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Abstract: The vertical structure and seasonal variability of shear were examined using nearly three
years of mooring ADCP (acoustic Doppler current profiler) data on the southwestern continental
slope of the East China Sea (ECS). Shear spectra suggest that the sub-inertial currents (SICs); near-
inertial waves (NIWs); and diurnal (D1), semidiurnal (D2), and tridiurnal (D3) internal tides (ITs)
dominate the local shear field. The shear exhibits a remarkable surface-intensified pattern with high
values occurring mostly in the upper 200 m. Significant seasonal variations can be found in the
shear, but with differences between the upper (50-200 m averaged) and lower layers (210-570 m
averaged). Satellite altimeter data indicate that the meander of the Kuroshio mainstream and the
Kuroshio intrusion affect the seasonal variation of total shear by mainly influencing the shear caused
by SICs. In addition, the shear efficiency (SE) of D2 ITs is obviously less than that of NIWs and that of
D1 and D3 ITs via analyzing the kinetic energy (KE) densities and shear caused by these motions,
since the predominant mode of the former is the first baroclinic mode, while the latter is dominated
by higher baroclinic modes with large vertical wavenumbers. Moreover, the SE of incoherent ITs is
relatively stronger than that of coherent ITs as a result of a larger proportion of high baroclinic modes
in the incoherent component compared to the coherent component, based on modal decomposition.

Keywords: ocean shear; seasonal variability; internal tides; near-inertial waves; Kuroshio; East
China Sea

1. Introduction

Turbulent mixing in the ocean is a research focus in physical oceanography, as it has a
significant impact on the transport of heat, water, dissolved gases such as CO,, pollutants,
and other climatic tracers in the ocean, playing an important role in shaping the circulation
and distribution of ocean energy and materials within the climate system [1-5]. Shear
instability not only drives the most turbulence in the ocean, but also strongly modulates
the propagation of internal gravity and Rossby waves, as stated by Alford et al. [6]. There-
fore, making the spatio-temporal characteristics of ocean shear and its origin explicit is
beneficial to advancing the understanding of dynamical processes and parameterization
implementation of turbulent mixing.

In the ocean, major current systems, mesoscale processes, and internal waves collec-
tively help trigger the shear as reported by previous research [5-12]. Furthermore, there
is an abundance of dynamical processes in the East China Sea (ECS), from large-scale to
small-scale motions, such as the Kuroshio, continental slope countercurrent, eddies, near-
inertial waves (NIWs), and internal tides (ITs). According to previous studies, the Kuroshio
currents intrude onto the ECS shelf off northeastern Taiwan through the East Taiwan Chan-
nel with significant seasonal variation [13-15]. Additionally, observations and numerical
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simulations have confirmed that there is a quasi-steady and year-round countercurrent in
the sea northeast of Taiwan, which mainly exists below a depth of 150 m [16-18]. Moreover,
Qin et al. [19] suggested that the sea to the northeast of Taiwan is a particularly active
region for eddies based on satellite altimeter data, and eddies are dominated by short-term
variations in time scale [20,21].

Apart from the large- and mid-scale motions, internal waves are also very energetic
in the ECS, according to previous studies. NIWs whose frequency is close to the local
inertial frequency f have been reported mostly by mooring observations. Park et al. [22]
found wind-induced NIWs with downward-propagating energy on the ECS shelf break.
Ouyang et al. [23] observed typhoon-induced NIWs on the southwestern continental
slope of the ECS, which had an e-folding timescale of 9.5 days and were red-shifted as
a result of the Doppler shift of the Kuroshio. In addition, Yang et al. [24] indicated that
the generation mechanisms of the NIWs on the continental slope vary, including typhoon,
wind burst, and lateral propagation, based on almost one year of in situ observations.
Furthermore, ITs are other notable internal waves in the ECS, which are generated by
barotropic tidal currents flowing over abrupt ocean topography [25,26]. Previous studies
indicated via observations [27-29] and numerical models [30,31] that semidiurnal ITs are
the most powerful ITs. The semidiurnal internal tidal energy flux with a seaward direction
had strong temporal and spatial variations as revealed by Lien et al. [32]. Using a high-
resolution numerical model, Chang et al. [33] found that the M, ITs generation is influenced
by the horizontally varying, zonally tilting stratification associated with the Kuroshio.
Additionally, the study of the coherent and incoherent properties of ITs has attracted much
attention [34-36]. Coherent ITs are internal tides whose phase is aligned with barotropic
tides, while incoherent ITs generate due to the modulation of background conditions when
ITs propagate outward from the source regions [37,38].

The southwestern continental slope of the ECS is located at the northeast of Taiwan,
where most ocean phenomena have been studied, such as background currents, eddies,
and internal waves, as mentioned above. However, the shear caused by these motions
has rarely been examined, and so the features of the sources, structures, and variations
of shear remain unclear. Furthermore, previous mooring observations were mainly short
in duration and focused on the upper ocean in this area. In the present study, almost
three years of in situ observations covering almost the entire water layer were analyzed to
investigate the vertical structure and seasonal variation of shear caused by these motions
on the southwestern continental slope of the ECS, which could help improve the under-
standing of their contributions to turbulent mixing and narrow down uncertainties in local
parameterization of turbulent mixing.

2. Data and Methods
2.1. Observational Current Data

In this study, ocean shear were calculated based on current data from three mooring
observations (OP1-OP3). Each mooring was equipped with an upward-looking 75 kHz
Teledyne RDI acoustic Doppler current profiler (ADCP) to measure horizontal velocity.
There are subtle differences in the deployment locations of the three moorings, and the
average positions of these moorings were at 122.60° E and 25.50° N, which is shown in
Figure 1a (magenta pentagram). The local water depth of each mooring is approximately
620 m. It should be noted that the observation periods of the three mooring observations
are different, and the observation time of OP2 is the shortest, which is smaller than that
of OP1 and OP3, which are equivalent to each other. The observation periods of OP1 to
OP3 were from 23 May 2017 to 18 May 2018, from 12 September 2018 to 18 May 2019,
and from 12 September 2019 to 25 October 2020, respectively. The number of observation
days in each month (from January to December) over all observation periods is shown
in Figure 1b. The ADCP in mooring observations OP1-OP2 had temporal and vertical
spatial resolutions of 1 h and 8 m, respectively, and in OP3, the ADCP had temporal
and vertical spatial resolutions of 0.5 h and 8 m, respectively. The current data near
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the sea surface were discarded because they were contaminated by surface reflections.
Then, the horizontal velocity data were linearly interpolated in the vertical direction every
10 m. Therefore, the effective ranges of currents in OP1-OP3 are 50-470 m, 50-570 m,
and 50-540 m, respectively. Detailed information about the three mooring observations
(OP1-0P3) is provided in Table 1. Next, we performed relevant calculations and analyses
based on the linearly interpolated currents.
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Figure 1. (a) Bathymetry (color) off northeastern Taiwan and average location of the mooring
(magenta star). The thin gray lines indicate the 200 m, 400 m, 800 m, and 1000 m isobaths, and the
thick black line indicates the 600 m isobaths. The red arrows denote the mean sea surface geostrophic
currents during the whole observation period. (b) Histogram of the number of observation days in
each month.

Table 1. Detailed information on the three mooring observations (OP1-OP3) after linear interpolation.

Moorin, Water Instrument Effective Temporal (h) and
& Location Observation Period Range Depth Vertical Spatial
Observation Depth (m) Depth (m) .
(m) Resolutions (m)
o1 N 23 May 2017-19 May 2018 621 ~490 50-470 1and 10
122.59° E,
OoP2 2550° N 12 September 2018-18 May 2019 ~625 ~590 50-570 1and 10
oP3 O 12September 2019-25 October 2020 ~628 ~560 50-540 05 and 10

2.2. Satellite Altimeter Data

The gridded satellite altimeter data used in this study integrate multiple satellites
(Jason-3, Sentinel-3A, HY-2A, SARAL/ AltiKa, Cryosat-2, Jason-2, Jason-1, TOPEX/Poseidon,
ENVISAT, GFO and ERS1/2) with a temporal resolution of 1 d and a spatial resolution of
1/4°. Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO) data
during the three periods of mooring observations were used to provide geostrophic veloci-
ties in the research region. Satellite altimeter data are now available from the Copernicus
Marine Environment Monitoring Service (CMEMS). The version of the datasets used in
this study is “Global Ocean Gridded L4 Sea Surface Heights and Derived Variables Repro-
cessed (1993-ongoing)”, which can be obtained from https://resources.marine.copernicus.
eu/product-deail/SEALEVEL_GLO_PHY_L4 MY_016208_047 /DATA-ACCESS and was
accessed on 18 January 2022.

2.3. Other Data

In this study, the bathymetry of the region around the mooring is obtained from
ETOPOL1 Global Relief Model, as shown in Figure 1a, which is a 1 arc-minute global relief
model of Earth’s surface that integrates land topography and ocean bathymetry and can
be downloaded from https:/ /www.ngdc.noaa.gov/mgg/global / global.html; accessed on
16 June 2020. In addition, the daily HYCOM + NCODA Global 1/12° analysis was used as a
substitute for the hydrography to calculate the buoyancy frequency, which was downloaded
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from the Asia-Pacific Data-Research Center (APDRC, http://apdrc.soest.hawaii.edu/data,
accessed on 22 November 2021). The Nifio 3.4 index was obtained from National Climate
Center of China Meteorological Administration (NCC, https://cmdp.ncc-cma.net/pred/
cn_enso.php?product=cn_enso_nino_indices, accessed on 7 April 2022) to evaluate the El
Nifno and La Nina events.

2.4. Methods

In order to investigate the characteristics of shear caused by different motions, the
ocean shear [12] was calculated as follows:

s = /sx2 45,2
Y (1)

7

_ du _ Jv
Sx = 925 = 32
where u (sy) and v (sy) are the zonal and meridional components of the currents (shear),
respectively. In addition, to evaluate the intensities of different motions, the kinetic energy
(KE) density was calculated as follows:

1
KE = 5po(u2 +0%), 2)

where pg = 1024 kg/m? is the reference water density, and u and v are the zonal and
meridional currents of different motions, respectively.

Based on the in situ observed currents after linear interpolation, sub-inertial currents
(SICs); near-inertial waves (NIWs); and diurnal (D1), semidiurnal (D2), and tridiurnal (D3)
internal tides (ITs) were obtained using a fourth-order Butterworth filter. The SICs contain
both eddies and background currents, mainly the Kuroshio in this study. Furthermore, the
filter was carried out twice in the forward and backward directions to eliminate the phase
shift. In this study, the same cutoff frequencies were used for OP1-OP3, as the results of
nearly the same mooring deployment location. Therefore, according to the depth-averaged
power spectral of the horizontal currents in OP3 (Figure 2a) and a previous study [24],
the cutoff frequencies of 0-0.40 f, 0.80-1.05 f, 1.05-1.45 f, 2.05-2.45 f, and 3.15-3.55 f were
selected for SICs; NIWs; and D1, D2, and D3 ITs, respectively. The local inertial frequency
(f) is approximately 0.036 cycles per hour (cph). Thereafter, the shear caused by SICs; NIWs;
and D1, D2, and D3 ITs was calculated by Equation (1) based on the bandpass filtered
currents, and the total shear was calculated according to the linearly interpolated currents.
Moreover, the intensities of SICs, NIWs, and ITs were calculated according to Equation (2).

In this study, the coherent and incoherent components of ITs (D1, D2, and D3) were
extracted following previous studies [12,35,39,40] to examine the shear caused by those
motions according to Equation (1). First, the coherent ITs were obtained by tidal harmonic
analysis [41] referring to Yang et al. [36]. Thereafter, the incoherent ITs were calculated
by subtracting the coherent ITs from the band-pass filtered ITs. Moreover, the modal
decomposition was conducted on the coherent and incoherent ITs to investigate their modal
content. The coherent and incoherent components of ITs are expressed as follows [42]:

“ci(zrt) = go ”cin(t) 11 (Z)

m , 3)
vi(z,t) = go Vein(t) - TIn(2)

where u.; and v,; denote the zonal and meridional components of the coherent and incoher-
ent ITs, respectively, and u.;, and v, are the modal components of u.; and v;, respectively,
with respect tomoden (n=0,1, ... ,m; n =0 for the barotropic mode and #n > 0 for baroclinic
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modes), which can be computed by the least-squares modal fitting [1,43]. Furthermore, IT,
represents the vertical structures of modes for the horizontal velocity calculated as follows:

(z) = poc 220, @

where @, are the eigenfunctions of the eigenvalue problem for eigenspeed c;:

{ $20(z) + Ij—zzcbn(z) =0

dz2

, ®)
®,(0) = 0, P, (—H) =0

where H is the water depth, N is the buoyancy frequency calculated based on HYCOM
analysis data, and pg = 1024 kg/m? is the reference water density.
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Figure 2. Depth-averaged power spectra of the currents (a) and total shear (b) in OP3, and the
red (magenta) and blue (cyan) lines indicate the zonal and meridional components of the currents
(total shear), respectively. The orange, yellow, purple, green, and light blue shadings denote cutoff
frequencies for SICs; NIWs; and D1, D2, and D3 ITs in (a), respectively. Depth—frequency plot of
the log of power spectral densities (shading) of the zonal currents (c) and total shear (d). The black
vertical dashed lines denote the local inertial frequency (f) and dominant tidal frequencies Oy, K,
M, and S; as well as their harmonic frequencies MO3, MK3, My and MS;,.
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3. Results
3.1. Spectral Analysis

In order to examine the dominant signals at the local current field and the intensities
of shear caused by different motions, the power spectra of the currents and shear were
calculated. Figure 2a,b show the depth-averaged power spectra of the currents and total
shear in OP3 as an example, respectively. At the same time, the power spectra of the zonal
component of interpolated currents and total shear in OP3 as a function of frequency and
depth are displayed in Figure 2c,d, respectively. From the power spectra of the currents
(Figure 2a,c), noteworthy spectral densities can be found at the signals of SICs; NIWs;
and D1, D2, D3, and quarter-diurnal (D4) ITs. The larger spectral peaks that occurred near
the 0 frequency and at the M, frequency are much larger than those at other frequencies
by more than 10 times, which indicates that the current field here is dominated by low-
frequency currents and M, internal tides. Moreover, prominent spectral densities appear
around the frequencies of 0 and M, throughout the observation depth layer. For the local
internal wave field, the D2 ITs overwhelm other internal wave signals, which is consistent
with previous studies [23,29,32,36]. The spectral densities of D1 ITs are only less than those
of the D2 ITs. In addition, the NIWs and the D3 and D4 ITs have comparable spectral
densities. However, the NIWs and the D1, D3, and D4 ITs exhibit different intensities from
the observation surface to the bottom layer. Strong NIWs and D1 ITs signals appear above
150 m, and the D3 ITs signals improve from 250 m to 400 m. In addition to this, from 370 m
to 460 m, the spectral densities of D4 ITs are most notable. At the mooring, nonlinear
interactions between internal waves occurred because of spectral peaks that appeared at
the MO3, MKj3, My, and MS, frequencies. Although the near-inertial frequency shows the
characteristic of broadband, when significant near-inertial waves occur at the mooring,
such as that induced by the passage of a typhoon, a spectral peak will appear near the local
inertial frequency (f) [23].

Compared with the current spectra, the power spectra of shear display different
characteristics. As shown in Figure 2b,d, the SICs dominate the shear spectra, but the
shear signal caused by SICs is weak from 200 m to 350 m. Although the D2 ITs are much
stronger than the D1 ITs, there are approximately the same spectral density intensities in
the frequency bands of D1 and D2 ITs in the shear spectra. Moreover, the spectral densities
of D4 ITs are much smaller than those of NIWs and D3 ITs, whereas the latter two have
comparable spectral densities. Considering that the intensities of the NIWs and the D3
and D4 ITs are equivalent, the reason for that phenomenon may be that the normal modes
dominating the D4 ITs are lower than those dominating the NIWs and D3 I'Ts. Hence, in this
study, the SICs; NIWs; and D1, D2, and D3 ITs were selected to investigate the features of
ocean shear. In addition, the shear intensities of the SICs; NIWs; and D1, D2, and D3 ITs are
most remarkable in the upper 200 m, as shown in Figure 2d. There are similar results in
OP1 and OP2, which are not shown here.

3.2. Total Shear Characteristics

The vertical pattern and seasonal features of the total shear calculated based on the
linearly interpolated currents were first investigated. Figure 3 illustrates the time series of
profiling low-pass filtered total shear in OP1-OP3. It is obvious that the total shear exhibits
intensified in the upper ocean with significant high total shear essentially concentrated
above 200 m. In addition, there is also relatively strong total shear in the 200 m to 400 m
depth layer. However, it displays a time-intermittent and small shear value, which is
different from total shear in the upper layer. For instance, from January 2020 to April
2020, stronger total shear occurs (Figure 3c), whereas, from mid-September 2017 to October,
there is weaker total shear at depths of 200 m to 400 m (Figure 3a). The various temporal
variations of the total shear are also presented in Figure 3. As shown in Figure 3b, in OP2,
the high total shear in the upper layer is significantly larger than that in OP1 and OP3 during
the same period over different years, suggesting that the total shear has an interannual
variation, which might be the result of the influence of the background currents of the
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Kuroshio. The intra-seasonal variability of the total shear is clearly exhibited in OP1-OP3.
Furthermore, remarkable seasonal variation exists in the total shear, which is one of the
focuses of this study:.
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Figure 3. Depth-time map of 36 h low-pass filtered total shear (a) for OP1, (b) for OP2, and (c) for OP3.

Although the mooring observation periods in OP1-OP3 are different, as listed in
Table 1, each month has at least 60 observation days, which is shown in Figure 1b Therefore,
the time average of the shear in different seasons is sufficient to reflect its seasonal charac-
teristics. Figure 4 presents the vertical structures of the seasonally mean total shear and
its corresponding standard deviations for the entire observation period (OP1-OP3). It is
clear that the seasonal mean total shear presents a surface-intensified characteristic, which
is similar to the shear in the northern South China Sea [12]. The shear basically decreases
with depth in the upper 200 m, except in winter, whereas the shear below 200 m exhibits a
trend of increasing first and then decreases with depth with the extreme values occurring at
approximately 350 m. In addition, the seasonal mean total shear shows different intensities
at different depth layers, and the total shear strength varies with depth most noticeably in
summer and winter. In summer, the total shear is smaller than that in other seasons from
100 m to 400 m. Winter has the weakest total shear in the upper 100 m; however, it appears,
roughly, to be the strongest total shear below 150 m. The total shear in autumn seems to
be larger than that in other seasons at shallower depths than 150 m. The vertical profile



J. Mar. Sci. Eng. 2022, 10, 902

8 of 24

of the total shear in spring is closest to that of the whole observation period’s averaged

total shear in all seasons. Moreover, a similar vertical pattern is displayed in the standard

deviations (Figure 4b). The standard deviation for all seasons varies only slightly with
increasing depths below 200 m, ranging from 0.002 to 0.004 s~ !, which indicates that the
total shear changes sharply above 200 m but is relatively stable below 200 m depth.
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Figure 4. Vertical profiles of seasonal mean total shear (a) and its corresponding standard deviations
(b). The black solid and dashed lines indicate the whole observation period.

Figure 5 illustrates the climatological monthly depth-averaged total shear. There exists
an evident seasonal variation of the depth-averaged (50-570 m) total shear (Figure 5a).
Higher total shear occurs in late autumn to mid-spring (October to April), and lower total
shear appears in summer (June to August). The largest and smallest total shear are found
in March and July, respectively. The Kuroshio mainstream that meandered and intruded
into the ECS northeast of Taiwan might be related to the seasonal variation of the total
shear, since the Kuroshio mainstream moves seaward (shoreward) in summer (winter),
with the eastern (western) invasion dominating [14,15,44], and the mooring station will not
be (will be) affected by it. Furthermore, the vertical distributions of the mean total shear
for the four seasons demonstrate different trends in their intensities over and under 200 m,
as analyzed above. Therefore, the depth-averaged total shear values from 50 m to 200 m
and 210 m to 570 m are also presented in Figure 5b,c, respectively. The result clearly reveals
that they have different seasonal variation characteristics. For the former, stronger total
shear occurs in spring (March to May) and autumn (September to November), and summer
and winter (December to February) have weaker total shear, suggesting a semi-annual
cycle. However, for the latter, the total shear displays a trend of decreasing first and then
increasing, with the maximum and minimum values being found in January and July,
respectively. The smallest total shear appearing in summer is a common point for both.
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Figure 5. Seasonal evolutions of the depth-averaged total shear. (a—c) represent total shear averaged
over 50-570 m, 50-200 m, and 210-570 m, respectively.

3.3. Seasonal Variability of Shear Caused by Different Motions

In this section, the seasonal variability and relative importance of shear caused by
SICs; NIWs; and D1, D2, and D3 ITs are investigated, in frequency bands within which the
significant shear spectral densities are noted, as shown in Figure 2d. As with the total shear,
the shear caused by those motions is divided into two depth layers for depth averaging
(50 m to 200 m and 210 m to 570 m). The seasonal evolutions of the depth-averaged shear
caused by SICs, NIWs, and ITs are plotted in Figure 6. As a comparison, the kinetic energy
densities of those motions are also presented in Figure 7. At the same time, the proportions
of shear (kinetic energy densities) caused by (of) those motions to the sum of the shear
(kinetic energy densities) are calculated to further quantify the seasonality of the different
shear and estimate their relative importance, the details of which are listed in Table 2.
Figure 6 clearly shows that the shear averaged over the different depth layers has different
seasonal variations, which is consistent with the results of the total shear. On the one hand,
from the seasonal trends of the different shear, first, for the shear averaged at depths of
50 m to 200 m, the shear caused by SICs and D2 ITs exhibits a similar trend to the total
shear, being stronger in spring and autumn and weakest in summer. However, the shear
caused by D1 and D3 ITs is stronger in summer and autumn, and the most energetic shear
caused by them appears in November and August, respectively. NIWs cause stronger shear
in October and November, and a comparable shear is found during other months. For the
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shear averaged at depths of 210 m to 570 m, the shear in different frequency bands shows
a similar seasonal trend, which is in agreement with the total shear averaged over the
same depth layer. That is, stronger shear occurs in spring and winter, with weaker shear in
summer and autumn. On the other hand, from the percentage of different shear in the four
seasons, for the depth-averaged shear above 200 m, the SICs and D3 ITs induce strongest
and weakest shear in all seasons except summer, of which the proportions in the sum of
different shear are 27.8-33.3% and 11.4-13.9%, respectively. In summer, the shear caused by
D1 ITs is strongest and is followed by SICs. D2 and D3 ITs cause a comparable shear that is
a little stronger than that caused by NIWs. In the other three seasons, the shear in frequency
bands of NIWs and D1 and D2 ITs has various intensities. However, the shear induced
by NIWs accounts for 14.4-16.0% of the sum of different shear, which is weaker than that
induced by D1 and D2 ITs, whose percentages range from 19.7% to 22.2%. Regarding the
depth-averaged shear below 200 m, the shear intensity of NIWs is the weakest during all
seasons. Although the relative shear intensities of SICs and ITs vary over all seasons, they
are comparable with the proportions of 19.5-23.1%. In addition, it can be noted that the
proportion of shear caused by D3 ITs is significantly improved relative to the upper depth,
whereas for SICs, the change is reversed.

0.006 2150—200 m

—6—SICs NIWs —k—D1|Ts —&—D2 ITs D3 ITs

0.005 |- =

0.002 - <& .

0.001 | | | | | | | |

0.0020

0.0018 |-

0.0016 |-

0.0014 |-

Shear(s'1)

0.0012 - =

0.0010 |- 1

0.0008 1 | | 1 1 | 1 1 | 1 1 1
Jan Feb Mar Apr  May  Jun Jul Aug  Sep Oct Nov  Dce

Month

Figure 6. Seasonal evolutions of the depth-averaged shear caused by SICs (orange), NIWs (yellow)
and D1 (purple), D2 (green), and D3 (light blue) ITs. (a,b) represent the shear averaged over 50-200 m
and 210-570 m, respectively.
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Figure 7. Seasonal evolutions of the depth-averaged kinetic energy densities caused by SICs (orange),
NIWs (yellow) and D1 (purple), D2 (green), and D3 (light blue) ITs. (a,b) represent the shear averaged
over 50-200 m and 210-570 m, respectively.

Table 2. The seasonal depth-averaged shear (kinetic energy densities) caused by (of) SICs, NIWs, and
Its, as well as their proportions (in brackets) in the sum of the shear (kinetic energy densities) in the
different average depth layers.

Dep&vigii ) Season Shea&/(;;)/ KE SICs NIWs D11Ts D2 ITs D3 ITs
. Shear 0.0044 0.0019 0.0026 0.0028 0.0015
Spring (33.3%) (14.4%) (19.7%) (21.2%) (11.4%)
KE 778 (79.6%) 14 (14%)  29(3.0%) 15.0(154%) 0.6 (0.6%)
Shear 0.0027 0.0019 0.0030 0.0022 0.0021
Summer (22.7%) (16.0%) (25.2%) (18.5%) (17.6%)
50200 KE 472(672%) 15(21%)  48(6.8%) 154 (21.9%) 1.4 (2.0%)
Shear 0.0040 0.0023 0.0032 0.0029 0.0020
Autumn (27.8%) (16.0%) (22.2%) (20.1%) (13.9%)
KE 51.7(651%) 1.7 (2.1%)  4.6(5.8%) 204 (25.7%) 1.0 (1.3%)
Shear 0.0040 0.0019 0.0025 0.0026 0.0015
Winter (32.0%) (15.2%) (20.0%) (20.8%) (12.0%)
KE 72.0 (78.6%) 14 (15%)  37(40%) 13.9(152%) 0.6 (0.7%)
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Table 2. Cont.

Average
Depth Layer (m)

Season

Shear (s 1)/KE

3 SICs NIWs D11Ts D21ITs D3 ITs
(J/m?3)

210-570

Spring

Shear 0.0015 0.0011 0.0016 0.0016 0.0014
(20.8%) (15.3%) (22.2%) (22.2%) (19.5%)

KE 25.0(455%) 0.6 (1.1%)  17(3.1%) 26.8(48.7%) 0.9 (1.6%)
Shear 0.0014 0.0009 0.0013 0.0014 0.0013

Summer (22.2%) (14.4%) (20.6%) (22.2%) (20.6%)

KE 38.7(582%) 05(0.8%)  15(23%) 249(374%) 0.9 (1.3%)
Shear 0.0014 0.0009 0.0014 0.0015 0.0013

Autumn (21.5%) (13.9%) (21.5%) (23.1%) (20.0%)

Winter

KE 28.0 (464%)  0.5(0.8%)  1.7(2.8%)  29.4(48.7%) 0.8 (1.3%)
Shear 0.0015 0.0011 0.0017 0.0017 0.0016
(19.7%) (14.5%) (22.4%) (22.4%) (21.0%)

KE 202 (37.6%) 0.6 (1.1%)  24(45%) 292 (544%) 1.3 (2.4%)

As shown in Figure 7 and Table 2, the SICs and D2 ITs dominate the motions from
the ocean surface to the bottom over all seasons, consistent with the results of the power
spectra of the zonal currents displayed in Figure 2c. However, their proportions vary
substantially with depth layers and seasons. Under the influence of the Kuroshio, SICs are
the most energetic at an average depth of 50-200 m, of which the kinetic energy density
occupies 65.1-79.1%, which is 2-5 times larger than that of D2 ITs. At an average depth of
210-570 m, D2 ITs are slightly stronger than SICs in all seasons except summer, in which
SICs are highest in terms of the strengthening of the continental slope countercurrents off
northeastern Taiwan in summer [45,46]. For NIWs and D1 and D3 ITs, it can be clearly seen
that they are weak in the whole depth layer, the sum of which accounts for less than 11% of
the sum of the kinetic energy density in all seasons. However, it is worth noting that the
sum of the shear caused by them takes up 45.5-58.8% of the total. This indicates that NIWs
and D1 and D3 ITs have a higher efficiency or stronger ability to cause shear compared to
SICs and D2 ITs. Therefore, in order to evaluate this efficiency or ability quantitatively, we
define the shear efficiency (SE), which is calculated by the following equation:

Se,

E =
> KEy,’

(6)

where S, is the proportion of shear caused by different motions to the sum of the shear
and KEpg, is the same as So, but for kinetic energy densities. The shear efficiencies of SIWs,
NIWs, and ITs are listed in Table 3. The results show that the shear efficiency values of
NIWs and D1 and D3 ITs are remarkably larger than those of SICs and D2 ITs, which are
less than 0.6 and 1.4, respectively. Moreover, the shear efficiencies of D1 ITs are smaller
than those of NIWs and D3 ITs. However, for NIWs and D3 ITs, the shear efficiencies of the
former are smaller than those of the latter at an average depth layer of 50 to 200 m, while it
is reversed at depths averaging 210 to 570 m.

Table 3. The seasonal shear efficiencies of SICs, NIWs, and ITs in the different average depth layers.

Average Depth
Layer (m)

Season

SICs NIWs D11ITs D21ITs D3 ITs

50-200

Spring
Summer
Autumn

Winter

0.4 10.3 6.6 1.4 19.0
0.3 7.6 3.7 0.8 8.8
0.4 7.6 3.8 0.8 10.7
0.4 10.1 5.0 1.4 17.1

210-570

Spring
Summer
Autumn

Winter

0.5 14.0 72 0.5 12.2
0.4 18.0 9.0 0.6 15.8
0.5 17.4 77 0.5 15.4
0.5 13.2 5.0 0.4 8.8
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3.4. Vertical Structure of Shear Caused by Different Motions

The vertical profiles of the seasonal mean shear caused by SICs; NIWs; and D1, D2,
and D3 ITs are displayed in Figure 8 for examination of the vertical pattern of the shear.
Similar to the total shear (Figure 4a), in general, the shear in different frequency bands
shows a remarkable surface-enhanced structure and a trend of rapid decrease, then slightly
increases and slowly decreases with depth, but with little differences between seasons.
In spring and summer, the different shear presents a similar trend with depth. At the same
time, it exhibits a similar vertical pattern in autumn and winter. However, the various
intensities of the different shear values are found in different seasons, details of which
appear in Section 3.3. For example, in summer, the shear caused by D1 ITs decreases
from 0.0063 s~ ! at 50 m to 0.0012 s~ ! at 220 m, that is, a reduction of 81.0% within 170 m.
It increases from 0.0012 s~ at 220 m to 0.0015 s~ ! at 360 m. In winter, the vertical variation
of shear is somewhat different from that in summer. For instance, the D1 ITs cause the shear
to decrease quickly from 50 m to 70 m, then increase, and finally decrease with depth.

o {b)Summer o {c)Autumn (d)Wir‘lter
T T

T T T T 0

4 400 g
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Figure 8. Vertical structures of the shear caused by motions in different frequency bands (stacked
areas) in four seasons. (a—d) for spring, summer, autumn, and winter, respectively.

3.5. Shear Caused by Coherent and Incoherent ITs

First, the tidal-current ellipses of the major D1, D2, and D3 constituents are calculated
over the OP3 via the harmonic analysis to examine the vertical structural characteristics of
the major baroclinic tidal currents, as shown in Figure 9, in which the red (blue) ellipses
denote clockwise (counterclockwise) rotation. Note that the horizontal axes vary with
subfigures. In addition, the harmonic analysis results are mainly coherent baroclinic tides.
The results indicate that the M, and S, ITs dominated the baroclinic tidal currents from the
ocean surface to the bottom, especially the M, ITs, which is consistent with the results of
the spectral analysis. The strong M, and S, ITs occur roughly at 200 m to 450 m water depth
with the weakest at the surface and bottom. Moreover, the MK3 and MOj ITs have a similar
vertical variation in intensity, whereas the K; and O ITs are basically stronger at a shallow
depth of 200 m. Additionally, the M; and S, ITs increases first in the clockwise rotation with
the depth and then counterclockwise rotation, at a turning depth of approximately 450 m.
In addition, the K;, O1, and MKj ITs rotate clockwise at approximately 350 m depth or
more, then the rotation directions of those vary repeatedly with depth. However, the MOs
ITs rotate mainly clockwise with a counterclockwise rotation from 200 m to 250 m.
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Figure 9. Tidal current ellipses of the major baroclinic tidal constituents of ITs (D1, D2, and D3) over
the OP3. (a—f) denote the K;, My, MK3, Oy, S;, and MOjs tidal constituent, respectively. The red
ellipses denote clockwise rotation, and the blue ellipses denote counterclockwise rotation.

Since the coherent and incoherent components of the ITs (D1, D2, and D3) are an
important feature of the internal tides [34,35,47,48], the shear they cause is investigated
in this section. The kinetic energy densities of the coherent and incoherent components
of the ITs are also calculated for comparison. Figure 10 shows the vertical variations
of the seasonal mean shear and kinetic energy densities of the coherent and incoherent
components of D1 ITs. Figures 11 and 12 are the same as Figure 10, but for D2 and D3
ITs, respectively. The results clearly illustrate that the shear caused by the coherent and
incoherent components of the ITs displays a surface-intensified pattern, which is consistent
with the results above. However, the shear presents different seasonal structures and
intensities among the ITs. The shear caused by the coherent and incoherent components
of the D1 ITs shows a similar vertical trend in each season, decreasing with increasing
depth. However, for the D2 ITs, the different shear vertical patterns are found between the
coherent and incoherent components. Overall, the shear caused by the coherent component
first decreases rapidly from 50 m to approximately 300 m and then shows a trend of
increasing and then decreasing with depth, whereas the incoherent component causes
the shear to decrease with depth. It is interesting that they show little seasonal change.
For the D3 ITs, the coherent component shares a similar shear vertical structure to the
incoherent component in each season. This feature is in agreement with the D1 ITs, whereas
the vertical variation is different. Overall, the shear has a trend of first decreasing then
increasing and finally decreasing with depth. However, there are various turning depths in
the four seasons. In spring, summer, and autumn, the first turning depth is approximately
200 m, and the other turning depths are approximately 350 m and 400 m. In winter, the two
turning depths are approximately 70 m and 300 m, respectively.
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Figure 10. Vertical structures of the seasonal mean shear and kinetic energy densities of the co-
herent and incoherent components of D1 ITs. (a—d) indicate the shear in spring, summer, autumn,
and winter, respectively, and (e-h) denote the kinetic energy densities in spring, summer, autumn,
and winter, respectively.
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Figure 11. Vertical structures of the seasonal mean shear and kinetic energy densities of the co-
herent and incoherent components of D2 ITs. (a—d) indicate the shear in spring, summer, autumn,
and winter, respectively, and (e-h) denote the kinetic energy densities in spring, summer, autumn,
and winter, respectively.
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Figure 12. Vertical structures of the seasonal mean shear and kinetic energy densities of the coherent
and incoherent components of D3 ITs. (a—d) indicate the shear in spring, summer, autumn, and
winter, respectively, and (e-h) denote the kinetic energy densities in spring, summer, autumn, and
winter, respectively.

Although there are various intensities of the shear in the four seasons, the shear caused
by the incoherent component of D1 and D3 ITs is a little stronger than, or comparable to,
that caused by the coherent component. However, the kinetic energy densities of the
incoherent component of D1 and D3 ITs are smaller than or comparable to those of the
coherent component, as listed in Table 4, which shows the time-depth averaged shear and
kinetic energy densities of the coherent and incoherent components of ITs in four seasons.
However, the shear caused by the incoherent component of D2 ITs is 0.6-0.7 times of that
caused by the coherent component. It is worth noting that the kinetic energy densities of the
incoherent component of D2 ITs are only 0.04-0.05 times those of the coherent component.
The appearance of the above results may be due to the incoherent component having a
larger vertical wavenumber compared to the coherent component.

Table 4. Time-depth averaged shear and kinetic energy densities of the coherent and incoherent
components of D1, D2, and D3 ITs in four seasons.

Shear (s~1)/KE (J/m®) Season Component D11ITs D2 ITs D3 ITs
Spring Coherent 0.0014 0.0017 0.0010
Incoherent 0.0016 0.0011 0.0011
Coherent 0.0015 0.0014 0.0011
Summer Incoherent 0.0015 0.0010 0.0011
Shear Coherent 0.0015 0.0017 0.0011
Autumn Incoherent 0.0016 0.0010 0.0010
, Coherent 0.0015 0.0016 0.0011
Winter

Incoherent 0.0016 0.0011 0.0011
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Table 4. Cont.

Shear (s—1)/KE (J/m?) Season Component D11ITs D2 ITs D3 ITs
Spring Coherent 15 21.1 0.4
Incoherent 1.1 0.9 0.4
Coherent 1.8 20.1 0.6
Summer Incoherent 14 0.9 0.5
KE Coherent 18 24.1 0.5
Autumn Incoherent 14 1.3 0.4
. Coherent 2.0 22.1 0.6
Winter Incoherent 1.3 1.1 0.5

4. Discussion

Although total shear has different seasonal variations in the upper and lower layers,
the seasonal variation of the total shear averaged across the depth is generally consistent
with that of the total shear in the upper layer (Figure 5) due to the presence of remarkably
higher shear above 200 m (Figure 3). The total shear appears weakest in summer and
stronger in other seasons, as described above. The dominant shear caused by SICs in the
upper layer indicates that this seasonal variation is associated with the background currents
of the Kuroshio, of which the intrusion into the ECS occurs mainly in the upper 200 m
presented by Yang et al. [36]. Figure 13 shows the climatological monthly geostrophic
velocities (GV) off northeastern Taiwan and the location of the mooring, which obviously
displays the seasonality of the Kuroshio mainstream meandering and its intrusion into the
continental shelf of the ECS. At the same time, the Kuroshio axis position (KAP) is calcu-
lated based on Equation (7) in order to quantitatively evaluate the Kuroshio mainstream
meandering [49].

xxvi g (x)xdx

f;vi vg(x)dx

here, vy denotes the normal sea surface geostrophic velocity of section Q (the green dashed
line in Figure 13) derived from the satellite altimeter data; x denotes distance from the
western integral limits of section Q; and x and xf are the western and eastern integral
limits, respectively. The climatological monthly KAP is shown in Figure 14, which denotes
the distance from the easternmost side of section Q. The results suggest that the KAP moves
offshore and is closest to the easternmost side of section Q in summer, which corresponds
to the weak Kuroshio intrusion into the western part of the southwestern continental
slope of the ECS, which is consistent with the findings of Liu et al. [14,15]. At this time,
the mooring station is weakly affected by Kuroshio. However, the above characteristics are
reversed in other months, especially from November to April. In addition, the variation of
climatological monthly KAP is highly similar to that of the total shear and shear induced by
SICs. Their linear correlation coefficients reach 0.82 (p < 0.05) and 0.82 (p < 0.05), respectively.
Therefore, the meander of the Kuroshio mainstream and the Kuroshio intrusion affect the
seasonal variation of total shear mainly by influencing the shear caused by SICs. When the
Kuroshio mainstream shifts to onshore, the Kuroshio strongly intrudes into the shelf in the
western part of the southwestern continental slope of the ECS, which strengthens the shear
at the observation station; then the local ocean mixing is enhanced.

KAP = @)
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Figure 13. The climatological monthly sea surface geostrophic velocities (black arrows) and the
corresponding geostrophic velocity amplitudes (color) off northeastern Taiwan over the whole
observation periods based on the satellite altimeter data. The magenta pentagrams denote average
location of the mooring; the green dashed lines denote the section Q to calculate the Kuroshio axis
position, (a-1) January—December.
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Figure 14. The climatological monthly Kuroshio axis position (blue solid line) and the climatological
monthly geostrophic velocity amplitudes (red solid line) at the mooring.
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For the internal wave field at the observation station, the percentages of the KE of
NIWs and D1 and D3 ITs range from 0.8% to 2.1%, 2.3% to 6.8%, and 0.6% to 2.4% of the
sum KE over the four seasons, respectively. However, the shear caused by them accounts
for 13.9-16.0%, 19.7-25.2%, and 11.4-21.0% of the total shear, respectively. In contrast, D2
ITs share 15.2-54.4% of the sum KE and make a contribution to 18.5-23.1% of the sum
shear. This indicates that the SEs of NIWs, D1, and D3 ITs are significantly higher than
that of D2 ITs, as listed in Table 3. Figure 15 illustrates the time—depth maps of the zonal
currents of NIWs and D1, D2, and D3 ITs. January in 2018, 2019, and 2020 are selected
as representatives to qualitatively analyze their modal characteristics. It is obvious that
the NIWs and D1 and D3 ITs exhibit complicated vertical patterns, showing multiple 180°
phase transitions in the vertical direction, whereas the opposite phase currents in the surface
and bottom layers are predominantly found in the D2 ITs. Therefore, the NIWs and D1 and
D3 ITs are dominated by higher baroclinic modes with large vertical wavenumbers, while
the predominant mode of the D2 ITs is the first baroclinic mode exhibiting low wavenumber
signals, which results in a greater SE of NIWs and D1 and D3 ITs than that of D2 ITs. These
results reveal that motions with large vertical wavenumbers should be taken into account
when studying ocean-mixing characteristics and developing a parameterization scheme for
turbulent mixing, even if they have a small kinetic energy share.
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Figure 15. Time—depth plots of the zonal currents of NIWs (a—c) and D1 (d-f), D2 (g-i), and D3 (j-1)

ITs in January 2018 (a,d,g,j), 2019 (b,e,h k), and 2020 (cf,i,1) at the mooring.

By comparing the shear caused by coherent and incoherent ITs with the KE, as shown
in Section 3.5, the SE of incoherent ITs is relatively strong compared to that of coherent ITs.
Given that both the coherent and incoherent components have a complex vertical structure
for D1 and D3 ITs, it is difficult to determine their modal content by qualitative methods
such as those shown above. Hence, modal decomposition is used for the coherent and
incoherent components. Meanwhile, the KE of each mode is calculated to quantitatively
evaluate their contributions. Figure 16 shows the time series of the depth-averaged coherent
and incoherent internal tidal KE of modes in OP3, which represent the whole observation
period. In this study, it was appropriate to adopt the first seven baroclinic modes in
the modal decomposition for D1 and D3 ITs and the first five baroclinic modes for D2
ITs, which could reflect the KE of the ITs to a greater extent without causing overfitting.
Moreover, the proportions of KE in modes of the coherent and incoherent components
of ITs are listed in Table 5. The modal decomposition results indicate that the sum of
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2 (a)Coherent D1 ITs
T T T

the third to last modes of coherent components of the D1, D2, and D3 ITs accounts for
60.4%, 25.8%, and 65.0%, respectively, while it increases to 71.4%, 33.2%, and 67.1% for
incoherent components, respectively. Thus, the high modes make up a larger proportion of
the incoherent component in comparison to the coherent component, agreeing with the
results of previous studies in the South China Sea [12,47,48], which explains the greater SE
of the incoherent ITs. Consequently, the generation, propagation, and dissipation of the
incoherent ITs should be given more attention, which provides an important contribution
to ocean mixing as well as affecting the local parameterization of turbulent mixing.

(b)Incoherent D1 ITs
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Figure 16. Time series of the depth-averaged modal KE (stacked areas) of coherent (a,c,e) and
incoherent (b,d,f) components of the D1 (a,b), D2 (c,d), and D3 (e f) ITs in OP3 at the mooring. The
dark blue, orange, yellow, purple, green, light blue, and dark red indicate the first, second, third,
fourth, fifth, sixth, and seventh baroclinic modes, respectively. Note that the modal KE has been
low-pass filtered for 48 h to remove oscillations at its own frequency.

Table 5. The proportions of kinetic energy densities in modes of the coherent and incoherent (in

brackets) components of D1, D2, and D3 ITs.

Mode D11Ts D21Ts D3 1ITs
1 14.6% (11.6%) 42.5% (29.6%) 15.7% (14.9%)
2 24.9% (17.0%) 34.5% (37.2%) 19.3% (18.0%)
3 13.9% (18.0%) 6.4% (13.5%) 13.4% (14.5%)
4 18.9% (20.3%) 12.1% (12.4%) 18.8% (15.6%)
5 14.2% (13.2%) 4.5% (7.3%) 12.6% (13.1%)
6 7.9% (11.7%) / 9.4% (10.7%)
7 5.5% (8.2%) / 10.8% (13.2%)

In addition to the significant seasonal variability of the total shear, in which interannual
variation is also found, as shown in Figure 3, the total shear in the upper layer in OP2
is significantly higher than that in OP1 and OP3 for the same period of different years.
Figure 17a plots the 3-month running-averaged Nifio 3.4 index and total shear average
above 100 m. Here, an El Nifio or La Nifia event is identified if the 3-month running-
average of the Nifio 3.4 index is more than 0.5 °C (El Nifio) or less than —0.5 °C (La Nifia)
for at least 5 consecutive months. There was one El Nifio event (September 2018 to June
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2019) and two La Nifia events (October 2017 to March 2018 and August 2020 to March
2021) that occurred during the observation period. The observation period of OP2 from
12 September 2018 to 18 May 2019 exactly coincided with the El Nifio event, which suggests
that the ENSO is related to the interannual variation of the total shear in the upper layer.
Furthermore, Figure 17b, which shows that the monthly shear caused by SICs, NIWs, and
ITs averaged above 100 m, reveals that the significant increase in total shear is due to the
enhancement of the shear induced by SICs. Therefore, it is reasonable to speculate that El
Nifio influenced the total shear by affecting the background currents, which, in this case,
was the Kuroshio. However, the observation period was only close to 3 years, which is
insufficient to study the exact relationship between ENSO and shear. Thus, it is necessary
to accumulate longer-term observational data or use numerical models to further study the
effect of ENSO on the shear on the southwestern continental slope of the ECS.
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Figure 17. (a) Time series of the monthly 3-month running-averaged Nifio 3.4 index (black solid line)
and the total shear averaged above 100 m (magenta solid line); the light-red and light-blue shadings
denote the El Nifio event and La Nifia event, respectively. The magenta dashed line indicates the
mean total shear averaged above 100 m. (b) Time series of the monthly shear caused by SICs, NIWs,
and ITs averaged above 100 m.

5. Conclusions

Based on nearly three years of mooring observation data, we investigated the vertical
structures and seasonal variation of the shear on the southwestern continental slope of the
ECS. The power spectra of the currents show that the significant spectral densities appear
in the frequency bands of SICs; NIWs; and D1, D2, D3, and D4 ITs, especially in the SICs
and D2 ITs which have the most energetic spectral signals from the surface to the bottom
of the ocean. However, a different pattern is presented in the shear spectra, which exhibit
large spectral densities concentrated in the upper 200 m and a weak shear intensity in
D4 ITs. The vertical profiles of the total shear and the shear caused by different motions
indicate that the shear shows a remarkable surface-intensified pattern and a basic trend
of rapidly decreasing, then slightly increasing, and then slowly decreasing with depth.
Notable seasonal characteristics were found in the shear but with differences between the
upper (50-200 m averaged) and lower (210-570 m averaged) layers. In the upper layer,
the shear caused by SICs and D2 ITs shows a similar trend to the total shear, being stronger
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in spring and autumn and weakest in summer. However, the shear caused by D1 and
D3 ITs is stronger in summer and autumn, with the largest shear induced in November
and August, respectively, and the NIWs induce stronger shear in October and November.
Moreover, the SICs largely dominate the local shear field with 27.8-33.3% of the sum shear,
and the D3 ITs cause the smallest shear, with 11.4-13.9% of the sum shear. In the lower
layer, the shear induced by different motions has similar seasonal trends and is consistent
with the total shear, i.e., the stronger shear occurs in spring and winter, while the weaker
shear occurs in summer and autumn. In addition, the shear caused by the NIWs is the
weakest, sharing 13.9-15.9% of the sum shear, while the shear induced by SICs and ITs (D1,
D2 and D3) is comparable, accounting for 19.5-23.1% of the sum shear.

Our analysis, performed by combining the KE and shear caused by SICs, NIWs, and ITs
(D1, D2, and D3), reveals that the SE of SICs and D2 ITs is obviously less than that of NIWs,
D1, and D3 ITs, at 0.3-1.4 and 3.7-19.0, respectively. For the internal wave field, the NIWs
and D1 and D3 ITs display signs of high baroclinic modes with large vertical wavenumbers,
while the D2 ITs are dominated by the first baroclinic mode, which results in a larger SE of
the NIWs and the D1 and D3 ITs than that of the D2 ITs. Furthermore, the shear caused
by the coherent and incoherent components of ITs (D1, D2, and D3) was examined in this
study. The results indicate that the SE of incoherent ITs is relatively strong compared to that
of coherent ITs because of a larger proportion of high baroclinic modes in the incoherent
component compared to the coherent component based on modal decomposition. Finally,
the total shear in the upper layer has remarkable seasonal variation, as well as interannual
variation, which may be related to ENSO needing to be further investigated with longer
observation data.
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