Widespread intensified pycnocline turbulence in the summer stratified Yellow Sea
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Key points:

e  Microstructure measurements suggest widespread intensified pycnocline turbulence in the
summer stratified Yellow Sea.

o The observed strong turbulence generally occurs at the upper boundary of a low-salinity
water layer where 1s favorable for salt fingering.

e Potential influences of salt fingering, shear instability, and thermohaline-shear instability

on the pycnocline turbulence are discussed.
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Abstract

Pycnocline mixing lies at the heart of seasonally stratified shelf sea systems, regulating
vertical exchange of momentum, mass, heat, and biogeochemical constituents. Based on
microstructure measurements in the summer of 2013 and 2017, here we report on the
widespread occurrence of intensified pycnocline turbulence in the summer stratified Yellow
Sea (YS). Large turbulent kinetic energy dissipation rates ¢ ~ 0 (107 W kg™) and microscale
thermal dissipation rates y ~ O (10® K? s) are found in the pycnocline below the depth of
the strongest stratification at many sampling stations. Shipboard velocity measurements
suggest that wind-induced near-inertial internal waves induced strong velocity shear; however,
the calculated velocity shear peaked exactly at (instead of below) the strongest stratification
layer and is generally not strong enough to trigger shear instabilities according to the
Richardson number criterion. Example results at two repeated sampling stations clearly showed
the presence of a low-salinity water layer (with a thickness of 5-15 m), at the upper boundary
of which salt fingering is expected to occur according to the Turner angle. The observed
elevated ¢ and y tended to occur in the salt-finger-favorable layers. Although the
distribution of € and y reveals the relation with Turner angle, we further note the possible
complexity in the driving mechanisms with the thermohaline-shear instability potentially
playing a role. Given the widespread nature of the intensified pycnocline turbulence, it is
expected that this turbulence has important implications for nutrients cycling and thus the

maintenance of primary productivity in the summer stratified YS.

Plain Language Summary

Mixing within and across the pycnocline in seasonally stratified shelf seas controls
nutrients supply from depth, laying the foundation for the growth and distribution of primary
producers. Therefore, the quantitation of pycnocline mixing and associated driving mechanism
in shelf seas has broad biological significance. Here microstructure profiling measurements in
the summer stratified Yellow Sea (YS) reveal an interesting phenomenon of widespread
intensified pycnocline turbulence. Analysis of velocity measurements suggest the presence of
wind-induced near-inertial internal waves which have induced strong velocity shear across the
pycnocline. However, these velocity shear seems cannot directly excite the observed
pycnocline turbulence. Interestingly enough, we next find that the strong turbulence mostly
occurred at the upper interface of a low-salinity water layer where salt fingering is expected

(the Turner angle Tu > 45°). The potential influence of double-diffusive convection, shear
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instability, and thermohaline-shear instability to the observed intensified turbulence are
discussed. In this study, we have revealed, for the first time, the presence of widespread
intensified pycnocline turbulence in the YS. The presented results is thought to have important
implications for nutrients cycling and the maintenance of primary productivity in the summer
stratified YS.

1. Introduction

Turbulent mixing, which acts to redistribute momentum, heat, freshwater, carbon, and
other biogeochemical tracers, lies at the heart of many regional and global-scale processes in
the ocean (Munk & Wunch, 1998; Simpson & Sharples, 2012). In shelf seas, the ability of
ocean physics modeling has been largely limited by the performance of turbulence closure
schemes in characterizing pycnocline mixing (Palmer et al., 2013). This has consequently
limited the performance of coupled physical-biogeochemical models, as pycnocline mixing is
directly relevant to the supplies of nutrients to the euphotic zone that support the growth of
phytoplankton (Sharples & Tett, 1994; Rippeth et al., 2009; Williams et al., 2013; Nagai et al.,
2019). Revealing unresolved physical processes and mechanisms as well as their impacts on

pycnocline mixing is thus central to current shelf sea studies.

One well-known driving mechanism of pycnocline mixing in shelf seas arises from the
shear across the pycnocline as induced by different types of internal waves, such as near-inertial
internal waves (NIWs; Mackinnon & Gregg, 2003; van der Lee & Umlauf, 2011), internal tides
(ITs; Xu et al., 2020), and internal solitary waves (ISWs; Moum et al., 2003; Bourgault et al.,
2011; Yang et al., 2020). Once the velocity shear generated by internal waves overcomes the
suppressing effect of stratification, it leads to instabilities generating turbulence and thus

mixing of various properties (Rippeth et al., 2005; Liu et al., 2009).

Aside of turbulence generated by breaking internal waves, double-diffusive convection
can also induce instabilities and thus enhance mixing of various properties (St. Laurent &
Schmitt, 1999; Alford et al., 2005). Double-diffusion develops in the ocean, as diffusive
convection or salt fingering, when density is stably stratified but unstably stratified in one of
its components (mostly temperature or salinity). Salt fingering occurs where warm and salty
layers overlie cooler and fresher water. In shelf seas, the occurrence of double diffusion is

usually tied to thermohaline intrusions, i.e., spread of water masses of different potential
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temperature and salinity along isopycnals (Woods et al., 1986; Ruddick, 1992; Cyr et al., 2011;
Hopkins et al., 2012).

Double diffusion utilizes the potential energy of temperature or salinity (depending on
which one is unstably stratified) and is usually thought to work slowly as opposed to the more
energetic mechanically-driven turbulent mixing (Schmitt, 1994). However, this expectation has
been challenged by more and more field observations which revealed intensified turbulence in
intrusive layers (Larson & Gregg, 1983; Alford et al., 2005; Inoue et al., 2007; Pérez-Santos et
al., 2014, Fine et al., 2022). Recent studies argued that the development of double diffusion in
the ocean can be different from the classic prediction which ignores the influence of
background velocity shear (Kimura & Smyth, 2011; Smyth & Kimura, 2011; Radko, 2016).
Once double diffusion interacts with the background shear, the density field exhibits inversions
even for flows that are dynamically stable (Radko, 2016). With observations in the Baltic sea
Umlauf et al. (2018) showed that in response to an intermittent intrusion, the time scale of
diffusive staircases can be much shorter (hours to days) than its characteristic value for

quiescent flow.

This study focuses on the Yellow Sea (YS), which is a seasonally stratified shelf sea
located in the Northwest Pacific Ocean (Figure 1). Microstructure measurements in the YS
revealed that the effect of the tidally induced turbulence at seabed is limited within the bottom
boundary layer (Liu et al., 2009; Wei et al., 2014). In contrast to the well-defined boundary
layer turbulence (Liu & Wei, 2007; Lozovatsky et al., 2008), the characteristics and associated
driving mechanisms of the pycnocline turbulence in the YS remain elusive. Observations and
numerical simulations have shown that the YS hosts different types of internal waves, including
ITs, NIWs, and ISWs (Liu et al., 2009; Liu et al., 2019; Song et al., 2021; Yang et al. 2021).
Available observations have revealed the impacts of ISWs and ITs on pycnocline turbulence
in the YS (Liu et al., 2009; Xu et al., 2020). Based on microstructure measurements, Liu et al.
(2009) showed that ISWs can lead to the enhancement of turbulent kinetic energy (TKE)
dissipation rate by an order of magnitude. More recently, using microstructure measurements
at a local shelf slope in the southern YS, Xu et al. (2020) showed that strong turbulence

occurred in the lower pycnocline caused by semidiurnal ITs.

Here we attempt to shed some light on characteristics of pycnocline turbulence and the
associated complex driving mechanisms in the summer stratified YS based on an extensive
dataset, which includes velocity, stratification, and microstructure observations from two

cruises carried out during the summer of 2013 and 2017. We will first show an interesting
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phenomenon of widespread intensified pycnocline turbulence which is reported for the first
time in the YS. The driving mechanisms of this pycnocline turbulence are then investigated. In
addition to wind-induced NIWs, the relation between the intensified pycnocline turbulence and

the presence of a low-salinity water layer is highlighted.

This paper is organized as follows. Section 2 describes the observations and data analysis
methods. Section 3 shows the temporal and spatial variations of turbulence. The physical
backgrounds that may be associated with the intensified pycnocline turbulence are also
presented. Section 4 discusses the driving mechanisms of the intensified pycnocline turbulence.

The results are summarized in Section 5.

2. Methods

2.1. Field surveys

The data analyzed in this study include measurements from two cruises in the YS carried
out during 14-19 July 2013 and 29 August-12 September 2017, respectively (Figure 1). For
each cruise, there were a repeated sampling station (Stn. C05 and HO8, respectively) lasting
~25 h and several transects for microstructure profiling measurements. The Stn. C05
(~123.5°E, ~35°N, with a mean water depth of 67 m), was about one-degree north of Stn. HO8
(~123.5°E, ~36°N, 78 m water depth). During both cruises, our main sampling instrument was
a Vertical Microstructure Profiler-250 (VMP-250, Rockland Scientific Inc) equipped with two
shear probes (sampled at 512 Hz), one FPQ7 fast-response thermistor, and one SBE 7 micro-
conductivity probe. The microscale velocity shear measured by the shear probes was used to
estimate the TKE dissipation rate (&) using isotropic turbulence assumption (Gregg, 1999;
Wolk et al., 2002). The microscale temperature fluctuations measured by FP07 thermistor were

used to calculate the dissipation rate of thermal variance ().
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Figure 1. (a) Bathymetry of the Yellow Sea with sampling stations indicated with symbols.
The magenta squares and yellow dots indicate the locations of the sampling stations during
July 2013 and September 2017, respectively. The magenta and yellow pentagrams indicate
the 25-hr repeated sampling stations C05 and HO8, respectively.

Standard temperature and salinity data were also collected using a conventional
conductivity-temperature-depth (CTD) profiler (RBR620) with a sampling rate of 6 Hz. The
RBR620 was deployed once at each station along the transects. To resolve temporal evolutions
of the temperature and salinity, RBR620 was deployed once an hour at the two repeated
sampling stations. Horizontal velocities, starting from 10 m depth, were continuously measured
by a shipboard acoustic Doppler current profiler (ADCP, 300 kHz) only during the cruise in

2017 with vertical and temporal resolutions of 2 m and 2 minutes, respectively.

2.2. Data Processing

The TKE dissipation rate &€ was estimated by fitting the empirical Nasmyth spectrum to
the measured shear spectra over consecutive segments of 2 m with a 50 % overlap (Figure 2a).
As a result, vertical profiles of € with a vertical resolution of 1 m were obtained (for details

of the estimation method we refer to Yang et al., 2020; Xu et al., 2020). With the assumption
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of isotropy for small-scale turbulence, y was calculated from the FPO7 thermistor data

following
x = 6Kr((T'/82)?),

where Ky is the molecular thermal diffusivity, ((aT'/dz)?) is the variance of the thermal
gradient over the same consecutive segments of 2 m with a 50% overlap. To recover the loss

of thermal variance at high wavenumbers due to the thermal response limitations, the spectra

2\ 1
were corrected using the dynamic response correction function H2(f) = (1 + (fi) ) ,

where f, = (2mtU~%32)71 is a speed-dependent cut-off frequency with U being the mean
falling speed of VMP and 7 = 0.005 s (Gregg & Meagher, 1980; Li & Yamazaki, 2001). The
noise spectra were obtained using the noise model given in the ODAS MATLAB Library
provided by Rockland Scientific International Inc (black curve in Figure 2b). The noise model

was validated by the gquiescent segments of our dataset.
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Figure 2. (a) An example of the observed shear spectra (solid line) with the corresponding
empirical Nasmyth spectra (dashed line). (b) Examples of the observed temperature gradient
spectra (blue and red solid lines) and the corresponding Batchelor spectra (blue and red dashed
lines). The modeled noise spectra are also indicated (black line). The end of the two dashed
lines represent k,, up to which the fits are made. The calculated y are texted nearby.

The frequency-response corrected temperature gradient variance spectra were fitted to the
theoretical Batchelor spectrum (Batchelor, 1959) using a maximum likelihood estimation
(MLE) method, including the rejection criteria (Ruddick et al., 2000). The temperature variance
dissipation rate y was estimated by integrating the temperature gradient spectrum. The upper

wavenumber limit that can be integrated depends on both the acceptable correction factor and
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the noise spectra. We set a maximum correction factor of 5, corresponding to 30-50 cpm
(cycles per meter). Requiring the ratio of the observed to the noise spectra being larger than 2
may change the upper limit further (Sommer et al., 2013; Bluteau et al., 2017). Once y was
determined, maximum likelihood estimation (MLE) was used with the estimated y to fit the
Batchelor spectrum to the observed spectra (Ruddick et al., 2000). Results of two typical
segments with the calculated y having two orders of magnitude difference are shown in
Figure 2b. Evidently, the observed spectra agree well with the fitted Batchelor spectra,

confirming validity of our estimates of y.

This spectral estimation, however, has an implicit assumption that the observed thermal
gradient is directly related to fully developed isotropic turbulence. This may be violated if there
exist sharp temperature interfaces, for example, induced by diffusive steps, lateral intrusions
or strong thermocline (instead of turbulence). The associated uncertainty in spectral estimation
of x is analyzed in the appendix of Fine et al. (2018). The summer pycnocline of the YS is
characterized by sharp temperature interfaces with vertical gradients of up to 5°C per meter.
Following Fine et al. (2018), those segments were first visually identified, and then excluded

in the estimation. Missing values were then complimented with interpolation.

To investigate double-diffusive instabilities, we calculated the Turner angle (Tu =

aT,—BS,

tan™?!
(aTZ+ LSz

)), where a@ and [ are coefficients for thermal expansion and saline

contraction, and T, and S, are the vertical gradients of temperature and salinity, respectively

(Ruddick, 1983). The Turner angle is an equivalent parameter of the density ratio (R, = Z—ZZ

but can overcome its large range (Ruddick 1983). Thermohaline structures favorable for salt
fingering and diffusive convection have 45° < Tu < 90° and -90° < Tu < -45°, respectively
(Ruddick, 1983). Furthermore, the baroclinic velocity (u') was calculated by subtracting the

depth-mean velocity (U) from the raw velocity (u), i.e., ' = u — U. The squared velocity
shear was calculated following S2 = (2—2)2 + (%)2 , where u and v are the zonal and
meridional velocities, respectively. The squared buoyancy frequency was calculated according

to N? = —pi‘;—‘z’, where g is the gravitational acceleration, and p is water density. The
0

2

gradient Richardson number was then calculated according to Ri = ’;'—

2

2.3. The slab mixed-layer model
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To investigate wind-induced near-inertial internal waves at the repeated sampling Stn.
H08, we conducted a quantitative analysis with the classic slab mixed-layer model (D’Asaro,
1985),

where H is the mixed layer depth (MLD), r is a damping coefficient parameterizing wave
radiation and local dissipation. Here, r was set to be 2 day* according to the results of Rayson
et al. (2015) and Shen et al. (2017) that the shallow water effect damping near-inertial
oscillations generally has a time scale of 1-3 inertial periods. The wind stress (7, 7,) was
calculated from the hourly reanalysis ERA5 wind data at the location of Stn. HO8 using the
Oey et al. (2006) drag coefficient. A constant surface mixed layer depth of 20 m (roughly

matching the observation at Stn. H08) was employed.

3. Results

3.1. Temporal variations of turbulence

3.1.1. Station HO8

We begin our analysis with temporal variations of turbulence at the two repeated sampling
stations. Stn. HO8 is occupied by the Yellow Sea Cold Water Mass (YSCWM) at depth which
IS a basin-scale cold water mass (< 10 °C) underneath the pycnocline in summer. The strongest
stratification was located at ~ 23 m as revealed by the squared buoyancy frequency N? which
shows small vertical displacement (Figure 3c). According to the 0.02 kg m™ vertical density
gradient criteria, the pycnocline covered a wide vertical depth range of 21 — 45 m (bounded by
red lines in Figures 3a and 3e) on average. Elevated velocity shear is found in the pycnocline
as revealed by the shipboard ADCP measurements (Figure 3h).

Figures 3a and 3e show temporal variations of & and y at Stn. HO8, respectively.
Turbulence due to bottom friction was limited within layers deeper than 60 m, and is only
visible in the first three profiles which reached closer enough to the seabed (Figure 3a). The
observed bottom boundary turbulence was relatively weak due to its farness from the seabed.
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The most notable feature of turbulence at Stn. HO8 is that there were elevated & (~ 107 W kg™
Hand y (10°K2s?)in the mid column (3040 m depth) between isopycnals of 24 kg m= and
25 kg m™. This intensified turbulence was located in the pycnocline below the depth of the
strongest stratification and corresponded to a moderate stratification. It has been observed by

all the eight deployed microstructure profiles spanning about 20 h.
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Figure 3. Time-depth variations of (a) &, (b) temperature, (c) squared buoyancy frequency
(N?), (d) velocity magnitude, (e) y, (f) salinity, (g) Turner angle (Tu), (h) squared shear (S?)
at Stn. HO8. Black contours indicate isopycnals in 1 kg m interval. White contours in (g)
denote Tu = 45°. The red lines in (a, €) denote the upper and lower boundaries of pycnocline
according to the 0.02 kg m™ vertical density gradient criteria.

3.1.2 Station C05

Because of the proximity both in location and in the time of the year, Stn. C05 had similar
hydrographic properties with Stn. HO8. There was also a strong pycnocline separating the

warm, fresh upper water and cool, salty bottom water, except that the pycnocline was shallower
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than Stn. HO8 (Figures 4b, 4e, and 4c). The pycnocline covered a vertical depth range of 13 —
43 m on average. The YSCWM (T < 10 °C) occupied the water column deeper than ~ 40 m.

Notably, although the measurements were carried out in different years, intensified
turbulence was also observed in the pycnocline below the depth of the strongest stratification
at Stn. C05 (Figures 4a and 4b). Compared to that at Stn. HO8, the intensified turbulence at Stn.
CO05 seemed to occupy a narrower vertical range (24-30 m depth) around the isopycnals of 24
kg m3. The intensified pycnocline turbulence was also a persisting feature throughout the
measurement period. In fact, Liu et al. (2009) also observed similar intensified pycnocline
turbulence from their 25-hr microstructure measurements in 2006 at a station in the central Y'S.
Strong turbulence occurred in a 6 — 7 m layer just below the strongest stratification which lasted
through the observation period. This coincided well with our observations here. However, the
related driving mechanism was not discussed in detail by Liu et al. (2009) due to the lack of

simultaneous velocity measurements.
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Figure 4. Time-depth variations of (a) &, (b) temperature, (c) squared buoyancy frequency
(N?), (d) y, (e) salinity, (f) Turner angle (Tu) at Stn. C05. Black contours in (a — €) indicate
isopycnals in 1 kg m interval. White contours in (f) denote Tu = 45°. The red lines in (a, d)

denote the upper and lower boundaries of pycnocline according to the 0.02 kg m™ vertical
density gradient criteria.
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3.2. Spatial variations of turbulence

The spatial variations of turbulence as revealed by the transect observations are next
examined. The often-observed surface intensification of turbulence is not obvious because we
have eliminated measurements in the upper 10 m presumably contaminated by ship-induced
disturbances (Figure 5). Elevation of ¢ in the bottom boundary layer is evident at stations
where the VMP profiles reached close enough to the seafloor. This is anticipated for the YS
which is known to be a tidally energetic shelf sea (Lozovatsky et al., 2008). Most strikingly,
the intensified pycnocline turbulence (¢ ~ O (107 W kg?), ¥ ~ O (10® K2 s1)) at the two
repeated sampling stations as presented above appears to be a widespread phenomenon over a
large area of the YS during both cruises (Figure 5). The elevated & was located in the pycnocline

which is 1-2 orders of magnitude larger than the observed lowest «.
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Figure 5. Spatial distributions of & (a, b) and y (c, d) in the YS during the two cruises: (a, )
July 2013, (b, d) September 2017. Isopycnals are overlain to indicate variations of the
pycnocline. The black lines denote the upper and lower boundaries of pycnocline according to
the 0.02 kg m™* vertical density gradient criteria. The surface and bottom boundary layers lie
above and below the pycnocline, respectively.

To reveal more clearly vertical structures of turbulence at the transect stations, we present
variations of € and y along some representative sections. Figure 6 shows the results for
sections along ~35 °N during both cruises, and along ~36 °N during the 2017 cruise. The

location of the repeated sampling stations is shown by pentagrams in Figure 6d and also boxed
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in Figures 6a and 6i. There are clear similar properties of intensified pycnocline turbulence

between the transect and two repeated sampling stations.

Layers of elevated ¢ and y occurred in the pycnocline and varied in depth following
depth variations of the pycnocline (Figures 6a, b, e, f, i, J). This coincides with the results at
the repeated sampling stations that intensified turbulence is located within a narrow range in
isopycnals. As such, the intensified turbulence in the pycnocline has been well observed at both
the transect and repeated sampling stations. The presented results are in fact similar to those of
Liu et al. (2009) which revealed intensified turbulence right below the strongest stratification
in a pycnocline with small vertical displacement. Just given the fact that the presented
measurements here were conducted in two different years and contained both transect and
repeated sampling stations, it is highly plausible to expect that the intensified pycnocline

turbulence are prevailing features of the summer stratified YS.
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Figure 6. (a, e, 1) &, (b, f, J) x, (c, g, 1) Tu, and (h, m) squared shear at three representative
transects along ~ 35°N during the 2013 (left column) and 2017 (middle column) cruises, and
along ~36°N during the 2017 cruise (right column). The isopycnals are overlain. Shown in (d)
are the locations of the transect stations. Pentagrams indicate the repeated sampling stations
with their locations also boxed in (a) and (i).

3.3. Physical backgrounds

3.3.1 Near-inertial pycnocline shear

Physical processes that may have generated the observed intensified pycnocline
turbulence in the YS are now examined. In comparison to the transect observations, the
continuous sampling at a fixed location allows the examination in temporal space. We first
focus on features of shear at the repeated sampling Stn. HO8. Figure 3g shows that there was
large velocity shear located right at the layer of the strongest stratification at Stn. H08. To
address the driving mechanism of the strong velocity shear, the baroclinic velocity was next
examined. Figures 7d and 7e show temporal evolutions of the zonal and meridional baroclinic
velocities at Stn. HO8, respectively. Both components show a dominant first-mode structure
(reversed current direction above and below the pycnocline), therefore, inducing large velocity

shear across the pycnocline.

Limited by the short measurement period, it is not possible to directly identify frequency
content of the observed velocities through spectral analysis, but the observed surface baroclinic
current at Stn. HO8 (Figure 7c) seemed to have rotated clockwisely with a period (~ 21 h)
approximately matching the local inertial period (20.4 h). This suggests that the baroclinic
velocities may be associated with NIWSs. To test this hypothesis, we conducted a quantitative
analysis with the classic slab mixed-layer model. We initialized the simulation on 11 August,
about 20 days before the observation period at Stn. HO8, so that the model results for the periods

of interest are not sensitive to the initial condition.
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Figure 7. (a) Temporal variations of the wind speed and direction at Stn. H08. (b) Slab-model-
simulated mixed layer near-inertial zonal (ug,,,) and meridional (vy,;) velocities (c) Slab-
model simulated mixed layer near-inertial zonal (ug,,) and meridional (vg,,) Vvelocities
compared to the surface zonal (uypcp) and meridional (v4pcp) velocities observed by the
shipboard ADCP. Depth-time maps of the observed (d) zonal and (e) meridional baroclinic
velocities. The measurement duration is indicated by the gray shading in (a) and (b).

As shown in Figure 7b, the slab model simulated strong near-inertial responses in the
mixed layer of Stn. HO8. A quantitative comparison of the slab model simulations and the in-
situ observations show that simulated near-inertial currents appear to agree well with the
observations in phase, although there is a sizeable difference in amplitude (Figure 7c). This
suggests that the baroclinic current at Stn. HO8 was induced by wind-generated NIWs. We note
that the internal wave fields can be quite complicated in the YS. Xu et al. (2020) observed
semidiurnal internal tides at a repeated sampling station which is 108 km west of Stn. H08, but
the results here show clear near-inertial response with a small pycnocline displacement. Figure
7a shows that although Stn. HO8 was characterized by moderate wind speed (~ 8 m s) during
the observation period, the wind generally showed a quite intermittent feature during the one-
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month period since August 13. The wind energy flux into near-inertial motions can be
dominated by such intermittent events with duration of several days (Yu et al., 2022), resulting

in prevailing near-inertial responses in the mixed layer (Figure 7Db).

Due to the absence of simultaneous ADCP measurements during the cruise of 2013, we
cannot identify the properties of shear and baroclinic velocity. In the previous work of Yang et
al. (2021), based on year-long (August 2012 to July 2013) moored ADCP measurements in the
southern YS, it has been demonstrated that the wind-induced NIWs can be a quite prevailing
phenomenon in the YS during the warm season as a response to frequent wind pluses.
Moreover, Yang et al. (2021) identified strong near-inertial responses at the mooring station
(121.7°E, 35.8°N, ~180 km to Stn. C05) during the same period of the 2013 cruise in the present
study (14-19 July 2013, see their Figure 9).We, therefore, anticipate that the wind-induced
NIWSs may be also working at our sampling stations in the 2013 cruise.

3.3.2. Low-salinity water layer

In addition to the wind-induced NIWSs, we highlight the presence of an interesting
phenomenon that may be related to the intensified pycnocline turbulence. We found that there
existed a low-salinity water (LSW) layer at many sampling stations. The salinity inversions are
compensated by the temperature so that the water is still stably stratified. The LSW layer is
visible in the raw salinity profiles for both of Stns. HO8 and CO05 (Figures 3f and 4e). At Stn.
H08, the LSW layer became thinner and weaker with time during the observation period
(Figure 3f). The largest depth range and salinity anomaly (0.25) are found at the beginning of

the measurements.

The upper and lower panels of Figure 8 summarize the time-averaged profiles at Stns.
HO08 and CO05, respectively. Figures 8b and 8i show that the time-averaged LSW layer had its
salinity minimum at ~ 40 m and ~ 30 m, and occupied a depth range of ~15 m and ~ 10 m for
Stn. HO8 and Stn. CO5, respectively. The LSW produce inversions in salinity favorable for salt
fingering at the upper boundary of LSW which is denoted by Tu > 45° (Figures 8e and 8Kk).
Figures 6¢, 6g, and 6l show layers of Tu > 45° over the representative transects which reflect
the presence of LSW as those observed in the repeated sampling stations. Most of the LSW
along the transect had a salinity anomaly less than 0.2 with the largest value reaching to 0.3

(not shown).
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Figure 8. Time-averaged profiles at the two repeated sampling stations HO8 (upper panel) and
CO05 (lower panel). (a, h) € and y, (b, i) temperature and salinity, (c, i) squared velocity shear
and squared buoyancy frequency, (e, k) Turner angle, (f, I) buoyancy Reynolds number (Rep),
(9, m) K, and Kjy. Also shown are the instaneous profiles of Ri at Stn. H08 (d). Gray dots in

(f, I) are the instaneous profiles of Rey,. The gray shaded area in each panel indicates the
identified depth ranges of intensified pycnocline turbulence (with elevated ¢ and y).

To date, Zhou et al. (2004) presented the only observations of LSW in the YS using 4
CTD cruises in the period of spring and summer from June 2000 to June 2002. The LSW was
suggested to be originated from the west coastal regions and intruded to the center of YS which
intensifies from spring to summer. The resulting salinity inversion can reach 0.3-0.5 which is
close to the value of our study. They found that the LSW had a close relationship with the tidal
mixing front and suggested that the LSW was caused by the intrusion of fresher coastal water.
The rare report of LSW in the YS may be due to the fact that the LSW only occupy moderate
depth ranges and have in general smaller salinity differences as compared to those reported in
other regions (Alford et al., 2005; Pérez-Santos et al., 2014). The features and mechanism of
the LSW in the Y'S are interesting topics. But it is out of the scope of the present study, and we
restrict our focus on the potential influence of LSW on turbulence properties at our sampling
stations. The results about the spatial-temporal variability and driving mechanisms of the LSW
in the southern YS will be presented in a separate study.
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4. Discussion

4.1. Potential driving mechanisms of the intensified pycnocline turbulence

4.1.1. Shear instability

The most important feature as presented above is the widespread intensified turbulence
below the depth of the strongest stratification in the pycnocline. There must be processes
overcoming the suppressing effect of stratification on turbulence in the pycnocline. The
presence of wind-induced NIWs and LSW that may be associated with the strong turbulence

has been demonstrated, but how they induce the strong turbulence remain an open question.

Turbulence can be generated when the velocity shear is large enough to overcome the
suppression by stable density stratification, as indicated by the Richardson number criterion
for shear instabilities (Ri < 0.25; Howard, 1961; Miles, 1961; Liu, 2010). The role of velocity
shear in generating the strong turbulence is first examined at Stn. HO8 where we have
simultaneous velocity measurements. To examine the correspondence, we plotted the profiles
of S2, N2, Ri, and & at Stn. HO8 together (Figure 9). It is clear from Figure 9a that the observed
strong turbulence was located below the strongest stratification at depths of 30-40 m. Instead,
S? peaked right in (instead of below) the strongest stratification layer (~ 23 m depth, Figure
9b). Previous studies have also documented that the near-inertial shear was most likely quickly
dissipated at the base of the mixed layer (e.g., Yu et al., 2022). There was a secondary large
shear layer lying below the isopycnal of 25 kg m™ at depth of ~ 40 m during the first 8 hours.
However, it seems that neither of these two large shear layers coincided with the strong

turbulence in depth.
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Figure 9. Time-depth variations of (a) S2, (b) N2, (c) Ri at Stn. H08. Black contours in all panels
indicate isopycnals in 1 kg m™ interval. Superimposed plots are profiles of . White contours
in (c) indicate Ri = 0.25.

The calculated Ri showed that the shear seems not large enough to overcome the
suppressing effect of strong buoyancy force on turbulence having Ri overall above 0.25 in the
pycnocline (Figure 9c¢). The scattered plots of Ri in Figure 8d show that although it has several
samples smaller than 0.25 in the gray shaded area, it is overall larger than 0.25. Previous studies
have also suggested a transition value of Ri = 1 for the breakdown of a nonlinear flow (e.g.,
Abarbanel et al., 1984). Some (instead of many) of the samples at depths of 30—40 m (where
strong turbulence exists) satisfied the looser criterion of Ri < 1 (Figure 8d). However, this
cannot support the scenario that the observed strong pycnocline turbulence is directly excited
by shear instabilities of the near-inertial shear. One reason is that the Ri at depths of 30-40 m
is much larger than those at layers of 40-50 m; however, both ¢ and y are intensified at 30—
40 m instead of at 40-50 m.
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Figure 10. Vertical profiles of the observed and estimated variables at two representative
stations. (a, f) temperature and salinity, (b, g) microscale temperature gradients and the
estimated y, (c, h) microscale shear and the estimated &, (d, i) S? and N2, (g, j) Tu. The upper
panel shows the transect Stn. B14 (~ 122.5 °E, ~ 38 °N), and the lower panel shows the first
profile (at ~ 1 h) at the repeated sampling Stn. H08. The calculation of Tu is based on 1-m
averaged temperature and salinity data. The double-headed arrows in (c) and (d) emphasize the
correspondence of depth between the microscale and finescale velocity shear.

One may ask: Is there any possibility that there is a vertical shift between the ADCP and
CTD measurements inducing the mismatch of ¢ and Ri? These two instruments are carried by
different platforms and the sample bins therefore may not be precisely matched, influencing
the calculation of Ri. However, we suggest that this cannot be the cause of the mismatch of Ri
and &. The reason includes that there are stations show clear coincidence between enhanced

velocity shear (therefore reduced Ri) and intensified turbulence.

The upper and lower panels of Figure 10 show the example VMP-measured
microstructure (512 Hz) profiles at Stns. B14 and HO8, respectively. Stn. B14 is located in the
northern YS (~ 122.5 °E, ~ 38 °N). The microstructure profile at Stn. B14 shows three patches

of strong microscale shear and thus large ¢ at the depth of ~16 m, ~ 27 m, and ~ 42 m (Figure
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10c). Figure 10d shows that although there were no obvious layers with $S? > 4N? (Ri <
0.25), the three observed turbulence patches were all characterized by enhanced velocity shear.
The discrepancy between energetic turbulence and lack of Ri < 0.25 may be attributed to the
fact that the ADCP bin size (2 m) is significantly larger than the Ozmidov scale of shear which
can overestimate Ri (Moum et al., 2003). However, the coincidence in depth between enhanced
velocity shear and elevated & does suggest that the observed intensified turbulence in the

pycnocline may be associated with shear instabilities of the flow.

In contrast, the depths of the shear peak and the intense microstructures were not
coincident at Stn. HO8 for both the example microstructure (lower panel in Figure 10) and time-
averaged (upper panel in Figure 8) profiles; there was a ~ 10 m distance between the two. The
linear stability analysis has also been performed at Stn. HO8 via solving the Taylor-Goldstein
equation (Lian et al., 2020); however, the calculated depth of critical level do not coincide with

that of the observed intensified turbulence (figure not shown).

4.1.2. Salt fingering

The potential influence of LSW on the intensified pycnocline turbulence is next examined.
Although externally generated mechanical turbulent events can disrupt the double-diffusive
microstructure when they occur in the ocean regions occupied by fingering convection (Radko,
2013), recent studies found that the double diffusion itself can also be the main mechanism in
driving turbulence (Middleton & Taylor, 2020). Middleton & Taylor (2020) showed that the
double diffusion can convert background potential energy into available potential energy
(APE). After that, the APE was converted into kinetic energy through the vertical turbulent
buoyancy flux which was balanced by ¢. In such way, the double diffusion can induce both
large temperature gradient and shear microstructure. This energetic framework was verified by
Middleton et al. (2021) that the predicted e induced by double diffusion compare favorably
with microstructure measurements collected in the Chukchi Sea where double diffusion occurs

around a warm eddy.

Similar enhanced & has also been observed at other regions featured with thermohaline
intrusions (e.g., Larson & Gregg, 1983; Pérez-Santos et al., 2014; Fine et al., 2022) which was
analogous to the observational results presented here. Based on microstructure measurements

in the Beaufort Sea, Fine et al. (2022) observed elevated ¢ along the interleaving surface of
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the intrusion. The statistical analysis considering distribution of & as a function of Richardson
number and density ratio revealed that double-diffusive convection is largely responsible for

the elevated & over the survey.
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Figure 11. Time-depth variations of Tu at Stns. (a) HO8 and (b) CO5. Superimposed plots are
profiles of e. Black and white contours indicate isopycnals in 1 kg m= interval and Tu = 45°,

respectively.

As presented above, the LSW induce inversions in salinity at the upper boundary of LSW
where is favorable for salt fingering (Tu > 45°). To examine the potential role of salt fingering
in generating the strong pycnocline turbulence, we replotted the profiles Tuand & at Stns. HO8
and CO5 together. Figure 11 shows the time-depth variation of Tu with the profiles of ¢
superposed on. Both stations show persistent layers of Tu > 45° throughout the measurement
period. Most importantly, layers of Tu > 45° and intensified turbulence show excellent
correspondence with each other for both the occurring depth and vertical ranges. For example,
the layer of Tu > 45° at Stn. HO8 covers wider vertical ranges (~ 10 m) than that at Stn. C05 (~
5 m), and so do the vertical ranges of the elevated turbulence. The time-averaged profiles of

This article is protected by copyright. All rights reserved.



Stns. HO8 and CO05 also show that the layers of Tu > 45° correspond well with the intensified

turbulence (Figures 8a, e, h, k).

The example microstructure profiles at Stn. HO8 show that the most intense temperature
and shear microstructures were concentrated around the upper boundary of the LSW at 30 — 37
m (lower panel of Figure 10). This patch of intense microstructures is indicated by the elevated
x and & which reached up to 0 (10° K? s) and 0 (107 W kg™), respectively. Here, the
upper bound of the LSW layer had Tu > 45° indicating development of salt fingers (Figure
10j), consistent with our observations of the microstructure. In contrast, there were almost no
evident microstructures in the center of the LSW with y being three orders of magnitude
lower 0 (10° K2s™). This coincides with the recent observations in a field of intrusions south
of New England which also showed virtually no and intense microstructure at and above the
intrusion core, respectively (Duda et al., 2016). It is noted that for many microstructure profiles
the intense microstructures were associated with temperature-compensated salinity inversions

where salt fingering is expected, of which what we have just described is an example.

log, ole (W kg™)] log, x (K2 )

Iogm(Ri)
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Figure 12. (a) ¢ and (d) y binned in evenly spaced Turner angle (x axis) and logarithmically
evenly spaced bins of Ri (y axis) based on data obtained at Stn. HO8 and transect stations in
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2017. Also shown are the corresponding averaged (b) € and () y as a function of Turner
angle. (c) € and (f) y versusthe Turner angle based on data obtained at Stn. C05 and transect
stations in 2013. The solid and dashed lines in (b, c, e, f) denote the values bin-averaged over
(e, x) and logio(e, x), respectively. Note that all the comparisons are based on
measurements in the stratified interior region with the surface and bottom boundary layers
excluded.

To further clarify causes of the observed intensified pycnocline turbulence, we now
perform a statistical correspondence analysis. Following Nagai et al. (2015), we calculated the
bin-average ¢ and y as a function of Tu and Ri. There are no simultaneous ADCP
measurements onboard the 2013 cruise, thus € and y are only compared with Tu. All the
comparisons are based on measurements in the pycnocline as defined by the 0.02 kg m™ vertical
density gradient criteria. Observations at the transect stations show a correlation trend quite
similar to that at the repeated sampling stations (Stns. H08 and CO05). Therefore, the results at
the repeated sampling stations and transect stations are combined together. It is evident from
Figure 12 that the bin-averaged & and y increase as the Turner angle becomes larger than
45° considering all the samples in the stratified interior region of the repeated sampling stations
and transect stations. There also seem to be a very slight negative correlation between &/y and
Ri when Tu is positive (Figures 12a and 12d). This may give some clue for the effect of shear
instability; however, we note that the correlation is very weak for which the dynamics remains
further study. In comparison, the correspondence with Tu is much more robust which is
consistent with elevated ¢ and y found in the upper interface of the LSW where salt

fingering is expected.

Based on the above analysis, it is clear that intensified turbulence tends to occur at the
salt-finger-favorable layer associated with the LSW; however, we caution against concluding
that the observed widespread intensified pycnocline turbulence was directly generated by salt
fingering. One of the reasons to this is that the previous-reported elevated & induced by
double-diffusion are at orders of 0 (10 W kg™) (Middleton et al., 2021; Fine et al., 2022),
while our observed pycnocline turbulence can reach 0 (107 W kg1). The buoyancy Reynolds
number (Re, = £/vN?) was next calculated with v the kinematic viscosity. Figures 8f and 8l
show that the calculated Re;, at the intensified pycnocline turbulence layer is slightly larger
than the threshold value of 20 for double-diffusion as used by Inoue et al. (2007) for Stns. HO8
and CO05.
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To examine the driving mechanism of the observed intensified pycnocline turbulence, we
&

next calculated the turbulent eddy diffusivity (K,,) following Osborn (1980) model (K, = T e

[' =0.2) and the effective thermal diffusivity (Ky) following Osborn and Cox (1972) model

(Kg =2;(Tz with 8, the vertical temperature gradient). Larger K, over K, is usually

observed when double-diffusion plays a role in tracer vertical mixing at large (e.g., Nagai et
al., 2015; George et al., 2021). Here, the calculated K, and Ky generally have close values
at the boundary layers of the repeated sampling stations (Figure 8g and 8m). This is as
anticipated for the shear-driven fully turbulent system. However, Ky is smaller than K, in
the gray shaded layer for Stn. HO8 which is in contrast to our expectation for double-diffusion
regime (Figure 8m). The K, and K, show closer values at the shaded layer for Stn. C05. The
Ky has some large values just below the shaded layer probably due to the sudden decrease of
temperature gradient. However, we also do not find robust trends of Ky > K, in the shaded

layer where intensified turbulence is observed.

Note that we have also examined the diffusivity results at the same three representative
transects as presented in Figure 6 (Figure S1 in the supporting information). Overall, those
transect stations show similar distribution with the repeated sampling stations. K, and K, are
close to each other in the boundary layers. They also have similar values across the whole water
column for stations at western side of the transect where the water depth is shallow. This is as
anticipated because that the bottom and surface shear-driven turbulence can influence the full
water column for this shallow water. However, for the stations at eastern side of the transect
where intensified pycnocline turbulence was observed, K,, is generally larger than Ky in the
stratified interior layer which agrees with the results at the repeated sampling stations. Besides

the possible variability of I' which might induce errors inthe K, calculation, we suggest that
the results of large K, over K, and the calculated Re, again caution against concluding that

the observed widespread intensified pycnocline turbulence was directly generated by salt
fingering. We suggest that the driving mechanism of the intensified pycnocline turbulence may

be complicated.

4.1.3. Possible complexities in the driving mechanism

This article is protected by copyright. All rights reserved.



Our observation is characterized by both finger-favorable stratification and background
(near-inertial) shear. Recent studies showed that once there is background shear, the double-
diffusive system can be quite different from the quiescent case (Smyth & Kimura, 2011, Radko,
2016). The vertical shear can be due to a variety of processes such as the NIWs. Based on linear
stability analysis, Radko & Stern (2011) showed that the well-known Richardson number
criterion for shear instabilities cannot be directly applied to double-diffusive fluids. The
presence of background double-diffusive transports has a destabilizing effect on stratified shear
flows leading to the occurrence of instabilities for Richardson numbers even exceeding unity.
The mechanism is that in the presence of double diffusion, the dynamically stable shear
undergoes thermohaline destabilization which produced isolated regions of reduced vertical
density gradient. This, in turn, made the flow susceptible to Kelvin-Helmholtz instabilities,
particularly in the zones of high background shear, resulting in intense convective mixing. The
authors suggest that the results may ultimately help to explain some observations of turbulent
mixing in pycnocline that is characterized by the relatively weak (Ri > 0.25) shears (Alford
and Pinkel, 2000).

Recently, Tanaka et al. (2021) showed that the newly proposed instability mechanism of
the onset of thermohaline-shear instability by double-diffusive convection may exists in the
ocean. Based on turbulence measurement in the subarctic North Pacific, they found that the
diffusive convection related inversions exhibited elevated levels of turbulence even for Ri
largely exceed 0.25. This is in close agreement with our measurements suggesting the potential

similar driving mechanism.

We suggest that the salt fingering associated with the LSW may cannot induce such strong
turbulence in the pycnocline in the YS. Our observation resembles the numerical setting of
finger-favorable stratification and background (near-inertial) shear of Radko & Stern (2011).
It is hypothesized that there may exist interactions between the near-inertial velocity shear and
salt fingering as discussed above, albeit how this mechanism lead to the larger K, over Kj
at the intensified pycnocline turbulence layer remain unknown. Due to limitations in our
observations, the exact driving mechanism of pycnocline turbulence and their role on vertical
mixing awaits further investigations in the future. Regardless of the driving mechanism, our
results show robust features of intensified pycnocline turbulence at the upper boundary of the
LSW with excellent correspondence for both the occurring depth and vertical ranges (e.g.,
Figure 11). The presence of the LSW was demonstrated to play an important role in inducing

pycnocline turbulence and mixing in the YS.
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4.2. Implications

Tidal mixing fronts play an important role in the formation of YSCWM, which separate
the cold, stratified offshore water from the warm, well-mixed shallow water near the coasts
(Zhao, 1987; Lii et al., 2010; Lin et al., 2019). Previous studies have revealed the presence of
an upwelling phenomenon near the front (blue arrow in Figure 13) which could be a “nutrient
pump”, transporting nutrients from the nutrients pool in the YSCWM to the front (Wei et al.,
2018). However, the existence of the LSW as plausibly intruded from the coastal water and
their potential role in biogeochemical cycles is largely ignored in previous studies (Zhou et al.,
2004).

Regardless of the exact driving mechanism(s), the presence of LSW is clearly related to
the layers of strong turbulence at its upper boundary (dashed arrow in Figure 13). The
microstructure profiling measurements made during two summer cruises captured the same
feature of intensified pycnocline turbulence which may be taken as a prevailing feature of the
summer stratified YS. Apart from possible lateral intrusion of nutrients, we anticipate that the
associated vertical transports as driven by the pycnocline mixing may also play a key role in
supplying nutrients to the euphotic zone, having broad biogeochemical and ecological
consequences (Rippeth et al., 2009; Williams et al., 2013; Yang et al., 2020).
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Figure 13. Schematic summary of this study. The low-salinity water which plausibly intruded
from the coastal region into the central YS according to Zhou et al. (2004). This induced a salt
fingering regime at its upper interface where intensified turbulence was observed. The wind
disturbances generated prevailing near-inertial internal waves in the YS.

5. Concluding remarks

This study has focused on the properties of intensified pycnocline turbulence and its
driving mechanisms in a typical seasonally stratified shelf sea, the Yellow Sea (YS). Based on
a comprehensive dataset of microstructure measurements conducted in the summer of two
years, the widespread pycnocline intensified turbulence (¢ ~ 0 (107 W kg?), x ~ 0 (10
K2 s1)) just below the strongest stratification layer (but well above the bottom boundary layer)
in the YS is revealed for the first time. This feature persisted among the two repeated sampling

stations and many transect stations demonstrating its widespread nature.

Although there was evidence of wind-induced NIWSs, the near-inertial shear concentrated
in the pycnocline and was generally not large enough to excite shear instabilities according to
the Richardson number criterion (Ri < 0.25). Instead, it is found that elevated ¢ and y mostly
occurred at the upper interface of a low-salinity water layer where salt fingering is expected

(the Turner angle Tu > 45°). Statistical analysis shows that the bin-averaged € and y had a
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significant correlation with Tu but not Ri. Despite the correlation with Tu, a conclusion that
the intensified pycnocline turbulence was driven by salt fingering cannot be made. Our
observed pycnocline turbulence can reach @ (107 W kg!) which is one order larger than the
previous-reported elevated & induced by double-diffusion (0 ~ 108 W kg?) (Middleton et
al., 2021; Fine et al., 2022). Furthermore, the calculated Rey is slightly larger than the threshold
value of 20 for double-diffusion. We also observed larger K, over K, at the layers with
intensified pycnocline turbulence. Considering the complexities of physical environments in
the study area, we further suggest the possibility of the interactions between salt fingering and

near-inertial shear.

The exact mechanism(s) leading to the observed intensified pycnocline turbulence
requires further studies. Nevertheless, the feature of the intensified pycnocline turbulence
occurred at the upper boundary of the LSW layer is consistently revealed by the available
microstructure measurements known to the authors, and is thus robust. Its widespread nature
in the Y'S suggests its important biogeochemical and ecological implications which remain to

be examined in future.
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