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Abstract: Near-inertial internal waves (NIWs) generated by surface wind forcing are intermittently
enhanced below and within the surface mixed layer. The NIW kinetic energy below the surface
mixed layer varies over intraseasonal, interannual, and decadal timescales; however, these variations
remain unexplored, due to a lack of long-term, in situ observations. We present statistical results on
the nonseasonal variability of the NIW kinetic energy 400 m below the surface mixed layer in the
southwestern East Sea, using moored current measurements from 21 years. We used long time series
of the near-inertial band (0.85–1.15 f ) kinetic energy to define nine periods of relatively high (period
high) and seven periods of relatively low (period low) NIW kinetic energy. The NIW kinetic energy
average at period high was about 24 times higher than that at period low and those in specific years
(2003, 2012–2013, 2016, and 2020) and decade (2010s) were significantly higher than those in other
years and decade (2000s). Composite analysis revealed that negative relative vorticity and strong total
strain significantly enhance NIW kinetic energy at 400 m. The relative vorticity was negative (total
strain was positively enhanced) during seven (six) out of nine events of period high. NIW trapping
in a region of negative relative vorticity and the wave capture process induce nonseasonal variations
in NIW kinetic energy below the surface mixed layer. Our study reveals that, over intraseasonal,
interannual, and decadal timescales, mesoscale flow fields significantly influence NIWs.

Keywords: near-inertial internal waves; nonseasonal variability; mesoscale flow field; relative
vorticity; Okubo-Weiss parameter; subsurface mooring; southwestern East Sea; Japan Sea

1. Introduction

Near-inertial internal gravity waves (NIWs), with frequencies close to the local inertial
frequency (f ), are ubiquitous in stratified rotating oceans. The NIWs mainly originate
from surface wind forcing, enhanced primarily within the surface mixed layer; in gen-
eral, the waves propagate into the ocean interior below the mixed layer and towards the
equator and ultimately dissipate, while enhancing turbulent mixing [1–4]. The rate of
work done by surface wind on global mixed layer NIWs is known to range from 0.3 TW
to 1.3 TW, which is comparable to the global energy derived from barotropic to baro-
clinic tides (1.0–1.2 TW) [5–7]. Both winds and tides play a key role in providing energy
to induce turbulent mixing and redistribute energy and materials in the ocean [3,8–13].
Along with turbulent mixing enhanced by tides, NIW-enhanced mixing may sustain the
meridional overturning circulation [13–15]; previous studies used numerical simulations to
suggest that near-inertial variations in the meridional overturning circulation are caused
by equatorward-propagating NIWs [16,17]. NIWs are also important as they significantly
affect, via turbulent fluxes, primary production and marine ecosystems [18–23].

The generation, evolution, propagation, and decay of NIWs are affected by mesoscale
flow fields and wind forcing [2,24–27]. The wind forcing excites NIWs in the mixed layer
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which generally propagate equatorward horizontally and downward vertically below the
mixed layer. The amount of wind energy input into and below the mixed layer is modulated
by interaction processes between the mesoscale flow fields and NIWs. One method of
interaction is the trapping (reflection) of NIWs in a region of negative (positive) relative
vorticity that decreases (increases) the effective Coriolis frequency (e.g., fe f f = f + 1

2 ζ where
ζ is the relative vorticity; ζ = ∂V/∂x − ∂U/∂y, and U and V are zonal and meridional
components of horizontal mesoscale currents) acting as a waveguide in the northern
hemisphere (opposite sign in the southern hemisphere). Although, in general, NIWs freely
propagate in frequencies between f and buoyancy frequency (N), the relative vorticity shifts
the lowest limit from f to fe f f (Figure 1) [24,28,29]. Thus, the NIWs entering into a region of
negative relative vorticity (ζ < 0) or lowered fe f f can hardly propagate out of the region and
can, thus, be trapped. Another way of interaction is a straining that stretches and rotates the
wavenumber vectors of NIWs depending on differential advection of mesoscale flow fields
(U, V). Under one kind of the straining processes called ‘wave capture’ (strain dominates
vorticity), the NIWs can draw energy from mesoscale flow fields [30–33]. Staining causes
exponential increase in the vertical and horizontal wavenumbers of NIWs, which results
in growing wavenumbers and decreasing group velocities of NIWs, with NIWs captured
within the region of high total strain and eventually dissipated through energy cascading
(Figure 1) [30–33].
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current profiler (ADCP, 300 kHz) was mounted at 500 m with a depth interval (bin size) 
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Figure 1. Schematics on interaction between mesoscale flow field (grey line) and wind-induced NIWs
(red arrow), enhancing the near-inertial kinetic energy. Red spirals indicate dissipation of NIWs.

Previous studies on NIWs interacting with mesoscale flow fields in the East Sea (Sea of
Japan) have been reported from both observations and numerical models. The formation,
presence, and decay of mesoscale eddies are frequently observed in the East Sea, particularly
off the east coast of Korea, and are partly associated with the strong meandering of a western
boundary current, the East Korea Warm Current. A semi-permanent anticyclonic eddy,
the Ulleung Warm Eddy (UWE), is often found off the coast where the boundary current
forms and separates [34,35]. Seasonal variation in NIWs (with winter intensification) was
reported by Mori et al. [36] and Jeon et al. [37] in association with the East Asian Monsoon
and mesoscale circulation. Additionally, studies have suggested annual variations in the
deep NIW kinetic energy observed off the coast, related to mesoscale fields imposed by
the UWE [38]. Upward reflection of downward-propagating NIWs by the UWE was also
observed [39]. Noh and Nam [40] reported the importance of mesoscale strain fields in
the enhancement of NIWs, focusing on specific cases of NIW events. Likewise, the effects
of mesoscale circulation on the behaviour of NIWs off the coast have been examined
previously. However, the effects of mesoscale flow fields on temporal variations in NIW
kinetic energy beyond the seasonal cycle have not been presented in the region to date.

Thus, this study is the first to describe the intraseasonal, interannual, and decadal
variations (nonseasonal variations) in NIW kinetic energy in southwestern East Sea, using
moored observations over the duration of 21 years. The objective was to identify statistically
significant factors, particularly in association with mesoscale flow fields, that control



J. Mar. Sci. Eng. 2022, 10, 9 3 of 19

nonseasonal variations in NIW kinetic energy based on long-term continuous observations.
The data used and the methods applied in this study are described in the next section. In
Section 3, we have presented the results of moored observations and damped slab model.
Additionally, results of nonseasonal variations in NIW kinetic energy, in terms of surface
wind forcing and mesoscale field variability, are provided and discussed in Section 4, and
Section 5 provides the conclusions of our study.

2. Data and Methods
2.1. Data

Since 1996, long time-series data of zonal and meridional currents were collected using
a subsurface mooring, named EC1 (37◦19.13 N, 131◦25.62 E), located between Ulleugdo
and Dokdo, at a water depth of 2300 m (Figure 2). The EC1 was recovered and redeployed
24 times (as of December 2021) and equipped for most periods, with current meters at three
nominal depths (400, 1400, and 2200 m). Rotary-type current meters (Aanderaa RCMs 7 and
8) and Doppler-type current meters (Aanderaa RCMs 9 and 11; Nortek Aquadopp) were
attached to the mooring, and continuous time-series data were recorded with a sampling
interval equal to or less than 1 h. An upward-looking acoustic Doppler current profiler
(ADCP, 300 kHz) was mounted at 500 m with a depth interval (bin size) of 8 m, instead
of a using single-type current meter at 400 m, from March 2011 to July 2012. All EC1
data collected from 1996 to 2020 were upgraded by quality control and quality assurance
and were made available by SEANOE [41]. In this study, the time-series data of currents
collected at 400 m of EC1 for almost 21 years, from January 2000 to November 2020,
were used.
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Figure 2. Location of subsurface mooring EC1 (red square) with bathymetry (colour) in the south-
western East Sea, off the east coast of Korea. Green dotted line indicates meridional line where sea
surface wind data were extracted. Black dashed lines indicate trajectories of typhoon Maemi in 2003,
Megi in 2004, and Maysak in 2020. The yellow circles indicate radii of 30, 100 and 200 km centred at
EC1, respectively.

To supplement the moored time-series data at a horizontally fixed position, the Met
Office Hadley Center EN4.2.1. (hereafter referred to as EN4) data that passed the global
quality-control processing were used. The EN4 data consist of temperature and salin-
ity obtained from profiling instruments, and the main data source is the World Ocean
Database 2009 [42]. The temporal and spatial resolutions of these data are monthly and
1◦, respectively. The spatial resolution of EN4 is coarser than that of the first baroclinic
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Rossby radius of deformation of ~O (10 km), representing the horizontal scales at which the
stratification can significantly vary within the EN4 grid [43]. Since the surface mixed layer
depth (MLD) estimated from EN4 might not accurately represent the MLD for given spatial
resolution, it was verified against the MLD estimated by Lim et al. [44], which were based
on the World Ocean Database 2005 and multisource hydrographic data. Three vertical
profiles of temperature observed using the profiling floats located within 80 km from EC1
were used to estimate the buoyancy frequency (Figure 3c,d). Satellite altimetry-derived
daily sea-surface height (SSH; absolute dynamic topography above geoid) of gridded
level four data provided by the Copernicus Marine Environment Monitoring Service were
used to calculate the surface geostrophic currents, at a spatial resolution of 0.25◦. The
absolute dynamic topography was obtained by adding the mean dynamic topography to
the sea level anomaly field and processed to provide the multimission merged altimeter
data [45] used in this study. The mean dynamic topography is an estimate of the mean over
1993–2012 of the SSH above the geoid [45]. Hourly sea-surface wind data from January
2000 to November 2020 along a meridional line at 131◦ E (green dotted line in Figure 1),
with a horizontal resolution of 30 km, were used to calculate the local surface wind stress,
→
τ =

(
τx, τy

)
, retrieved from the European Centre for Medium-Range Weather Forecasts

reanalysis version 5 (ECMWF, ERA5).
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Figure 3. (a) Monthly mixed layer depth (MLD) estimated from EN4 (black line) data compared to
that from Lim et al. [44] (yellow dot), (b) vertical structure of mean buoyancy frequencies, estimated
from the EN4 data, at the upper 400 m nearby the EC1 mooring averaged over summer (June–July–
August, red line) and winter (December–January–February, blue line) where the Nmax and MLD are
remarked with circles and dashed horizontal lines with corresponding colours. Vertical dashed line in
(b) indicates the depth-averaged reference N0 (4.6× 10−3 rad/s). Vertical profiles of (c) temperature,
(d) buoyancy frequency and (e) WKB scaling factor observed using Argo floats located within 80 km
from the EC1 (red, blue and orange lines were observed on 20 August 2014, 25 June 2015, and
23 December 2016, respectively.
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2.2. Methods

Zonal and meridional currents (u, v) observed at 400 m of EC1 were processed to
estimate near-inertial kinetic energy. Raw data extracted from the current meters were
quality controlled by following the standard procedure for the instrument types [46,47]
and then converted to hourly data through subsampling. The minimum current speed of
1.1 cm/s, measured using a rotor current meter (RCM), was treated as a stall and removed
from successive processing. Consecutive missing data of less than 6 h were linearly
interpolated, and those longer than 6 h were considered as bad data that were excluded
from the analysis. Because the depths where the current meters were mounted differed
from the nominal depths as the mooring was tilted by the drag due to horizontal currents, a
linear interpolation (or extrapolation) was also performed vertically to yield the horizontal
currents (u, v) at 400 m. The NIWs having zonal and meridional components of horizontal
oscillations (uNIW , vNIW) were extracted from (u, v), by applying a phase-preserving
fourth-order Butterworth bandpass filter, with cutoff frequencies of 0.85 f and 1.15 f ;
f was approximately 0.0505 cph, corresponding to a period of 19.8 h. The amplitude and
horizontal kinetic energy of NIWs were computed as

√
uNIW

2 + vNIW
2 and KENIW_obs =

0.5ρ0
(
uNIW

2 + vNIW
2), where ρ0 is the reference density (=1025.0 kg/m3). Because the

density is not constant to the reference density but varies over time, the near-inertial
potential energy as well as kinetic energy needs to be considered to represent the total
mechanical energy.

Instead, to quantify the effect of NIW potential energy variations at 400 m, we deduced
the time-varying Wentzel–Kramers–Brillouin (WKB) scaling factor as follows [48]:

[N(x, y, z, t)/N0]
−1/2

where N = [−(g/ρ0)/(dρ/dz)]1/2 is the buoyancy frequency, and x, y, z, t, N0, and g are
the zonal, meridional, and vertical coordinates, time, reference buoyancy frequency, and
gravity acceleration (set to 9.83 m/s2), respectively. Seasonal variations are clear and
dominant in N at 50 m (mean and standard deviation are 11.9× 10−3 ± 6.3× 10−3 rad/s)
while decadal and longer-term changes are significant in N at 400 m (mean and standard
deviation are 1.5× 10−3 ± 2.4× 10−4 rad/s) (Figure 4a,c). In this study, N0 was set to
4.6× 10−3 rad/s, based on the EN4 data from the upper 500 m in the vicinity of EC1 from
2000 to 2020, by averaging the vertical profiles of buoyancy frequencies (e.g., vertical N
profiles in summer and winter are compared to show the seasonal variation limited to
the upper layers, Figure 3b). Three vertical N profiles obtained from the profiling floats
within 80 km from EC1 were used to estimate the vertical profiles of WKB scaling factor
(Figure 3c,d).

The intraseasonal variation in KENIW_obs was quantified by applying wavelet analysis
to KENIW_obs, and intraseasonal band-averaged variance, defined as VARNIW_obs_int, was ex-
tracted from the wavelet results. In our study, the intraseasonal band was set to 3–100 days,
considering previously reported results on the mesoscale eddies in the region, for example,
the mean lifetime of mesoscale eddies was estimated to be 95 days [49]. The MATLAB ver-
sion of the wavelet toolbox [50] was used (http://atoc.colorado.edu/research/wavelets/,
accessed on 12 November 2021). Events for high VARNIW_obs_int (period high) were defined
as the criterion exceeding 1 standard deviation (σ = 0.10) from the mean (µ = 0.05) of
the VARNIW_obs_int normalized to its maximum (4.0× 106 J2/m6) over the total period (i.e.,
VARNIW_obs_int exceeds σ+ µ ∼ 0.15 for period high after the normalization; red dashed
line in Figure 5c). Events for low VARNIW_obs_int (period low) were selected to match
the total number of event days (505 days), the same as that of period high after sorting
VARNIW_obs_int in order of magnitude, and the rest of the periods were defined as period
neutral (Figure 5). A total of nine events of period high and seven events of period low
were identified. Additionally, we defined the annual and decadal (2000s and 2010s) means
of VARNIW_obs_int for the interannual and decadal variations in NIW kinetic energy.

http://atoc.colorado.edu/research/wavelets/
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Figure 4. Time series of (a) monthly and (c) annual mean Buoyancy frequencies at 50 m (grey line,
right y-axis in (a) only) and 400 m (black lines and squares, left y-axis) derived from EN4, (b) monthly
and (d) annual mean Wentzel-Kramers-Brillouin (WKB) scale factors at 400 m. Dashed lines in
(a,b) indicate temporal means for 400 m. Blue thick solid and thin dashed lines in (c,d) represent
decadal means and their standard deviations for 2000s (from 2000 to 2010) and 2010s (from 2010 to
2020), respectively.
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Figure 5. Time series of (a) zonal (uNIW , black line) and meridional (vNIW , orange line) components
of horizontal NIW oscillations, (b) KENIW_obs, (c) VARNIW_obs_int at 400 m in 2003 as an example. Red
and blue shaded boxes and no shade in (c) indicate period high (H2), period low (L1), and period
neutral, respectively. Red dashed line in (c) indicates σ+ µ.

The MLD is defined as the depth at which the density (ρ) changed by a given threshold
criterion (∆ρ) relative to that at a reference depth [44,51]. The threshold was calculated
from the temperature change (∆T), relative to that at the reference depth, as follows:

∆ρ = ρ
(

Tre f + ∆T, Sre f , P0

)
− ρ
(

Tre f , Sre f , P0

)
where Tre f and Sre f are the temperature and salinity at the reference depth derived from
the EN4 data at the nearest grid to EC1, and P0 is the pressure at the sea surface (set to
zero). The threshold for temperature change and reference depth were set to ∆T = 0.2 ◦C
and 10 m, according to Lim et al. [44]. The σ and µ values of the MLD averaged over the
period were 23 and 17 m, respectively (maximum of 84 m in January 2011 and minimum
of 10.4 m in August 2006). The MLD varied seasonally, with the minimum and maximum
values observed in summer (shallow MLD) and winter (deep MLD), respectively, and
interannually with less (more) deepening in winters of 2008–2009 and 2014–2015 (2002–2003,
2010–2011, and 2018–2019) compared to other years (Figure 4). The MLDs estimated by
Lim et al. [44] using the data collected within 1◦ distance from the EC1 mooring site were
compared to validate the MLD estimated from the EN4 data; the correlation coefficient
between the two MLD time series was 0.76.

To estimate the inertial response of the upper ocean in the mixed layer to surface wind
forcing, a damped slab model (with zonal and meridional momentum equations) [52,53]
was applied, using the following equations:

∂uML
∂t

= f vML +
τx

ρ0HML
− ruML,

∂vML
∂t

= − f uML +
τy

ρ0HML
− rvML
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where HML, r−1,
(
τx, τy

)
, and (uML, vML) are the MLD, damping time scale, wind stress,

and zonal and meridional currents in the mixed layer, respectively. The r−1 was fixed
to 4 days, as considered in previous studies [36,37,54,55], and the time-varying MLD
estimated from the EN4 data was used for determining HML.

The amplitude and kinetic energy of the modelled NIWs were calculated as√
uML2 + vML2 and KENIW_model = 0.5σθ0

(
uML

2 + vML
2), respectively. The intraseasonal-

band variance of KENIW_model, defined as VARNIW_model_int, was calculated in the same
manner as that at 400 m by applying wavelet analysis. The rate of wind work (Π) was
calculated using the following equation (inner product of surface wind stress and modelled
mixed layer currents):

Π = τxNIW uML_NIW + τyNIW uML_NIW

where τxNIW and τyNIW are the near-inertial band-passed zonal and meridional wind stresses
along the meridional line (see Figure 1). Note that the near-inertial band-passed cur-
rents (uML_NIW , vML_NIW) in the mixed layer estimated using the damped slab model
(uML, vML) represent the near-inertial currents in the MLD to estimate Π.

The ray path of NIWs in the spatially varying stratification along 131◦ E (Figure 1) was
computed as follows [56]:

2
3

y3/2 = − 1

(2ωβ)1/2

∫
N(y, z, t)dz

where y is the meridional travel distance, ω is the NIW frequency, N is the buoy-
ancy frequency estimated using the EN4 data, and β is the meridional gradient of
f (= ∂ f /∂y ∼ 1.8× 10−11/m/s). The background flow fields were not considered in the
calculation of the NIW ray path.

To examine the effect of the mesoscale flow fields on VARNIW_obs_int, background
conditions were quantified from the satellite altimetry-derived surface geostrophic currents
→
U = (U, V). The Okubo-Weiss parameter (α2), which diagnoses the relative importance of
the strain rate and relative vorticity, is defined as [57] follows:

α2 =
(

Sn
2 + Ss

2 − ζ2
)

/4

where Sn, Ss and ζ are the normal strain ∂U/∂x − ∂V/∂y, shear strain ∂V/∂x + ∂U/∂y,
and relative vorticity ∂V/∂x− ∂U/∂y, respectively. When the total strain S2 = Sn

2 + Ss
2 is

larger than ζ2, α2 is positive, showing a saddle shape of the background flow fields. The
effective Coriolis frequency was calculated as follows [27,58]:

fe f f =

√
( f + ζ/2)2 − S2/4

To investigate whether there is a statistically significant effect of mesoscale flow fields
on VARNIW_obs_int, composite analysis was performed by averaging (composite mean)
values of Π, ζ, S2, and α2 separately for period high, period neutral, and period low,
and compared to address whether they show statistically meaningful difference using
Welch’s t-test (with 95% significance level; p-value < 0.05) (Figure 6, Tables 1 and 2). Then,
we classified the events into four categories based on the values of ζ and α2 (Table 3).
The dominance of S2 to ζ2 was determined by the sign of α2 (e.g., when α2 > 0, the S2

dominated ζ2).



J. Mar. Sci. Eng. 2022, 10, 9 9 of 19
J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 9 of 20 
 

 

 
Figure 6. One-month-long composite maps of geostrophic current (grey arrow) superimposed on 
rate of wind work Π (in colours) during the period high (27 August–26 September 2016, H6), period 
neutral (1–30 June 2011), and period low (1–31 August 2007, L4). Green square marker represents 
the EC1. 

Table 1. Mean and standard deviation (in bracket) of four condition parameters (Π, ζ, ܵଶ, and ߙଶ) 
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For comparison, composite values for period neutral are shown in the bottom line. 
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H1 22 March–4 April 2000 0.39 (0.34) −0.11f (0.02f) 0.11f (0.03f) 3.10 (9.89) 
H2 12 September–15 November 2003 5.23 (23.52) 0.01f (0.04f) 0.08f (0.03f) 10.39 (10.92) 
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H9 14 December 2019–26 April 2020 0.75 (1.35) −0.07f (0.08f) 0.06f (0.03f) −11.16 (19.09) 

Period High 1.54 (9.03) −0.04f (0.08f) 0.08f (0.04f) 2.80 (24.01) 
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Table 2. Same as Table 1 but during period low. 

 Period મ (10−3 W/m2) ા (/s) ࡿ૛ (/s) ࢻ૛ (× 10−12/s2) 
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L3 17–28 June 2005 0.27 (0.24) −0.06f (0.01f) 0.07f (0.01f) 2.77 (3.47) 
L4 14 August–16 September 2007 0.39 (1.08) 0.23f (0.02f) 0.11f (0.03f) −80.73 (25.93) 
L5 2 August–5 November 2008 0.48 (1.00) 0.03f (0.05f) 0.06f (0.03f) 2.41 (10.99) 
L6 17 December 2008–14 April 2009 0.70 (1.15) 0.13f (0.10f) 0.08f (0.03f) −33.41 (40.14) 
L7 1 September–29 October 2009 0.22 (0.29) 0.07f (0.02f) 0.04f (0.02f) −8.59 (7.57) 

Period Low 0.43 (0.87) 0.10f (0.08f) 0.06f (0.03f) −20.45 (32.34) 
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Table 3. Categories and corresponding events of VARNIW_obs_int events using the two condition pa-
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Category ા ࡿ૛ Event 
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Figure 6. One-month-long composite maps of geostrophic current (grey arrow) superimposed on
rate of wind work Π (in colours) during the period high (27 August–26 September 2016, H6), period
neutral (1–30 June 2011), and period low (1–31 August 2007, L4). Green square marker represents
the EC1.

Table 1. Mean and standard deviation (in bracket) of four condition parameters (Π, ζ, S2, and α2)
during period high. Bold and underlined values are significant with 95% confidence (p-value < 0.05).
For comparison, composite values for period neutral are shown in the bottom line.

Period Π (10−3 W/m2) ζ (f /s) S2 (f /s) α2 (×10−12/s2)

H1 22 March–4 April 2000 0.39 (0.34) −0.11 (0.02) 0.11 (0.03) 3.10 (9.89)

H2 12 September–15 November 2003 5.23 (23.52) 0.01 (0.04) 0.08 (0.03) 10.39 (10.92)

H3 12 March–5 April 2010 0.83 (1.17) 0.00 (0.02) 0.08 (0.02) 13.29 (6.29)

H4 12 June 2012–14 January 2013 0.71 (1.14) −0.06 (0.03) 0.08 (0.02) 4.50 (12.45)

H5 23 February–18 June 2016 1.24 (4.11) 0.00 (0.08) 0.13 (0.03) 23.42 (26.68)

H6 27 August–26 September 2016 1.13 (2.82) −0.10 (0.03) 0.06 (0.02) −12.89 (17.01)

H7 20 October 2016–15 January 2017 1.16 (2.28) −0.08 (0.06) 0.07 (0.03) −5.90 (22.23)

H8 13–25 March 2018 0.07 (0.06) 0.04 (0.02) 0.04 (0.01) 0.58 (1.77)

H9 14 December 2019–26 April 2020 0.75 (1.35) −0.07 (0.08) 0.06 (0.03) −11.16 (19.09)

Period High 1.54 (9.03) −0.04 (0.08) 0.08 (0.04) 2.80 (24.01)

Period Neutral 0.65 (2.27) 0.02 (0.10) 0.07 (0.04) −4.58 (28.29)

Table 2. Same as Table 1 but during period low.

Period Π (10−3 W/m2) ζ (f /s) S2 (f /s) α2 (×10−12/s2)

L1 30 November 2002–15 May 2003 0.32 (0.61) 0.09 (0.05) 0.04 (0.03) −17.24 (23.45)

L2 29 January–24 February 2005 0.33 (0.60) 0.15 (0.01) 0.07 (0.01) −33.99 (6.42)

L3 17–28 June 2005 0.27 (0.24) −0.06 (0.01) 0.07 (0.01) 2.77 (3.47)

L4 14 August–16 September 2007 0.39 (1.08) 0.23 (0.02) 0.11 (0.03) −80.73 (25.93)

L5 2 August–5 November 2008 0.48 (1.00) 0.03 (0.05) 0.06 (0.03) 2.41 (10.99)

L6 17 December 2008–14 April 2009 0.70 (1.15) 0.13 (0.10) 0.08 (0.03) −33.41 (40.14)

L7 1 September–29 October 2009 0.22 (0.29) 0.07 (0.02) 0.04 (0.02) −8.59 (7.57)

Period Low 0.43 (0.87) 0.10 (0.08) 0.06 (0.03) −20.45 (32.34)

Period Neutral 0.65 (2.27) 0.02 (0.10) 0.07 (0.04) −4.58 (28.29)
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Table 3. Categories and corresponding events of VARNIW_obs_int events using the two condition
parameters of ζ and S2 for mesoscale fields. The positive and negative anomalies are denoted by plus
(+) and minus (−) signs referenced to a zero value for ζ and ζ2 for S2 during each event, respectively.

Category ζ S2 Event

I + + L5, H2, H8

II + − L1, L2, L4, L6, L7, N1, N2

III − + L3, H1, H3, H4, H5

IV − − H6, H7, H9

3. Results
3.1. Intraseasonal, Interannual, and Decadal Variations of Near-Inertial Kinetic Energy below and
within the Surface Mixed Layer

The VARNIW_obs_int values showed significant intraseasonal, interannual, and decadal
variations, rather than seasonal variations, from 2000 to 2020 (Figure 5 and Tables 1 and 2).
Notably, VARNIW_obs_int averaged over period high (red shaded box) was approximately
12 times higher than that of period neutral. During period low (blue shaded box), there
was almost no VARNIW_obs_int variation at 400 m (<0.02 J2/m6). The NIW kinetic energy
(square root of VARNIW_obs_int) averaged over period high was ~1.1× 103 J/m3, which is
approximately 24 times higher than that over period low (~4.7× 10 J/m3). Relatively high
(>5.8× 105 J2/m6) annual mean values of VARNIW_obs_int were found in 2003, 2012–2013,
2016, and 2020, with the maximum value being observed in 2016 (with the peak value of
9.5× 105 J2/m6 in 2016 corresponding to H5) (Figure 7b). In terms of decadal variations
of VARNIW_obs_int, period high appeared more frequently in the 2010s than the 2000s,
yielding a decadal mean of VARNIW_obs_int in the 2010s (~8.3× 104 J2/m6), significantly
(95% confidence) higher than that in the 2000s (~3.1× 105 J2/m6).
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Figure 7. (a) Time series of normalised intraseasonal variations in KENIW at 400 m (VARNIW_obs_int)
from 2000 to 2020. Red (blue) shaded boxes indicate period high (period low) and grey shaded area
indicates period neutral. White area represents the data gap (no data available). Events 2–4 in Noh
and Nam [40] are marked at the top of H2 (pink). (b) Annual (squares) and decadal mean (blue
thick lines) of VARNIW_obs_int. In (b), grey and white squares indicate annual mean values of years in
which the data acquisition rate was more and less than 50%.
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Interestingly, the timing of the enhanced VARNIW_model_int did not match well with
that of VARNIW_obs_int (Figures 7a and 8d,e). A VARNIW_model_int (or amplitude of NIWs)
value greater than 1.0× 104 J2/m6 (~1 m/s) was found on 12 September 2003, 19 August
2004, and 3 September 2020 (green triangles in Figure 8d,e); notably, only the first date
corresponded to period high (H2). H5 corresponded to the period when the value of
VARNIW_obs_int was higher than that during H2; however, the wind energy input during
H5 (~7 kJ/m2) was smaller than that during H2 (~31 kJ/m2) (Figures 7a and 8c). Except
for H2 and H5, the amplitudes of the modelled NIWs and VARNIW_model_int were less than
0.2 m/s and 2.0× 103 J2/m, respectively. It is also interesting that there was a statistically
significant difference in VARNIW_model_int before and after 2010, yielding a higher decadal
mean of 4.8 ×102 J2/m6 in the 2000s than the 4.5× 102 J2/m6 observed in the 2010s, in
contrast to the observational results (higher decadal mean of VARNIW_obs_int in the 2010s;
Figure 7b).
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Figure 8. Time series of (a) wind stress amplitude, (b) near-inertial band-passed zonal (red) and
meridional (blue) wind stresses, (c) rate of wind work Π (left axis) and time integral of Π showing
cumulative wind energy input to the mixed layer (green solid line, right axis), (d) mixed layer
near-inertial current amplitude,

√
uML2 + vML2, calculated from the damped slab model, and

(e) intraseasonal-band variance of (d) from local (black) and remote (pink) wind stresses where
the latter denotes wind stress averaged over 38–40◦ N. Red (blue) shaded boxes indicate period high
(period low). Grey shaded area indicates period neutral. Green triangles in (c–e) indicate the periods
when the mixed layer near-inertial current amplitude was larger than 1 m/s.
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3.2. Composite Mean of Near-Inertial Kinetic Energy at 400 m Dependent on Mesoscale Condition

In our study, the magnitudes of Π and S2 composited for period high (period low)
were significantly larger (smaller) than those for period neutral, showing 1.54× 10−3 W/m2

(0.43× 10−3 W/m2) and 0.08 f /s (0.06 f /s), respectively (Figures 8 and 9 and Tables 1 and 2).
The Π during the period high events (except for H1 and H8) were significantly larger than
the composite mean during period neutral, while those during period low events (except
L6) were significantly smaller than those during period neutral. The α2 and ζ composite
mean values for period high (period low) had positive (negative) and negative (positive)
signs, showing +2.80× 10−12/s2 (−20.45× 10−12/s2) and −0.04 f /s (0.10 f /s), indicating
the dominance of strain to vorticity (vorticity to strain) and lower (higher) fe f f , respectively.
At period high, it was shown that the ζ < 0 or strain fields were strengthened by mesoscale
flow fields, while at period low, ζ > 0 by cyclonic circulation appeared (Figure 6). More
than half of the period high and period low events could be identified by the signs of ζ
and α2. The role of the ζ was identified by comparing Categories I and III for S2 > ζ2

(corresponding to α2 > 0), and Categories II and VI for S2 < ζ2 (corresponding to α2 < 0),
commonly yielding more period high events for a negative ζ (Table 3). The role of S2

was determined by comparisons between Categories I and II for ζ > 0 and between
Categories III and IV for ζ < 0, commonly yielding more period high events for S2 > ζ2

(positive α2). For each Category, the composite means of VARNIW_obs_int were 1.05× 105,
1.29 × 105, 1.25 × 105, and 1.43 × 105 J2/m6 yielding that at Category I < Category II,
Category III < Category < IV and Category II < Category IV with 95% significant level
(p-value < 0.05). There was no significantly high correlation between Category II and
Category III (p-value > 0.05).
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4. Discussion
4.1. Comparison to Known Characteristics of Near-Inertial Internal Waves (NIWs)

We compared the results of nonseasonal variations of the observed and modelled
NIW kinetic energy (VARNIW_obs_int) with previously known characteristics of NIWs. In
general, period high often corresponded to the condition of ζ < 0 (Category III or IV),
supporting that NIWs are trapped in a region of ζ < 0 because of the lowered fe f f due to
mesoscale circulations, as suggested in previous studies [37,38]. The interannual variations
in the region of ζ < 0 imposed by the meandering of the subpolar front and the activities
of anticyclonic eddies off the east coast of Korea may be responsible for the interannual
variations of NIW kinetic energy presented in [38] and the horizontal and vertical distri-
butions of NIW kinetic energy shown in [37]. The NIWs presented in [39,59] under the
condition of ζ > 0 corresponded to Categories I or II in our study. Notably, significant
impacts of S2 on the NIW kinetic energy in the region have not been reported previously,
except for a study conducted by Noh and Nam [40], which suggested a strong case of
NIWs extracting their energy from a mesoscale flow field under the favourable condition
of S2 > ζ2 (strain exceeds vorticity, α2 > 0) via the wave capture process [32,33]. The case
found during events 2–4 in the study conducted by Noh and Nam [40], which supported
the exponentially growing wavenumber, along with an increasing S2 and a resulting small
group velocity, corresponded to H2 in our study; this was generalised from statistically
significant differences in the composite mean variance of NIW kinetic energy, for example,
more period high events for S2 > ζ2.

Wind-induced NIWs are known to propagate downward below the MLD [37,60,61].
However, in spite of large Π values, only VARNIW_model_int (and not VARNIW_obs_int)
showed an occasional enhancement, such as that observed on 19 August 2004 and
3 September 2020 (green triangles in Figure 8d), when the typhoon passed the region.
This means that the nonseasonal variations in VARNIW_obs_int could not be well-explained
by the changes in the surface wind forcing alone, additionally requiring the considera-
tion of mesoscale field conditions. Another circumstantial energy source for NIWs in the
deep layer in the region suggested by Mori et al. [36] is topographic roughness, because
barotropic currents flowing over the rough bottom could generate deep near-inertial os-
cillations. Indeed, in this case, the current-topography interaction will also be affected by
the mesoscale circulation, because the mesoscale eddies in the region are quasi-barotropic,
as discussed in [39], which accounts for the higher NIW kinetic energy observed inside
(where ζ < 0) the anticyclonic circulation in the region.

4.2. Effects of Surface Wind Forcing on Near-Inertial Energy within and below the Mixed Layer

The NIWs within the mixed layer can be easily amplified by the changes in the local
wind stress; however, the wind-induced NIWs within or just below the mixed layer may
dissipate mostly (up to 70–85%) in the upper 200 m [61–63], and hardly penetrate far below
the MLD to 400 m depth, accounting for significantly different nonseasonal variations in the
KENIW_obs at 400 m of the EC1 (VARNIW_obs_int) compared to those in KENIW_model, within the
mixed layer simulated by the damped slab model using local wind stress (VARNIW_model_int).
Positive anomalies of VARNIW_model_int exceeding σ+ µ ( ∼ 2.5× 103 J2/m6) were not
found during the events of period high, although they were clearly accompanied by
relatively high Π values during H2 and H5 (Figures 7 and 8). Indeed, periods of very
high VARNIW_model_int (19 August 2004 and 3 September 2020) exceeding 1.0× 104 J2/m6

in association with the passage of typhoons (Figure 2) corresponded to period neutral
events indicative of only moderate VARNIW_obs_int. In general, VARNIW_model_int was low
(less than 2.0× 103 J2/m6) when Π decreased during period low. Significant dissipation of
wind-induced NIWs may be confirmed around August 2004 (period neutral, green triangle
in Figure 8); for example, the case when the KENIW_obs of 1.12× 102 J/m3 observed at 400 m
(corresponding to the square root of peak VARNIW_obs_int of 1.26× 104 J2/m6) explained
only 9.6% of the KENIW_model of ~11.68× 102 J/m3 within the mixed layer, supporting the
deduction or strong dissipation of NIWs in the upper 200 m [62,63].
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Because the surface wind stress is not uniform, equatorward- and downward-propagating
NIWs generated by strong wind forcing in the north of EC1, despite the weak local wind
forcing, may propagate down to 400 m of EC1, accounting for the high VARNIW_obs_int
without a significant VARNIW_model_int (except H2 and H5). However, this possibility can
be ruled out, as the intraseasonal variance in the kinetic energy of NIWs originating from
higher latitudes (forced by wind stress at 38–40◦ N along the 131◦ E), propagating below the
mixed layer to 400 m (of EC1; Figure 10), was not markedly different from VARNIW_model_int,
nor did it correlate with VARNIW_obs_int (Figure 8e).
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4.3. Effects of Mesoscale Flow Fields on Near-Inertial Energy Far below the Mixed Layer

The condition parameters of ζ and S2 that represent the mesoscale flow field explained
VARNIW_obs_int better than surface wind forcing, because a negative ζ (Categories III and IV)
lowers fe f f (permitting the trapping and rapid deep propagation of NIWs) (Figure 6) [24,28]
and increases S2, leading to a positive anomaly of α2 (Categories I and III), which stretches
and rotates the wavevector (resulting in exponentially growing wavenumber and decreas-
ing group velocity), representing an enhancement of NIWs [30]. For example, the lowered
fe f f (ζ < 0) associated with the anticyclonic circulation around the EC1 supports the high
VARNIW_obs_int during the H6, contrasting to the low VARNIW_obs_int during the L4 when
ζ > 0, associated with the cyclonic circulation around the EC1 (Figure 6). During the
two events (N1 and N2) of the neutral period, we observed low VARNIW_obs_int values
despite high VARNIW_model_int values, in association with the typhoon passage, which
may be explained by unfavourable conditions (ζ > 0 and S2 < ζ2; Category II) for NIW
enhancement imposed by mesoscale conditions (Table 3). In contrast, more period high
events were observed under favourable conditions (ζ < 0 and S2 > ζ2; Category III)
for NIW enhancement imposed by mesoscale conditions (Table 3), mainly regardless of
wind forcing.

The results of more frequent events of period high in the 2010s (compared to those
in the 2000s) were also accounted for by the mesoscale field condition, and not by the
surface-wind-induced NIWs within the mixed layer. The anticyclonic UWE anomalously
lasted longer (nearly two years from October 2014 to August 2016) in the region [64], and a
newly formed UWE appeared again in September 2016, providing mesoscale conditions
of ζ < 0 that were favourable for NIW enhancement at 400 m of EC1 during H5, H6, and
H7. Changes in mesoscale flow conditions due to the UWE in the 2010s accompanied the
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strengthening of density stratification in the region, yielding significantly higher N and
lower WKB scaling factor values at 400 m of EC1 during the 2010s, compared to those
observed in the 2000s, due to a strong stratification linked to mesoscale conditions in
2003, 2006, 2011, 2013, and 2015–2018 (Figure 4). Interestingly, the 14% decrease in the
WKB scaling factor or the increase in the NIW potential energy in the 2010s (compared to
that observed in the 2000s), however, could not explain the increased frequency of period
high events in the 2010s. Note that the events of period high and period low were not
significantly dependent on whether WKB scaling was applied (now shown), indicating
that the nonseasonal variation of NIW energy was more affected by the mesoscale flow
field (vorticity and strain) than the stratification. The WKB scaling factor at 400 m was
variable depending on the varying stratification, but always higher than the unity at the
depth (Figures 3c–e and 4b,d).

5. Concluding Remarks

Nonseasonal (intraseasonal, interannual, and decadal) variations in NIW kinetic
energy, KENIW_obs at 400 m (VARNIW_obs_int) were presented from long time-series (from
2000 to 2020) moored observations in the southwestern East Sea. In total, nine periods
of high (period high) and seven periods of low (period low) intraseasonal variance of
KENIW_obs, or VARNIW_obs_int at 400 m, were identified and analysed statistically, providing
composite means for different mesoscale conditions, and suggesting a significant effect of
mesoscale flow fields on VARNIW_obs_int. Although a high rate of wind work, sometimes
associated with typhoon passage, may significantly enhance the near-inertial kinetic energy
(KENIW_model within or just below the surface mixed layer as simulated by the damped
slab model), in our study, the intraseasonal variance of KENIW_model, or VARNIW_model_int,
hardly accounted for VARNIW_obs_int at 400 m depth, which was dissipated mostly in the
upper layer. Instead, the condition parameters of relative vorticity (ζ) and the total strain
(S2), representing mesoscale flow fields, better explained VARNIW_obs_int at 400 m, yielding
a significantly higher KENIW_obs at 400 m when ζ < 0 and/or S2 > ζ2, and vice versa
(Figure 11). Our results, based on 21-year-long observations, statistically support previous
(mostly theoretical) suggestions that NIW kinetic energy may have been enhanced through
nonlinear interactions with the mesoscale flow field, when the strain exceeded the vorticity,
and was trapped when the effective Coriolis frequency was lowered due to a negative
relative vorticity. We believe that future process-oriented studies focusing on specific NIW
events will provide a more comprehensive understanding of the interaction between the
mesoscale flow fields and NIWs, testing the statistically derived proposition obtained in
this study from rare, long-term, high-resolution, and continuous observations.
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