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Abstract

The shear in the upper ocean of the northern South China Sea (SCS) is examined based on current observations from six
moorings in 2010-2011. Spectral analysis results indicate that the sub-inertial currents, near-inertial waves (NIWs), diurnal
and semidiurnal internal tides (ITs) dominate the current and shear in the northern SCS. Through comparing current variance
and shear caused by these motions, this study shows the great contribution of NIWs to shear: Although NIWs only account
for 2-7% of the total current variance, the shear caused by NIWs is approximate one fifth to one-quarter of the total shear.
Moreover, the NIWs are dominated by the component with upgoing phase and downgoing energy, whereas the upgoing
and downgoing components are comparable in both diurnal and semidiurnal ITs. Because the incoherent component has a
larger contribution to shear than the coherent component, the shear of both diurnal and semidiurnal ITs exhibits significant
signals with frequencies larger than the spring-neap cycles of approximate 14 days. The larger contribution to shear and
smaller proportion in current variance suggest that the incoherent component of ITs has a larger vertical wavenumber than
the coherent component. In addition, a case study shows that the mesoscale eddy pair occurring between 22 October and 2
December 2010 does not significantly enhance the ocean shear at two moorings especially below 150 m depth, although it
contributes a lot to the current variance.
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1 Introduction from moorings, shipboard stations and autonomous gliders,
Alford et al. (2015) showed that the time-averaged west-
ward energy fluxes in the SCS are 40 + 8 kW/m and exceed

any other known IT generation site around the world. Based

The South China Sea (SCS) is the largest marginal sea of
the western Pacific, which is abundant with multi-scale

dynamical processes, such as wind-driven circulations, inter-
nal tides (ITs), near-inertial waves (NIWs) and mesoscale
eddies (MEs). When barotropic tidal currents flow over the
Luzon Strait (LS), ITs are generated and propagate into the
SCS (Alford et al. 2011, 2015; Buijsman et al. 2014; and
references therein). The special double-ridge topography of
the LS, intense barotropic tidal currents and stratification
make the SCS one of the most significant generation regions
of ITs (e.g. Simmons et al. 2004). Combining observations
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on satellite altimeter and numerical simulation, both Zhao
(2014) and Xu et al. (2016) found that ITs radiated from the
LS could propagate over 1000 km in the SCS. Moreover,
in situ observations indicate that I'Ts in the SCS exhibit inco-
herent features, multi-modal structures, seasonal behaviors
and spatial variations (Guo et al. 2012, 2018; Lee et al. 2012;
Ma et al. 2013; Xu et al. 2013, 2014; Cao et al. 2015, 2017;
Shang et al. 2015; Li et al. 2016).

Because of active typhoons and monsoons, the SCS
is also one significant region of NIWs. According to the
estimation of Wang et al. (2007), there are on average 10.3
typhoons passing through the SCS per year, resulting in
active NIWs. However, due to the differences in typhoon
characteristics, distances between typhoon centers and
moorings, and local conditions, the observed NIWs induced
by different typhoons exhibit different intensities, modal
structures and decaying time (Sun et al. 2011; Chen et al.
2013; Guan et al. 2014; Yang and Hou 2014; Yang et al.
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2015; Zhang et al. 2016a; Cao et al. 2018). Based on the slab
model, Li et al. (2015b) estimated that the total near-inertial
energy imported from wind is 4.4 GW in the SCS, which is
approximately one-quarter of the M, tidal conversion at the
LS (e.g. Li et al. 2015a; Xu et al. 2016). Besides typhoons,
parametric subharmonic instability is another mechanism to
generate intense NIWs at the critical latitudes and equator-
ward of the critical latitudes (Hibiya et al. 1996, 1998, 2002;
Nagasawa et al. 2000, 2005; Hibiya and Nagasawa 2004, Xie
et al. 2011) in the SCS.

In addition to ITs and NIWs, MEs are another
active dynamic process in the SCS. Based on an §-year
(1993-2000) altimeter dataset, Wang et al. (2003) detected
a total of 86 MEs corresponding to 10.8 MEs per year in the
SCS. By analyzing more than 7000 MEs and their tracks,
Chen et al. (2011) found that MEs in the SCS are mainly
generated in a northeast-southwest direction and southwest
of the LS. Moreover, MEs in the SCS show notably intraan-
nual and interannual variations (Chen et al. 2009; Cheng
and Qi 2010; Sun et al. 2016) and exhibit a different three-
dimensional structure from those reconstructed by combin-
ing satellite altimeter data and concurrent Argo profiling
float temperature/salinity data in the open ocean (Zhang
et al. 2014, 2016b).

Recent studies have summarized the advances and
showed the challenges in the parameterization of ocean tur-
bulent mixing (MacKinnon et al. 2017; Fox-Kemper et al.
2019). In the parameterization, ITs, NIWs, mesoscale and
submesoscale processes are important dynamics and con-
tribute a lot to ocean turbulent mixing. However, how to
accurately parameterize these processes remains a great
challenge. According to Alford et al. (2017), shear insta-
bility is thought to drive the most turbulence in the ocean,
making the characterization of the sources, scales, and vari-
ability of ocean shear an important goal of physical ocean-
ography. In the SCS, active ITs, NIWs and MEs can cause
shear and hence make contributions to the enhancement
of turbulent mixing (Tian et al. 2009; Alford et al. 2011,
2015; Guan et al. 2014; Yang et al. 2017; Cao et al. 2018).
Therefore, investigating the shear caused by ITs, NIWs and
MEs would deepen our understanding of their contribu-
tions to turbulent mixing and contribute to the development
of parameterization of turbulent mixing in the SCS. How-
ever, due to scant in situ observations, relevant studies are
rare. Based on a 2-month moored current time series on the
continental shelf of the northwestern SCS, Xu et al. (2011)
compared the shear caused by diurnal (D1) and semidiurnal
(D2) ITs. Results indicated that the shear caused by D1 ITs
was stronger than that caused by D2 ITs around 45 m depth,
whereas higher-mode D2 ITs produced larger shear than D1
ITs below 45 m depth, the node depth of mode-1. Xu et al.
(2013) further examined the shear induced by ITs and NIWs
on the continental slope of the northwestern SCS. Results
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showed that the shear caused by NIWs was smaller than that
caused by ITs at most times, but was significantly enhanced
and exceeded the shear caused by ITs by a factor of 2 to 3 in
the upper layer when the typhoon passed by. These studies
reveal some features of shear on the continental slope and
shelf of the SCS, but the shear in the SCS Basin and near
the LS remains unknown. On the other hand, these studies
did not focus on the shear caused by MEs. The SCS Inter-
nal Wave Experiment (Guan et al. 2014; Cao et al. 2017,
2018) deployed several moorings in the northern SCS in
2010-2011 and provided a chance to better understand the
ITs, NIWs and MEs in this area. In this study, we will show
the shear induced by these motions in the upper ocean of
the northern SCS by analyzing current observations from
six moorings.

The paper is organized as follows. The mooring obser-
vations and data analysis methodology are introduced in
Sect. 2. In Sect. 3, the spatial and temporal features of shear
caused by NIWs and ITs are displayed and a case study is
performed to evaluate the contribution of MEs to shear.
Finally, the paper is completed with a discussion in Sect. 4
and conclusions in Sect. 5.

2 Data and methodology
2.1 Mooring data

In this study, current observations from six moorings
(MP1-MP6) of the SCS Internal Wave Experiment are used.
Each mooring was equipped with a 75 kHz upward-looking
acoustic Doppler current profiler (ADCP) to measure cur-
rents in the upper ocean. Positions of these moorings are
displayed in Fig. 1a and b shows the observation periods.
Note that the observation periods of MP1 and MP2 are
from March to August 2010, which are prior to those of
other moorings. The observational data are provided by the
Physical Oceanography Laboratory, which have a temporal
resolution of 1 h and a vertical interval of 5 m. Under the
influence of background currents, internal waves and MEs,
the moorings occasionally had vertical excursions, resulting
in gaps in the current observations. Therefore, linear interpo-
lation is used to fill in the gaps in the temporal domain if raw
observations covered more than 95% of the total observation
period at the corresponding depth. After linear interpolation,
the effective ranges of currents at moorings MP1-MP6 are
85-405 m, 50-535 m, 125-455 m, 80-355 m, 50-420 m and
55-490 m, respectively (Table 1).

During the observation periods of these moorings, active
ITs, NIWs and MEs were found. The coherent and inco-
herent features, seasonal behaviors and spatial variations of
D1 and D2 ITs in this area were investigated by Cao et al.
(2017). Figure 1a shows tracks (http://tcdata.typhoon.org.
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Fig.1 a Bathymetry (shading, unit: m) of the northern SCS, moor-
ing positions (black pluses) and tracks (colorful curves) of typhoons
Lionrock, Meranti and Megi in 2010. b Observation periods of the

moorings. Note that the observation periods of MP1 and MP2 are
prior to the passage of three typhoons

Table 1 Detailed information of

. Mooring Position Water depth (m)  Instrument Instrument Range depth? (m)
moorings MP1-MP6 depth (m)
MP1 120°15’E, 21°05'N 2895 75kHz ADCP  ~650 85-405
MP2 119°05’E, 21°06'N 2719 75kHz ADCP  ~650 50-535
MP3 (FIB3)  120°06'E, 20°44'N 3745 75kHz ADCP  ~515 125-455
MP4 (UIB5) 118°26'E, 21°04'N 2480 75kHz ADCP  ~408 80-355
MP5 (UIB6) 117°53'E, 21°06'N 968 75 kHz ADCP  ~442 50-420
MP6 122°17'E, 20°36'N 3116 75kHz ADCP  ~517 55-490

“Range depth indicates the available depth range of currents after linear interpolation

cn) of typhoons Lionrock, Meranti and Megi in 2010,
which caused intense NIWs at MP3, MP4 and MP5 (Cao
et al. 2018). In addition to the three NIW events induced
by typhoons, two other NIW events were found at MP5 in
December 2010 and March 2011. The real mechanisms
of the two NIW events remained unknown, but Cao et al.
(2018) ruled out the local winds, lateral propagation, and
parametric subharmonic instability as causes of these NIWs.
Moreover, MP6 captured the NIWs induced by typhoon
Chaba in October 2010 in the western Pacific. Figure 2
shows the sea level anomaly and surface geostrophic cur-
rents (http://www.aviso.oceanobs.com) during 15 October to
10 December 2010, from which a ME pair [a cyclonic eddy
(CE) and an anticyclonic eddy (AE)] was detected. Besides
this ME pair, MEs were also visible in other months, which
are not shown here.

2.2 Methodology

Based on the interpolated currents, the total shear is calcu-
lated as follows:

S, =du/dz,sy=6v/az, and s = 1/s)2c+s§ (1)

where u (s,) and v (s,) are the zonal and meridional com-
ponents of currents (shear), du/dz and dv/dz are the first-
order derivatives of u and v with respect to depth. Based
on the two-dimensional Fourier transform, the wavenumber
frequency spectra of currents and total shear are calculated
to show the temporal and vertical scales of the dominant
motions. Then a fourth-order Butterworth filter is employed
to extract sub-inertial currents (SICs), NIWs, D1 and D2
ITs. Note that the SICs contain both MEs and low-frequency
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Fig.2 The sea level anomaly (shading, unit: m) and surface geostrophic currents (gray quivers) from 15 October to 10 December 2010 with an
interval of 4 days. The black pluses denote MP3-MP6 of which the observation periods cover 15 October to 10 December 2010

background currents, such as the Kuroshio. According to
the spectral analysis results (Fig. 3) and previous studies
(Zhang et al. 2013; Guan et al. 2014; Cao et al. 2017), the
cutoff frequencies for SICs, NIWs and D1 and D2 ITs are

[0, 0.4] cpd, [0.58, 0.81] cpd, [0.80, 1.20] cpd and [1.73,
2.13] cpd, respectively. Because the six moorings nearly
located at the same latitude, the same cutoff frequencies are
used for MP1-MP6. The local inertial frequency (f) at the
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Fig.3 Depth-averaged power spectral densities (PSDs) of the zonal
(red) and meridional (blue) currents at MP4. The whole observation
is divided into eight one-month time series with 50% overlapping so
that the spectra have a freedom of 16 and a frequency bandwidth of
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0.033 cpd. The vertical dashed lines indicate the local inertial fre-
quency f and dominant tidal frequencies O,, K;, M, and S,. The light
red, blue, green and orange shadings denote cutoff frequencies for
SICs, NIWs, D1 and D2 ITs, respectively (color figure online)
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six moorings is about 0.72 cpd (corresponding to a period
of 33.3 h), therefore, the near-inertial band is about [0.80,
1.13]f. As shown in Fig. 3, the four frequency bands are wide
enough to extract the SICs, NIWs, D1 and D2 ITs. Moreo-
ver, the filter is run twice (forward and backward) over cur-
rent time series when extracting SICs, NIWs and ITs at each
mooring. Based on the bandpass filtered currents, the shear
caused by SICs, NIWs, D1 and D2 ITs is calculated accord-
ing to Eq. (1). At the same time, to evaluate the intensities of
SICs, NIWs and ITs, current variance (Xu et al. 2013, 2014)
is calculated as follows:

Var = u? +12. )

Because the product of current variance and half of the
mean density is horizontal kinetic energy, the current variance
can reflect the intensity of motions and its variation can be
regarded as variation of energy. In addition, we extract upgo-
ing and downgoing components of NIWs and ITs following
MacKinnon et al. (2013) to explore their vertical pattern and
propagation.

Due to the modulation of varying background conditions
and stratification, ITs exhibit intermittency and part of internal
tidal energy is transferred to frequencies outside the determin-
istic tidal frequencies (van Haren 2004; van Aken et al. 2007;
Nash et al. 2012; Xu et al. 2014; Liu et al. 2016). In other
words, incoherent ITs generate. In this study, the shear caused
by coherent and incoherent components of ITs is investigated.
The coherent and incoherent components of ITs are calculated
following Zhao et al. (2010), Xu et al. (2013) and Pickering
etal. (2015):

' / ’_ '
w=u, +u, and v =v, .+, 3)

Wavenumber (cpm)

Frequency (cpd)

Fig.4 Wavenumber frequency spectra (shading, unit:
m? s72 cpd™! cpm™ for current and s> cpd™' cpm™! for shear) of a
currents and b shear at MP5 in the log form. Vertical dashed lines

where u'and v' are the zonal and meridional currents of D1
or D2 ITs which are extracted through bandpass filtering
introduced above, and subscripts ¢ and i denote the coherent
and incoherent components, respectively. The coherent com-
ponent of D1 (D2) ITs is the hindcast of the K;, O,, P; and
Q; (M,, S,, N, and K,,) tidal currents which are calculated
using the T_Tide software package (Pawlowicz et al. 2002).
Subtracting the coherent component from the bandpass fil-
tered internal tidal currents, the incoherent component is
obtained. Thereafter, the shear caused by the coherent and
incoherent components of ITs is calculated according to

Eq. (1).

3 Results
3.1 Wavenumber frequency spectra

The vertical wavenumber and frequency characteristics of
currents and shear are first examined by means of wavenum-
ber frequency spectra. Figure 4 displays the wavenumber
frequency spectra of interpolated currents and total shear
at MP5 as an example. In the wavenumber frequency spec-
tra, positive and negative frequencies correspond to coun-
terclockwise (CCW) and clockwise (CW) rotation, respec-
tively, and positive and negative vertical wavenumbers m
correspond to upward and downward energy propagation,
respectively (Alford et al. 2017). In the current spectra, large
spectral densities mainly appear around the frequencies of
0, +f,+K, and + M,, confirming that the motion here is
dominated by SICs, NIWs, D1 and D2 ITs. The spectral
densities at the —f, — K, and —M, frequencies are much

(b)

-3 -2 -1 0 1 2 3
Frequency (cpd)

indicate frequencies (0,+f,+K;,+M,) of dominant motions (SICs,
NIWSs, D1 and D2 ITs) and the horizontal dashed line indicates m=0
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larger than those at the f, K, and M, frequencies, suggesting
that the internal waves here are dominated by the CW rotat-
ing component, which is consistent with the theory of inter-
nal waves in the northern hemisphere. For D1 and D2 ITs,
the corresponding spectral densities at m>0 and m <0 are
comparable, suggesting that both the upward and downward
propagation components are important in the ITs. However,
the NIWs have a larger spectral density at m <0, suggest-
ing that they are dominated by the component of downward
energy (upward phase) propagation, which will be shown in
detail in the following section. The shear spectra show a dif-
ferent pattern from the current spectra. As shown in Fig. 4b,
the NIWs and D1 ITs dominate the shear spectra, whereas
the spectral densities in the frequency bands of SICs and D2
ITs are much smaller. The reason is that the vertical wave-
number of NIWs and D1 ITs is larger than that of D2 ITs and
SICs, which is clearly shown in Fig. 4a. Similar results are
found at other moorings, which are not shown here.

3.2 Upgoing and downgoing components in NIWs
and ITs

In this section, the upgoing and downgoing components
of NIWs and ITs are examined. According to Alford et al.
(2017), there are two methods to extract the upgoing and
downgoing components of internal waves: One is to separate
the current/shear into CCW and CW rotating components
with depth, which correspond to upgoing and downgoing
waves for a linear wave field, respectively (Leaman and
Sanford 1975). The other is based on the inverse Fourier

transform of spectral density in the four quadrants of the
wavenumber frequency spectra (Fig. 4) to obtain the cur-
rent/shear components of upward/downward propagation
and CW/CCW rotation (MacKinnon et al. 2013). In this
study, we adopt the second method. Figure 5 displays the
NIWSs, D1 and D2 ITs as well as their upgoing and downgo-
ing components at MP5 during 20 October to 4 November
2010 (during the passage of typhoon Megi) and Fig. 6 shows
the result for zonal shear. Note that in the inverse Fourier
transform, the spectral density at m =0 (corresponding to
the vertically averaged current/shear) is not taken into con-
sideration. Therefore, the sum of the upgoing and downgo-
ing components may be smaller than the current/shear of
NIWs and ITs. As shown in Fig. 5, the upgoing component
of NIWs almost has the same pattern as the NIWs and it is
much larger than the downgoing component, suggesting that
the NIWs induced by typhoon Megi are dominated by the
upgoing component. Because phase and energy of internal
waves have opposite propagating directions in the vertical
direction, the near-inertial energy induced by Megi mainly
propagates downward to the deep ocean. This result is con-
sistent with previous analysis in Cao et al. (2018) and other
studies about NIWs in the SCS (e.g. Yang and Hou 2014;
Zhang et al. 2016a). Similar results can be found for the
NIWSs caused by typhoons Lionrock, Meranti and Chaba
as well as the moderate winds at most time at the moor-
ings. In contrast to the NIWs, both D1 and D2 ITs have
an intense vertically averaged component and comparable
upgoing and downgoing components at the six moorings.
Due to the limited measuring range (Table 1), the vertically
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Table 2 Proportions of the upgoing and downgoing components in
current variance and shear of NIWs and ITs at the six moorings (Sub-
scripts “up” and “down” denote the upgoing and downgoing compo-
nents, respectively)

Mooring Motion Current variance Shear
Var, /Var (%) Vargown! Sup/S (%) Sqown!s (%)
Var (%)
MP1 NIWs 65 23 58 40
D11ITs 15 21 40 54
D21ITs 10 11 56 39
MP2 NIWs 77 15 67 32
DIITs 22 14 43 51
D2ITs 14 13 48 49
MP3 NIWs 55 28 54 44
DIITs 18 19 37 58
D2ITs 8 9 47 50
MP4 NIWs 66 12 70 27
DIITs 23 30 40 48
D2ITs 16 19 48 44
MP5 NIWs 80 10 75 24
DIITs 26 25 47 48
D2ITs 13 16 44 46
MP6 NIWs 67 21 63 36
D1ITs 12 22 46 52
D2ITs 10 9 49 48

averaged currents cannot be regarded as the barotropic cur-
rents, but they have no contribution to the shear. Similar
results are found from the zonal shear caused by the NIWs
and ITs (Fig. 6). Table 2 lists the proportions of upgoing

10/30 11/4 10/20 10/25 10/30 11/4

and downgoing components in current variance and shear of
NIWSs, D1 and D2 ITs at the six moorings, from which the
aforementioned analyses are quantified. In addition, the pro-
portion of upgoing component (downward energy propaga-
tion) in the NIWs varies at the six moorings to some extent,
suggesting the NIWs are also affected by local conditions.

3.3 Spatial pattern

Although the observation periods are various for the six
moorings, all of them are longer than the typical periods of
SICs, NIWs and ITs investigated in this study. Therefore,
the observation-period-averaged shear in each frequency
band at each mooring is calculated to show the spatial pat-
tern of shear induced by SICs, NIWs and ITs in this area
(Fig. 7). Note that shear does not satisfy the linear super-
position and, therefore, the sum of shear caused by SICs,
NIWs, D1 and D2 ITs may exceed the total shear. Overall,
both the total shear and shear in different frequency bands
exhibit a surface-intensified pattern and a decreasing trend
with depth. However, the shear shows various intensities
and structures at different moorings. The total shear at MP3
and MP6 is stronger than that at other moorings. At MP6,
the strongest total shear (0.018 s~!) appears at 60 m depth
and decreases to 0.01 s™! at 100 m depth below which the
total shear almost keeps invariant. At MP3, the total shear
has a 25% decrease within 300 m, from 0.012 s™! at 150 m
depth to 0.009 s~! at 450 m depth. At the other four moor-
ings (MP1, MP2, MP4 and MPS5), the total shear is approxi-
mate 0.01-0.012 s™" at 100 m depth and 0.006-0.007 s™" at
400 m depth, corresponding to a 40-50% decrease within
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Fig. 7 Vertical structures of the total shear (red lines) and shear caused by motions in different frequency bands (stacked areas) at moorings a—f

MP1-MP6 (color figure online)

Table 3 Time-depth averaged shear (unit: s~') caused by SICs,
NIWs, DI and D2 ITs as well as their proportions (in the brackets) in
the total shear at the six moorings

Mooring SICs NIWs DI ITs D2 ITs

MP1 0.0020 (23%) 0.0020 (24%) 0.0026 (30%) 0.0019 (22%)
MP2 0.0016 (22%) 0.0018 (25%) 0.0023 (32%) 0.0014 (20%)
MP3 0.0022 (21%) 0.0019 (19%) 0.0028 (28%) 0.0019 (19%)
MP4 0.0020 (24%) 0.0021 (26%) 0.0024 (30%) 0.0016 (20%)
MP5 0.0018 (23%) 0.0021 (27%) 0.0023 (30%) 0.0015 (19%)
MP6 0.0025 (24%) 0.0021 (20%) 0.0025 (24%) 0.0020 (19%)

300 meters. At each mooring, the shear caused by SICs,
NIWs and ITs shares a similar pattern to the total shear.

Although shear does not satisfy the linear superposition,
we still calculate proportions of the shear caused by SICs,
NIWSs and ITs in the total shear to evaluate their relative
importance, which are listed in Table 3. At all the six moor-
ings, the shear caused by D1 and D2 ITs is the strongest
and weakest, respectively, consistent with the results of
wavenumber frequency spectra shown in Fig. 4b. However,
the intensity of shear caused by SICs and NIWs depends
on locations: Near the LS (MP1, MP3 and MP6), the shear
caused by SICs is stronger than or comparable to that caused
by NIWSs; whereas in the SCS Basin (MP2, MP4 and MP5),
the NIWs lead to stronger shear than SICs.

As a comparison, we also calculate the current variance
of SICs, NIWs, D1 and D2 ITs at the six moorings, of

@ Springer

which the vertical structures are shown in Fig. 8 and the
proportions in the total variance are listed in Table 4. As
shown in Fig. 8 and Table 4, the SICs and D1 ITs domi-
nate the motions at all the six moorings, the sum of which
accounts for more than 50% of the total variance. How-
ever, the intensities of SICs and D1 ITs vary significantly
with moorings. Due to the influence of Kuroshio, SICs
at MP6 are the strongest among all the moorings, whose
current variance is 2—7 times larger than that of SICs at
other moorings and 4.3 times larger than that of local D1
ITs. However, the SICs at MP2 are the weakest, whose
variance is approximately half of that of local D1 ITs,
although D1 ITs are comparable at MP2 and MP6. The D2
ITs are weaker than the SICs and D1 ITs, which account
for 6-16% of the total variance at the six moorings. The
NIWs are the weakest, whose time-depth averaged vari-
ance is 1-2 orders smaller than that of SICs and ITs. The
NIWs only occupy 2-7% of the total variance, which is
largely due to their intermittency. Combining the results
of shear and current variance at the six moorings, we can
obtain the following conclusions: (a) Although NIWs are
the weakest in the time-depth averaged variance, they have
a significant contribution to the upper ocean shear in the
northern SCS, which is comparable to that caused by SICs
and ITs. (b) In contrast to the NIWs, SICs are the strong-
est motion at some moorings, but they cannot cause the
strongest shear. (c) The D1 and D2 ITs cause the strongest
and weakest shear at all the six moorings, respectively.
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Fig.8 Same as Fig. 7 but for current variance. Note that the horizontal axes vary with subfigures

Table 4 Same as Table 3 but for current variance (unit: cm?%/s?)

Mooring SICs NIWs DI ITs D2 ITs
MP1 188 (23%) 42 (5%) 260 (31%) 133 (16%)
MP2 184 (23%) 49 (6%) 343 (43%) 82 (10%)
MP3 255 (30%) 31 (4%) 245 (29%) 134 (16%)
MP4 570 (58%) 52 (5%) 142 (14%) 64 (6%)
MP5 355 (41%) 57 (%) 141 (16%) 136 (16%)
MP6 1301 (62%) 41 2%) 305 (14%) 267 (13%)

3.4 Temporal variation

To examine the temporal variation of shear, Fig. 9 displays
the depth-averaged shear caused by SICs, NIWs, D1 and
D2 ITs at MP3, MP5 and MP6. At MP3, D1 ITs cause the
strongest shear almost over the entire observation period
and are followed by SICs. The shear caused by NIWs and
D2 ITs is comparable and a little weaker than that caused by
SICs. At MP5, the shear caused by D1 ITs is significantly
enhanced in November and December 2010, and the shear
caused by NIWs is enhanced during the five NIW events
(Cao et al. 2018). At other time, the shear caused by SICs,
NIWs and D1 ITs is comparable and apparently stronger
than that caused by D2 ITs. At MP6, the shear caused by
SICs and D1 ITs has a similar trend and is a little stronger
than that caused by NIWs and D2 ITs. The shear caused
by NIWs and D2 ITs is comparable during the observation
period except in late October when typhoon Chaba gener-
ated intense NIWs with strong shear. In addition, the shear

caused by SICs and NIWs exhibits apparent intermittence,
which is consistent with their dynamical variability.
Although both D1 and D2 ITs at the six moorings are
dominated by the coherent component which exhibits appar-
ent spring-neap cycles of approximately 14 days (Cao et al.
2017), we still find significant high-frequency-signals on the
shear of D1 and D2 ITs (Fig. 9). Therefore, we calculate the
shear caused by the coherent and incoherent components
of D1 and D2 ITs at the six moorings. Figures 10 and 11
illustrate the results at MP3 and MPS5, respectively. As a
comparison, the current variance of coherent and incoherent
components of D1 and D2 ITs is also shown in Figs. 10 and
11. At the two moorings, the shear caused by the coherent
components of D1 and D2 ITs exhibits apparent spring-neap
cycles, which is consistent with the variation of their cur-
rent variance. However, the shear caused by the incoherent
components of D1 and D2 ITs does not exhibit regular tem-
poral variations. Indeed, power spectra (not shown) of shear
caused by the incoherent components exhibit many peaks in
a broad frequency range from 0.03 to 0.3 cpd (corresponding
to periods of 3.3 to 33.3 days). Whereas power spectra of
shear caused by the coherent components are dominated by
the spring-neap cycles. Indeed, the shear caused by the inco-
herent components is 2—4 times larger than that caused by
the coherent components for both D1 and D2 ITs at the six
moorings, which is the cause of high-frequency signals on
the shear of D1 and D2 ITs (Fig. 9). Given that both D1 and
D2 ITs at the six moorings are dominated by the coherent
component, this result also suggests that the incoherent com-
ponent has a larger vertical wavenumber than the coherent
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component, which generally agrees with the conclusion of
Liu et al. (2016). In addition, the enhanced shear of the D1
ITs at MPS5 in November and December 2010 (Fig. 9b) is
actually induced by the incoherent components, which is
clearly shown in Fig. 11.

3.5 Shear induced by the ME pair

Because a ME pair (a CE and an AE) passed through the
mooring area from late October to early December 2010
(Fig. 2), its contribution to the upper ocean shear is studied
in this section. Figure 12 illustrates the time-depth maps of
SICs as well as corresponding current variance and shear
at MP4 and MP5. Combining with the sea level anomaly
and surface geostrophic current data (Fig. 2), we find that
both MP4 and MPS5 captured the signal of the ME pair: At
MP4, the CE was first detected on 22 October and lasted to 2
November, then the AE arrived and lasted to 2 December. At
MPS5, the CE was observed from 23 October to 6 November
and the AE from 6 November to 2 December. Because both
MP4 and MPS5 located at the northern edge of the ME pair
(Fig. 2), the meridional SICs are almost northward in the CE
and AE periods, whereas the zonal SICs apparently change
directions. The current variance is significantly enhanced
during the CE and AE periods (Fig. 12c, g). However, the
corresponding shear does not show remarkable enhance-
ment during the CE and AE periods, especially below 150 m
depth (Fig. 12d, h).

Figure 13 illustrates the current variance and shear of SICs
averaged in both the CE and AE periods at the two moor-
ings. As a comparison, those averaged in the whole observa-
tion periods are also shown. We find that the relation between
current variance (intensity) of MEs and their contributions to
shear is complicated. On one hand, the current variance of the
AE at MP4 is approximate 1.5 times larger than that averaged
in the whole period, whereas the shear induced by the AE is
almost the same as the whole-period-averaged value. On the
other hand, the CE is apparently stronger than the AE at MP5,
while their contributions to shear are comparable. Moreover,
the shear caused by MEs below 150 depth at the two moor-
ings is comparable to the whole-period-averaged value and
varies slightly with changes of MEs. These results suggest
that the MEs do not significantly enhance the ocean shear,
especially below 150 m depth. In addition, these results are
generally consistent with the observation of Liu et al. (2017)
who revealed that the turbulent kinetic energy dissipation rate
and diapycnal diffusivity at the north flank of the Mindanao
Eddy were lower due to the smaller shear and larger Richard-
son number (Ri=N?/s> and N is the local buoyancy frequency).

4 Discussion
At the six moorings, NIWs only account for 2-7% of the

total current variance, but the shear caused by NIWs is
approximate one fifth to one quarter of the total shear. In
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online)

contrast, the D1 and D2 ITs account for 14-43% and 6-16%
of the total current variance and contribute to 24-32% and
6-16% of the total shear, respectively. Assuming that NIWs
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and ITs have comparable horizontal scales in this area, this
result can be preliminarily explained. According to the
theory of internal waves (Pedlosky 2003), the vertical and
horizontal wavenumbers (m and k) of internal waves satisfy
the following equation:

o’ =f*+ (N* - f?) K ~ [+ K @

B KR+m? K2 +m?’
where o is the intrinsic frequency of internal waves, N and
fare the buoyancy and local inertial frequencies and satisfy
the relation f< N. Because NIWs and ITs have compara-
ble horizontal scales (k), the smaller intrinsic frequency of
NIWs would lead to larger vertical wavenumber m (cor-
responding to smaller vertical wavelength) than the ITs.
Result shown in Fig. 4a confirms that the NIWs here indeed
have larger vertical wavenumber than the D1 and D2 ITs.
Therefore, the weaker NIWs can cause stronger shear, when
compared with ITs. This result indicates that we need to pay
more attention to the generation, propagation and dissipation
of high-wavenumber NIWs when developing local param-
eterization of turbulent mixing.

Previous observations have shown the enhanced mixing
in the northern SCS, which is thought to be attributed to ITs
radiated from the LS (Tian et al. 2009; Yang et al. 2016). In
this study, we find that the D1 ITs cause stronger shear than
the D2 ITs at all the six moorings (Table 3). Given that shear
instability drives the most turbulence in the ocean (Alford et al.
2017), this result implies that the D1 ITs should account more
for the enhanced mixing in the northern SCS than the D2 ITs,
at least in the upper ocean. It could be largely attributed to the
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different reflection patterns of D1 and D2 ITs at the continental
slope of the northern SCS. The continental slope is supercriti-
cal for D1 ITs so that the incoming D1 IT are reflected back
and trapped in the SCS Basin (Klymak et al. 2011; Wu et al.
2013; Guo et al. 2018). In contrast, the continental slope is
subcritical for D2 ITs. As a result, the incoming D2 ITs can
directly transmit onto the continental slope. This difference
makes the D1 current variance larger than the D2 in the SCS
Basin. Moreover, the reflected D1 ITs would have a different
propagating direction from the incoming ones, whereas this
phenomenon is absent for D2 ITs. Thus, the D1 ITs have larger
vertical wavenumber than D2 ITs in the SCS Basin and con-
tribute more to the shear. In addition, it is also the cause for the
difference between shear in the SCS Basin and that on the con-
tinental shelf and slope of the northern SCS (Xu et al. 2011,
2013). Because most D1 ITs are trapped in the SCS Basin due
to the reflection, the shear caused by D2 ITs is comparable to
or stronger than that caused by D1 ITs on the continental shelf
and slope of the northern SCS (Xu et al. 2011, 2013). Also
note that the westward D1 energy flux radiated from the LS
into the SCS is smaller than that of the D2 ITs (Zhao 2014;
Alford et al. 2015), but the D1 ITs cause stronger shear than
the D2 ITs in the SCS Basin due to reflection. In other words,
it is the reflection rather than the generation at the LS leads
to the enhancement of current variance and shear of the D1
ITs in the SCS Basin. All these results imply that we need to
consider the different contributions of D1 and D2 ITs at dif-
ferent areas when developing parameterization of turbulent
mixing in the SCS.

Although both D1 and D2 ITs in the northern SCS are
dominated by the coherent component, the shear induced by
the incoherent component is stronger than that induced by the
coherent component. In other words, the incoherent compo-
nent of ITs has a considerable impact on the ocean shear and
hence turbulent mixing. Therefore, the generation and dissipa-
tion of incoherent ITs should be taken into consideration for
the development of local parameterization of turbulent mix-
ing. Furthermore, although the direct contribution of MEs to
upper ocean shear is limited, they can indeed change the local
stratification and contribute to the generation of incoherent
ITs (Eich et al. 2004; van Haren 2004; van Aken et al. 2007,
Kerry et al. 2016). Hence, the influence of MEs on incoherent
ITs cannot be neglected in the parameterization.

5 Conclusions

Based on moored current observations from the SCS Inter-
nal Wave Experiment (2010-2011), this study shows the
shear in the upper ocean of the northern SCS. Wavenum-
ber frequency spectra of current and shear show that SICs,
NIWs, D1 and D2 ITs are the dominant motions in this area.
By calculating current variance and shear caused by these

motions, this study shows the great contribution of NIWs to
upper ocean shear. Although NIWs only account for 2-7%
of the total current variance, the shear caused by NIWs is
approximate one fifth to one-quarter of the total shear. In
contrast, the D1 and D2 ITs account for 14-43% and 6-16%
of the total current variance and contribute to 24-32% and
6-16% of the total shear, respectively. Although the west-
ward D1 IT energy flux radiated from the LS into the SCS
is a little smaller than that of the D2, the D1 ITs indeed
cause greater current variance and stronger shear in the SCS
Basin than the D2, which is largely due to their different
reflection patterns at the continental slope of the northern
SCS. Moreover, for both D1 and D2 ITs at the moorings,
the coherent component dominates the current variance,
whereas the incoherent component contributes more to the
shear, suggesting that the incoherent component has larger
vertical wavenumber than the coherent component. Indeed,
the shear caused by the incoherent component is 2—4 times
larger than that caused by the coherent component for both
D1 and D2 ITs. A case study shows that the mesoscale eddy
pair occurring between 22 October and 2 December 2010
does not significantly enhance the upper ocean shear at two
moorings especially below 150 m depth, although it contrib-
utes a lot to the current variance. Given that shear instability
drives the most turbulence in the ocean (Alford et al. 2017),
we hope that these results can provide insight into the devel-
opment of local parameterization of turbulent mixing.
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