment details.
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(http://www.jma.go.jp/jma/jma-eng/jmacenter/rsmc-hp-pub-
eg/RSMC_HP.htm).

2.3 Near-inertial kinetic energy calculations

A Butterworth bandpass filter was applied to obtain the near-
inertial horizontal velocity (u,v). The frequency band of 0.9-1.12f (f
is the local Coriolis parameter) was selected according to the results
of power spectrum analysis (Figure S1). Then, NIKE was calculated
as:

NIKE = py(u® +%)/2 1)

where p, is the average density of seawater (1.025x10* kg/m?).
Estimates of background flow are derived by applying a low-pass
filter of 10 days to the original velocity records to remove the
influences of tides and mesoscale eddies.

2.4 Satellite altimeter data

The altimeter product used in this paper is the sea level anomaly
(SLA) and geostrophic velocity anomaly data provided by Ssalto/
Duacs, which is distributed in real time through the Copernicus
Marine and Environment Monitoring Service (CMEMS). These
data are utilized to resolve the range of anticyclonic eddies and to
calculate sea surface vorticity. The dataset has a spatial resolution of
0.25°x0.25° and a temporal resolution of 1 d and is widely used in
NIWs and mesoscale eddy-related studies.

2.5 Slab model

To calculate the wind energy flux input to the mixed layer
during the transit of MITAG, the slab model (Pollard and Millard,
1970) and 10 m wind were adopted in this study. The wind data
were derived from the European center for Medium-Range
Weather Forecasts (ECMWE) global reanalysis ERA5 product,
and its temporal and spatial resolutions are 1 h and 0.25°x0.25°
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-
era5-single-levels?tab=form). The 10 m wind was first converted
into wind stress. Then, the corresponding flow velocity in the mixed
layer can be calculated as follows:

92y (r+if)Z =1L
Z=u+iv (2)

T="T+iT,

Location
C06 122.77°E; 22.34°N
Co08 123.99°E; 22.40°N
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Sampling interval Bin size Range Depth
1h 8 m ‘ 50-800 m
1h 8 m ‘ 50-800 m
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where Z are the velocities of the meridional and zonal flows in
the mixed layer, T is wind stress, f is the local Coriolis parameter, H
is the mixed layer depth and r is the damping coefficient of inertial
motions. The flow in the mixed layer can be expressed as the sum of
the Ekman component and the near-inertial component. Alford
(Alford, 2003) refined the model by applying a Fourier transform to
the wind stress, resulting in the solution of Equation (2) as:

1 r—i(f + o)
R(O)=—=5—"7-"""7F 3
(© Hr?+(f + 0)? 3)
The Ekman component is:
1 r—if
Rp(o) = Em (4)

Then, the inertial component is Ry = R + Rp, and finally, the
wind-generated near-inertial energy flux is obtained by inversion of
the Fourier transform.

2.6 Dynamic mode decomposition

NIWs can be represented by the superposition of multiple
discrete baroclinic modes in the ocean interior (Gill, 1982;
D’Asaro et al.,, 1995). The vertical structure of each mode is
governed by (Gill, 1982; Thorpe and Jiang, 1998):

I D,(2) | N2 —
226\ ND @ (7) = 0
{ 00 0. (5)

®,(0)=0; &,(-H)=0

where n is the mode number, ¢, is the separation constant
(eigenvalue), H is the water depth, and ®, denotes the
eigenfunction and represents the baroclinic mode structure of
vertical undulations and vertical flow. The buoyancy frequency N
can be expressed as follows:

_ 8 9p()

2 —
N (Z) - Po dz

(6)

where g is the acceleration of gravity. The baroclinic mode
structure of the horizontal flow can be obtained according to two

equations:
dd,(z)
_ 2 n
Hn - pOCn dZ (7)
1 dII,
P =~ ds 8)

Thus, the baroclinic flow for each mode can be expressed in
terms of the vertical structure and time variation:

N
u(z,t) = > u, () P,(2) ©))

n=0
where u(z,t) is the near-inertial velocity and u,,(f) is the velocity

of mode n. In this paper, mode decomposition of near-inertial
velocities from moorings and Hybrid Coordinate Ocean Model
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(HYCOM) data was carried out separately to investigate the
dynamic structure. The version of the HYCOM data was
GLBy0.08 with a temporal resolution of 3 h and a spatial
resolution of 0.08° lon x 0.04° lat and was divided vertically into
40 layers, which clearly reveal the energy propagation
characteristics of NIWs (https://www.hycom.org/dataserver/gofs-
3ptl/analysis). Considering the lack of temperature and salinity
observations at the mooring sites and to facilitate calculations, the
averages of HYCOM temperature and salinity during the duration
of NIWs generated by MITAG were used to compute N*(z).

3 Comparisons between observations
and HYCOM data

Observations showed that NIWs generated by Typhoon
MITAG have vastly different characteristics at two moorings that
are very close to each other (Figure 2B). The NIKE recorded by C06
is active above 200 m and is discontinuous with the deeper weaker
NIKE, without obvious direct downwards propagation. The NIKE
observed at CO8 is characterized by rapid downwards propagation,
with strong energy reaching 800 m within a week. Moreover, after
the passage of MITAG, the vorticity at C06 was positive and became
negative after October 8, while the vorticity at C08 remained
negative (Figure 2A). SLA shows that an anticyclonic eddy affects
C08 but not C06 (Figure S2). Considering the lack of three-
dimensional observation data, the next expectation is to explore
the reasons for the differences in NIKE at the two moorings,
propagation characteristics of this near-inertial event and the
effect of anticyclonic eddies on NIWs with HYCOM data.

Figure 2 also displays the near-inertial zonal currents and NIKE
of the observations and HYCOM. NIWs extracted from HYCOM
show good agreement with those from observations: they both
propagate downwards to a shallower depth at C06 and have a clear
discontinuity with the deep NIKE after mid-October, while at C08,
they contain more energy and spread rapidly downwards to 800 m.
This result preliminarily verifies the accuracy of the HYCOM data.
It should be noted that the zonal currents and NIKE of HYCOM
were smaller than observations at C06 and C08. The duration of
HYCOM above 200 m is shorter at C06. Nevertheless, these
differences may only have a limited influence on the propagation
of NIWs in and outside the mesoscale eddies which is the main
focus of this study.

The dynamic mode decomposition of near-inertial currents for
both observations and HYCOM is shown in Figure 3. The first 20
modes are sufficient to simulate the original near-inertial velocity.
For observations, at C06, the energy contained in the first three
modes is similar just after the passage of MITAG, followed by a
gradual strengthening of the first and second modes, reaching peaks
in mid-October and then decaying. At C08, the first three modes
strengthens and then decays rapidly, with the first two modes
accounting for the major contribution. At the beginning of the
typhoon’s transit which is 30 September, the first, second and third
modes at C06 accounted for 14.60%, 11.10% and 12.82%
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Variation of the sea surface vorticity (A), (unit: 10°%/s). Zonal currents (unit:
generated by MITAG at C06 and CO08.

m/s) and NIKE (unit: J/m®) of mooring observations (B) and HYCOM (C)

respectively. It indicates that typhoon-generated NIWs are
dominated by the first mode at the beginning of generation,
which agrees with Shay (Shay et al., 1989).

The HYCOM data is basically able to simulate the two peaks
and long duration of different modes at C06 and the dominance and
rapid dissolution of the second mode at C08. The downside is that
the first mode of HYCOM contains less energy, and there is a gap
between the total NIKE of observations and HYCOM (the
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FIGURE 3
Time evolution of depth-integrated kinetic energy of different modes (unit
mode and total NIKE respectively.
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observations are higher). This is reasonable because HYCOM
cannot fully include all complex ocean processes, such as tides.
Though the third mode of HYCOM (Table 2) shows a high energy
bias, the percentages of different modes for observations and
HYCOM data are very similar over the entire near-inertial event.
They both have the largest proportion of the second mode, followed
by the first and third modes. At C08, the sum of the first three
modes accounts for 80%, while at C06, they account for only 50%,

x10%
HYCOM at C06  [Jmz [ w3 i1

T
Total|

x10*

HYCOM at C08

25

05
Oct.
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. J/m?), where M1, M2, M3 and Total denote the first, second and third
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TABLE 2 Percentage of different modes.

10.3389/fmars.2023.1117197

Mooring ‘ 14.5

C06
HYCOM ‘ 4.7
‘ Mooring ‘ 15.7

C08
‘ HYCOM ‘ 7.1

Mode3 YMode1-3
19.4 14.8 488
16.3 386 59.6
434 13.9 ‘ 73.0
50.2 30 ‘ 87.3

showing a huge difference in the vertical structure of the NIWs.
Therefore, the results of the dynamic mode decomposition of
HYCOM data are reliable.

4 The generation and propagation of
NIKE

4.1 Roles of wind

First, the input of wind energy is explored. The near-inertial
energy flux in the mixed layer calculated from the slab model is
shown in Figure 4. Before and after the passage of MITAG, the wind
field east of Taiwan was relatively stable, bringing no significant
near-inertial energy flux. Between 6:00 and 18:00 on 29 September,
the near-inertial energy flux was mainly caused by winds from the
northwest of the typhoon center. Then, MITAG fed a large amount

of near-inertial energy into the Kuroshio on the west side of its path
and into the area near mooring C08 on the east side. After 6:00 pm
on 30 September, MITAG gradually weakened along with the
reduction in energy flux and then left the sea area east of Taiwan.
As the main source of this near-inertial event, MITAG generates a
strong energy flux mainly in the region west of 126°E, which
corresponds well with the spatial distribution of NIKE in
Section 4.2.

Mooring C06 is located on the path of the typhoon center, while
C08 is on the right side. In the Northern Hemisphere, the wind
stress above the mooring on the right side of the TC’s path was
deflected clockwise due to the movement of the TC, leading to
strong NIWs (Kim et al., 2013; Chen et al., 2015). The results of the
slab model illustrate that there was more energy input to the near-
inertial band at C08 with a flux maximum of 0.98 W/m? compared
to 0.47 W/m? at C06. This could explain the difference in the
amount of NIKE contained in the upper layer at the two moorings.

09/29 00:00 09/29 06:00
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FIGURE 4

The near-inertial energy flux in the mixed layer (color shading, unit: W/m?) calculated from
September 2019. The yellow lines represent the trajectory of Typhoon MITAG.
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However, sea surface winds cannot directly affect the propagation of
NIWs in the ocean interior, and it was not the fundamental cause of
the disparity in propagation.

4.2 Temporal and spatial variations

The near-inertial flow was extracted by bandpass filtering of the
original HYCOM velocity data, and then the time evolution of
NIKE at different depths was obtained, as shown in Figures 5, 6. The
50/100/200 m, 400 m and 800 m were chosen to represent the
distribution of NIKE in the upper, middle and deep layers,
respectively. Additionally, the edge of the anticyclonic eddy was
represented by the closed SLA contour of the outermost circle of the
eddy center (Chelton et al., 2011). Before the arrival of MITAG
(Figure 5, 26 September), NIKE east of Taiwan was very weak,
existing only at the south edge of the eddy. As MITAG approached,
powerful NIKE was quickly excited along the typhoon’s path in the
upper layer. NIKE reached the maximum value and was most
widespread at 50 m on 4 October. At this time, the NIWs had
propagated to 400 m. Then, NIKE at 50 m faded away due to
dissipation and downwards propagation. NIKE at 100 m and 200 m
split into two parts: one at the west edge of the eddy and limited
within the eddy, and the other rapidly dissipating near mooring
C06, which completely disappeared by 12 October (Figure 6).

10.3389/fmars.2023.1117197

Influenced by anticyclone eddies, NIWs may be horizontally
trapped and thus confined in the eddy, or may propagate outwards
after encountering seawater with a higher f.; than the intrinsic
frequency (Kunze, 1985). As NIWs enter the anticyclone eddy, a
portion of the energy is reflected and then propagates westward.
Therefore, NIKE at 400 m gradually accumulated and intensified on
the west edge of the eddy before October 9. The other part of the
energy is captured and propagated downward, but remains biased
towards the west periphery of the eddy at 400 m and 800 m. This is
related to the location of the near-inertial energy source and the
vertical structure of the anticyclone eddy. The vertical structure of
the eddy may be asymmetric, with the center gradually shifting
westwards with increasing depth, like a lens-shaped eddy (Lin et al.,
2015). In the deep layer, NIKE was only enhanced two weeks after
the passage of MITAG and initially only occurred inside the eddy.
The NIKE at 800 m was not fully dissipated until 24 October. This
near-inertial event lasted for more than 3 weeks.

These results suggest that Typhoon MITAG can rapidly
generate widespread NIWs near its path in the upper layer and
that these NIWs tend to propagate downwards and accumulate in
areas of negative vorticity. The time taken for NIWs to propagate to
200 m was approximately 3 days and to 400 m was 6 days. Under
the mixed layer, the NIWs outside the anticyclonic eddy did not
cross the thermocline and dissipated within a week, while NIWs
inside the eddy gradually moved towards the center of the eddy and
reached 800 m 12 days after the typhoon’s passage. The anticyclonic
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Time evolution of NIKE (unit: J/m®) generated by Typhoon MITAG at different depths from 27 September to 9 October. Superimposed white line is
the SLA contours with an interval of 0.06 m, and thick white line indicates the 0.18 m contour. Pink stars represent the locations of moorings. The
number at the top represents the time of each column, and the depth of each row is marked in bold italics on the far left.
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Time evolution of NIKE (unit: J/m®) generated by Typhoon MITAG at different depths from 12 to 24 October. All other elements are the same as in

Figure 5

eddy significantly prolonged the duration of NIWs and facilitated
the propagation of NIWs to the deep sea. This was also the main
reason for the large disparity between the observations of the
two moorings.

In addition, the near-inertial energy flux (Figure 4) showed
strong energy input to the Kuroshio east of Taiwan, but there was
no significant enhancement of NIKE under 50 m west of 122.5°E.
According to Jeon (Jeon et al., 2019), after the typhoon’s passage,
strong NIKE existed upstream of the Kuroshio east of Taiwan at 4
m, but at 100 m, NIKE began to appear only north of 25°N.
Therefore, this phenomenon may be due to advection of the

124°E 126°E 128°E

122°E

FIGURE 7

upstream Kuroshio, with NIWs being carried poleward before

propagating downwards.

4.3 E-folding time

Figure 7 illustrates the e-folding time of depth-integrated NIKE
to better understand the damping of MITAG-generated NIWs.
Except for the Kuroshio on the northeast side of Taiwan, the e-
folding scale along MITAG’s path was below 5 days. High e-folding
time areas were located inside the anticyclonic eddy and along its
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Distribution of e-folding time of depth-integrated NIKE east of Taiwan (A). Superimposed black line is the time-averaged (from 30 September to 24
October) SLA contours with an interval as Figure 5. Pink stars represent the locations of moorings. Time evolution of depth-integrated NIKE at
different points (B) (unit: 3/m?). The filled and empty circles represent the maximum and e-folding values of depth-integrated NIKE
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southwestern edge. The latter was largely distributed along the SLA
contours and ranged from 2 to 3 weeks. With reference to the
spatial distribution of NIKE (Figures 5, 6), it is clear that the high
values south of 21°N may be due to the persistence of weak near-
inertial energy (less than 0.2x10® J/m?).

Moorings C06 and CO08 can represent different situations in and
outside the eddy, and their time series are shown in Figure 7B. To
the right side of MITAG’s path, the NIKE peaked more quickly and
gained more energy at C08, leading to an earlier start of e-fording
time. At the same time, the dissipation at C08 was slower with a
smaller rate of the time series in the eddy, and there was a small
increase in energy from 8 October, which then started to decay
again, leading to a later end of the e-folding time. As a result, the e-
folding scales at the two moorings differed significantly, with time at
C06 outside the eddy less than 1 week and time at C08 in the eddy
more than 2 weeks. The time series at C06 first decayed close to zero
and then reached a second peak on approximately 18 October,
which corresponds to the deeper weaker NIKE in Figure 2B. The
reasons for this phenomenon are explored in detail in Section 5.2.

4.4 Energy flux

To investigate the characteristics of the vertical propagation of
this near-inertial event, the near-inertial vertical energy flux (Fg)
was calculated for the main area where MITAG generated NIKE.
The calculation of Fg can be obtained by (Nash et al.,, 2005):

Fp = CyE (10)

where C,, is the vertical group velocity and E is the near-inertial
energy. To simplify the calculation, the mean value of Cg, of
moorings C06 and CO08 was substituted into Equation (10). C,,

Depth(m)

4
5

30 05

Oct.

10

10.3389/fmars.2023.1117197

can be estimated by identifying the downwards progression of
kinetic energy maxima over time (Yu et al, 2022), resulting in
7.53 m/d at C06 and 38.82 m/d at C08. The time-averaged (from 30
September to 24 October) SLA was used to determine the edge of
the eddy (Figure 8 black solid line) and then the Fg outside and in
the eddy was calculated, as shown in Figures 8A, B. The Fg in the
eddy is an order of magnitude higher than that outside the eddy.
Before October 10, the Fg in and outside the eddy both gradually
extended deeper, but the speed was faster in the eddy. The Fg
outside the eddy was on the order of 10™* under 500 m, which was
essentially negligible. The downwards transmission of these NIWs
was very weak, probably due to the viscous effect of seawater, and
less efficient than that occurring in the anticyclonic eddy. After 10
October, the Fg, outside the eddy had completely decayed, while the
Fg in the eddy formed two high value areas bounded by 300 m.
As shown in Figure 8C, the mean near-inertial Fy, generated by
Typhoon MITAG decayed rapidly in the mixed layer, and the rate
of damping decreased below the thermocline. Thirty-five percent of
the energy crossed the thermocline, but at 800 m, only 12.8% of the
Fg remains. The time-averaged Fg, in the anticyclonic eddy after 10
October is shown in Figure 8D. There were two significant peaks in
the changing curve of Fg, with the shallower one at 140 m. This
corresponds to the peak in time-averaged buoyancy frequency (N?)
at approximately 140 m (Figure 8E). The amplitude, energy and
vertical wavenumber of NIWs were constantly adjusted due to the
refraction of different stratifications. Therefore, the effect of N? on
NIWSs may be largely responsible for the shallow peak of Fg. Theory,
models and observations all suggest that NIWs encounter a critical
layer in the vertical direction when captured by anticyclonic eddies
(Kunze, 1985; Lee and Niiler, 1998; Zhai et al., 2005; Lelong et al.,
2020). The Fg curve weakens from the first peak to 300 m and then
begins to strengthen again, reaching the second peak at 500 m. This
reveals that the critical layer is approximately 500 m and that the Fg
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near the critical layer is significantly higher than the regional
averaged results in Figure 8C.

For results averaged over the main area, most of the NIKE
remains above the thermocline, and the anticyclonic eddy does not
observably increase the proportion of NIKE propagating from the
thermocline to the deeper layers. Nevertheless, NIKE propagating
through the thermocline is found to occur predominantly in the
anticyclonic eddy, leading to enhancement of Fg, from 400 to 600 m.
The transfer of NIWs from outside the eddy to the deep layer is
minimal. Therefore, anticyclonic eddies play a crucial role in the
transfer of more near-inertial energy to the deep ocean.

4.5 Release of near-inertial energy

Theoretical analysis and numerical models indicate that the
mean flow absorbs most of the wave energy in the critical layer
(Thorpe, 1981; Altman, 1988). To investigate the process of energy
release in the anticyclonic eddy, we calculated the background flow
kinetic energy (KE) outside and in the eddy (Figure 9). Before the
passage of typhoon MITAG, the KE in the eddy was significantly
lower than that outside the eddy, but they both showed a tendency
to decrease. The decay rate of KE outside the eddy decreased after
the typhoon’s passage, and KE remained largely unchanged from
October 5. While KE in the eddy was converted from decay to
increase, the background flow KE was enhanced from 50 m to 800
m. It does not take long for the KE in the anticyclonic eddy to
exceed that before the arrival of MITAG, and it was even higher
than the KE outside the eddy after 10 October. The biggest
difference in these two regions, in and outside the eddy, after the
passage of MITAG is the near-inertial energy flux. Combined with
the results in Section 4.4, it can be illustrated that the downwards
propagation of NIWs leads to the enhancement of the background
flow KE. Osborn states that although 80% of the internal wave
energy will be dissipated by turbulence, some of them will modulate
the background flow (Osborn, 1980). Because of the low vertical
resolution of the HYCOM data, we were unable to explore in detail
the turbulent dissipation and could not obtain the proportion of
energy transferred from NIWs to the background flow. However,
this result is sufficient to confirm the existence of an inverse energy
cascade between NIWs and background flow energy in the
anticyclonic eddy, which has important implications for the study
of the energy source of deep-sea mixing. At present, various models
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simulate results for deep sea circulation that are smaller than those
actually observed. The propagation of NIWs to the deep sea and the
increase in background flow kinetic energy in anticyclonic eddies
are worthy of attention.

5 Discussion
5.1 Mode structure

Decompose the near-inertial currents of HYCOM into vertical
modes from 0 to 800 m, and perform a depth integration for
different modes (Figures 10, 11). Examples of applying this method
to the range from the surface to the maximum depth that NIWs can
reach were common in previous work (Chen et al., 2013; Hou et al.,
2019; Huang et al,, 2021), so the range of 0-800 m selected for this
study is fairly reasonable.

Calculations show that the initial widespread distribution of
NIKE generated by MITAG was dominated by the first two modes.
They fully dissipated after 12 October and existed for two weeks.
The energy of the third mode mainly gathered to the south of
mooring C06 until 12 October, and as the first two modes
dissipated, the third mode formed more energy near mooring
C08. Both the third mode and the sum of the higher modes
(modes from 4 to 20, ¥4-20) split into two parts inside and
outside the eddy. The energy south of C06 rapidly dissipated,
while the energy inside the eddy was gradually enhanced.
Eventually, the energy of »4-20 disappeared completely on 24
October. The mode structure indicates that the energy captured
by the anticyclonic eddy is composed mainly of higher modes. In
the absence of the anticyclonic eddy, referring to NIWs near C06,
energy is rapidly transferred to the third mode and ¥4-20 and is
completely dissipated in the case that the third mode contains the
most energy. However, under the influence of the eddy, the energy
of the higher modes continues to increase and exceeds that of the
first three modes. This phenomenon can be maintained for more
than one week.

The vertical distribution of energy for each mode was also
explored (Figures S3-56). NIKE of the third mode is stronger at 50
m, 200 m and 800 m and is concentrated on the western edge of the
mesoscale eddy. The NIKE of ¥4-20 started to appear at 800 m on 3
October and then gradually intensified. Therefore, NIKE at 800 m
consists mainly of the third mode and ¥4-20. Compared to mode 3
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KE of background flow outside (A) and in (B) the eddy (unit: 3/m?). The black dashed lines represent the time when MITAG left the sea area east of
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Time evolution of depth-integrated NIKE (unit: 3/m?) of different modes from 27 September to 9 October. Mode name is marked in black italic on
the leftmost side. Other elements are the same as Figure 5. Note that model has a different colorbar to the other modes.

at 800 m, the core of ¥4-20 is closer to the center of the eddy and is
composed of NIWs captured by the eddy (Buhler and Mclntyre,
2005). Several previous investigations have recognized that the
evolution of a eddy consists of three different stages. In the
second stage, the eddy loses energy through the excitation of
internal waves (Liao et al., 2019). Thus the high value of the third
mode at 800 m may be related to the energy dissipation of the
mesoscale eddies during their evolution.

0 ’#20” 122° 12° 126° 128°  122° 12° 126° 128°

FIGURE 11
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5.2 Propagation along the zonal section
of moorings

The NIKE from both mooring and HYCOM data at C06
consists of two parts: one is directly generated by typhoon
MITAG and dissipates above 400 m, and the other below 400 m
only starts to strengthen after 12 October. To find the source of the
second part, Figure 12A illustrates the depth-integrated NIKE along
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Time evolution of depth-integrated NIKE (unit: J/m?) of different modes from 12 to 24 October. All other elements are the same as Figure 5.
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Variation of depth-integrated NIKE (unit: J/m?) of total (A) and different modes (B) along 22.4° N. The horizontal axis represents longitude and the
vertical axis represents time. The white vertical lines show the longitude of moorings C06 and C08.

the zonal section of moorings (22.4°N). The NIKE east of 123.5°E is
coherent over time and appeared before the energy at C06. This is
because typhoon MITAG initially formed east of 123.5°E, and this
region was always located to the right side of the typhoon center.
This part of the NIKE showed a tendency to propagate westwards
from 10 October. The typhoon-generated NIKE at C06 was weaker
and decayed on approximately 10 October. Subsequently, the
westwards propagating NIKE east of 123.5°E reached and formed
the second part of the NIKE at C06.

The results of the dynamic mode decomposition (Figure 12B)
indicate that the first part of the energy at C06 from October 6 to
October 10 was dominated by ¥4-20. At C08, NIKE before 10
October consisted mainly of the first two modes, then mode 3 and
Y4-20 gradually account for the major contribution. The main
component of the westwards propagating energy is X4-20,
revealed a westwards transfer of mixing and dissipation. It is
estimated that the duration of propagation along 22.4°N was
from 10 October to 20 October, with a distance of approximately
92.63 km. Therefore, the zonal energy movement speed on average
is unyw = -0.107 m/s (negative sign represents westwards flow). The
zonal component of depth-averaged background flow at the eddy’s
edge is u = -0.104m/s, almost the same speed as unyw. Thus, the
energy source for the second part at C06 was the typhoon-generated
NIKE east of 123.5°E, which advected westwards by the
background flow.

6 Conclusions

Based on the observations of two moorings and HYCOM data,
the generation and propagation of NIWs caused by Typhoon
MITAG east of Taiwan was investigated in detail. As HYCOM
data were able to simulate this near-inertial event well, HYCOM
data was mainly used to reveal the influence of an anticyclonic eddy
on NIWs. We conclude that the reason for the difference between
the two moorings is that C08 is influenced by an anticylonic eddy.
The effect of the eddy is to increase the near-inertial energy flux and
facilitate the propagation of NIWs to the deep ocean. We also
confirm that there is a transfer of near-inertial energy to the
background flow energy in the anticylonic eddy.
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By observing HYCOM data layer by layer, it was found that
Typhoon MITAG rapidly generated strong NIKE in the upper
ocean along its path and input a large amount of energy into the sea
area east of Taiwan. Most NIKE propagated towards the negative
vorticity. The NIKE outside the anticyclonic eddy could not cross
the thermocline and dissipated within a week. The energy near the
edge gradually moved towards the eddy center and reached 800 m
12 days after the typhoon’s passage. High value areas of e-folding
time were located inside the anticyclonic eddy and its southwestern
edge, and the time was longer when it is closer to the eddy center.

For results averaged over the main area, 75% of the NIKE was
confined above the thermocline. Although no significant influence
of the anticyclonic eddy could be seen in the averaged Fg, the NIKE
propagating through the thermocline into the deep ocean was
mainly concentrated within the eddy. There was a clear
enhancement of Fy near the critical layer from 400 to 600 m.
After the passage of MITAG, the transfer of NIWs from outside the
eddy to the deep ocean was minimal and did not affect the
background flow. In contrast, the downward propagation of
NIWs in the anticyclonic eddy enhanced the background flow
kinetic energy.

In the absence of anticyclonic eddies, NIKE was dominated by
the second mode at the beginning, and then the third mode
accounted for the major contribution. NIKE in the eddy was
characterized by the dominance of the fourth and higher modes.
Moreover, the time when the proportion of higher modes started to
increase coincided with the time when depth-averaged NIKE began
to enhance, suggesting that the anticyclonic eddy primarily
captured higher mode NIWs. In the eddy, the state of continuous
energy growth of higher modes could be maintained for more than
a week. In addition, the advection effect of the background flow was
investigated. The mean background flow at the edge of the
mesoscale eddy carried NIWs westwards. Although the flow was
weak, it still enabled NIKE to move 92.63 km in 10 days.

In summary, anticyclonic eddies play a crucial role in the
horizontal and vertical propagation of NIWs. It can cause NIKE
from the eddy edge to accumulate towards the eddy center and
enable the propagation of NIWs to the deep sea. Meanwhile,
anticyclonic eddies also influence the damping of NIWs, which
promotes the enhancement of near-inertial energy flux near the
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critical layer and significantly extends the duration of NIWs.
Furthermore, the anticyclonic eddy captures mainly NIWs of high
modes, and there is a continuous increase in the energy of high
modes in the eddy. The existence of an inverse energy cascade
between NIKE and background flow kinetic energy in the
anticyclonic eddy was also confirmed. Thus, our research related
to the influence of anticyclonic eddies on NIWs has important
significance for understanding ocean mixing and energy dissipation
and can provide new ideas for improving the modelling of deep
sea circulation.
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