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Microstructure profiling measurements at two locations in the Yellow Sea (a deeper central
basin and a local shelf break) were analyzed focusing on tidal and internal-wave induced
turbulence near the bottom and in the pycnocline. A classical three-layer density structure
consisting of weakly stratified surface and bottom boundary layers and a narrow sharp
pycnocline is developed by the end of warm season. Turbulence in the surface layer was not
influenced by the tidal forcing but by the diurnal cycle of buoyancy flux and wind forcing at the
sea surface. The enhanced dissipation and diffusivity generated by the shear stress at the
seafloor was found in thewater interior at heights 10–15m above the bottomwith a phase shift
of ~5–6 m/h. No internal waves, turbulence, or mixing were detected in the pycnocline in the
central basin, in contrast to the pycnocline near the local shelf break wherein internal waves of
various frequencies were observed all the time. The thickness of the surface layer near the local
shelf break slightly exceeded that of the bottom layer (20 vs. 18 m). A 5–6 m high vertical
displacement of the pycnocline, which emerged during the low tide, was arguably caused by
the passage of an internal soliton of elevation. During this episode, the gradient Richardson
number decreased below 0.25 due to enhanced vertical shear, leading to local generation of
turbulence with dissipation rates exceeding the background level by an order of magnitude.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The Yellow Sea (YS) is a shallow basin in the northern East
China Sea with a mean depth of 44 m. During the warm
season from late spring to early autumn, stratification in YS is
characterized by a strong thermocline. A tidal front horizon-
tally separates the well-mixed shallow regions from the
highly stratified deeper regions occupied by the Yellow Sea
Cold Water Mass (YSCWM) beneath the thermocline (e.g.,
Qiao et al., 2006). By the end of the warm season in late
September, distinct 3-layer stratification is developed.Weakly
stratified surface and bottom boundary layers are often
separated by a sharp, narrow (few meters thick) pycnocline.
This stratification closely resembles the idealized modeling
scenario that is often assumed in theoretical and laboratory
All rights reserved.
studies of stratified flows (e.g., Turner, 1979; Thorpe, 2005).
The microstructure and current measurements in YS in late
summer, therefore, are not only valuable in understanding
this specific natural environment but also to validate results
of numerous theoretical, laboratory, and numerical studies of
fundamental importance (e.g., Liu et al., 1998; Strang and
Fernando, 2001a,b; Hsu et al., 2000; Fringer and Street, 2003).

In the past three decades, profiling measurements of
small-scale shear in aquatic systems have emerged as a major
tool for the evaluation of turbulent kinetic energy dissipation
rate ε in the ocean (Osborn, 1980). Although direct measure-
ments of ε in the East China Sea (Matsuno et al., 2006; Lee
et al., 2006), tidally-energetic European shelf seas (the Irish
and North Seas), and shallow shelves (the New England shelf)
have been reported (e.g., Simpson et al., 1996; Dickey and
Williams III, 2001; Rippeth et al., 2001; Howarth et al., 2002;
Rippeth et al., 2003), no such measurements have been
conducted in YS hitherto.
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In contrast to turbulent mixing in non-stratified shallow
waters, which can be well simulated by different turbulence
closuremodels (e.g., Simpson et al., 1996; Baumert and Peters,
2000), mixing in stratified tidally-affected shelf seas is still
poorly understood. The bottom turbulence is mainly driven
by the tidal vertical shear generated at the seafloor; internal
tide and higher-frequency internal waves may generate
turbulence inside the stratified water column. The influence
of internal tide on the generation of turbulence in shallow-
water basins has been reported in several studies (e.g.,
Holloway et al., 2001; Sharples et al., 2001; Rippeth and
Inall, 2002; Rippeth, 2005; Rippeth et al., 2005). The flow
oscillations at near-inertial frequencies (inertial oscillations),
mostly resulting from wind forcing, produce internal shear,
which in turn triggers near-inertial internal waves that
propagate almost vertically (e.g., van Haren, 2000; Rippeth
and Inall, 2002; MacKinnon and Gregg, 2003; Rippeth, 2005;
Rippeth et al., 2005). The effect of near-inertial waves on the
generation of sheared turbulence in the pycnocline is
particularly important in seas such as the Mediterranean
Sea and the Black Sea (Lozovatsky and Fernando, 2002),
where tidal currents are weak. In tidally energetic seas,
however, near-inertial oscillations could be quickly damped
by tidal currents through enhanced bottom friction (J.H.
Simpson, personal communication). In inner-shelf seas away
from the shelf break and abrupt topography, degeneration of
higher frequency internal waves is a major source of internal
mixing in the absence of strong winds.

The microstructure measurements carried out with a
TurboMap profiler (Wolk et al., 2002) in two shallow regions
Fig.1. Bathymetry of the Yellow Sea and adjacent regions. TheMSS-60microstructure
The ADCP data were collected at S2. Bathymetric contours are in meters.
of the East China Seawere recently reported byMatsuno et al.
(2006) and Lee et al. (2006). One region was at the outer
northeastern shelf of the East China Sea south of 30.5°N
(Matsuno et al., 2006) and the other was southeast of the
Cheju Island (~32°N, 125°E; Lee et al., 2006). In July 2003 and
2004, Matsuno et al. (2006) observed εN10−7 W/kg near the
seafloor and in the surface layer, whereas εb10−8 W/kg was
observed below the ChangjiangDilutedWater (e.g., Chang and
Isobe, 2003). Lee et al. (2006) reported the highest level of the
dissipation (εN10−6W/kg) in the surface turbulent layerwith
enhanced dissipations corresponding to low salinity surface
lenses. Below the surface layer, intermittent patches of
turbulence (εN10−7W/kg)were detectedwithin the seasonal
pycnocline as well as close to the bottom. The lowest level of ε
(b10−9 W/kg) was found within the water column below the
pycnocline, at depths associated with the Tsushima Warm
Current Water (e.g., Lie and Cho, 1994). The measurements
taken in August 2005 depicted an approximately 3-layer
summer stratification, consisting of nearly isothermal 10–
20 m upper layer separated from the lower weakly-stratified
layer by a relatively thick (~10 m) pycnocline. Tidal-induced
variations of ε, however, were not discussed by Matsuno et al.
(2006) and Lee et al. (2006) because of relatively short time of
their microstructure measurements at a given location.

A distinct tidal cycle of ε variability was reported by
Lozovatsky et al. (2008a,b) based on in situ ADV (acoustic
Doppler velocimeter) measurements in the bottom boundary
layer (BBL) of YS. The measurements were conducted in 2005
during the cold season (in March and December) when the
whole water column was well mixed (Liu and Wei, 2007).
measurements were conducted at S1 and S2. CTD stations are shown by dots
.
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Local processes, such as seiching and near-bottom convection
were found to influence ε near the seafloor. The authors
reported high dissipation rate evaluated via the inertial
subrange of the ADV velocity spectra (e.g., Kim et al., 2000;
Lozovatsky et al., 2008b), which sometimes exceeded 10−5W/
kg in the well-mixed tidal BBL. The influence of strong
summer stratification on vertical mixing in YS is still
unknown. To this end, we carried out a field campaign in
September 2006, at the closing stage of the warm season,
which included a CTD transect and a series of microstructure
profiles and ADCP mooring measurements at two anchored
stations. The aim was to map and compare the vertical
distribution of ε and the eddy diffusivity KN in relatively
deep central basin of YS (the mean depth HB=73 m) and
near a shallow local shelf break (HB=38 m). The study was
focused on the influence of tidal currents and internal waves
on the evolution of stratification and turbulence in the
thermocline and tidal BBL of YS. It is not feasible, however, to
investigate such low frequency processes as inertial oscilla-
tions given the short duration of the measurements (25 h),
which only slightly exceeded the inertial period at the sites
(20.9 h). Instrumentations, observational setup and principal
steps of data processing are described in Section 2. Results
and discussion are presented in Section 3, and a summary is
given in Section 4.

2. Instrumentations, observations, and data processing

The measurements were carried out in central YS during
September 19–26, 2006 onboard of the R/V Beidou. Six
Fig. 2. Examples of the shear spectra at S1 for the surface layer (a), pycnocline (b
dissipation rate ε for the specified depth ranges as well as the best fits to the Nasmyt
are in panel (e).
hydrographic stations were taken along a transect (Fig. 1)
using a Seabird SBE-25 CTD profiler. Multiple casts of a
tethered microstructure profiler MSS-60 (Prandke and Stips,
1998) were launched from the sea surface down to the bottom
at two stations S1 (September 20–21, φ=35.01°N,
λ=123.00°E; the mean depth HB=73 m) and S2 (September
25–26, φ=35.00°N, λ=121.50°E; HB=38 m) over two
semidiurnal tidal cycles (25 h). The hourly launches of MSS-
60 consisted of 3 consecutive casts to make the burst-averaged
data statistically robust. The interval between individual casts
was 4–5 min at S1 and 2–3 min at S2. The microstructure
profiler carried two parallel airfoil (PNS98) sensors, a fast-
response temperature sensor (FP07), three standard CTD
sensors and an accelerometer. The sampling rate for all sensors
was 1024 Hz, thus enabling the measurement of small-scale
shear with a vertical resolution of ~6 mm for a typical falling
speed of the profiler of ~0.65 m/s.

An upward-looking 600 kHz RDI ADCPwasmounted on the
seafloor at S2, allowing continuous measurements of along-
beam velocities with a ping rate of 2 Hz. The data were
ensemble averaged over 2 s (i.e. four pings) before recording.
The ADCP profiles of zonal u(ζ) and meridional v(ζ) compo-
nents were obtained only in the lower 20 m of the water
column, at heights of ζ=2.4–20.4 m above the bottom (mab)
with avertical intervalΔζ=0.75m.Campbell Scientificpackage
CR1000 was used for standard meteorological observations.

The processing of MSS-60 data followed recommendations
of Stips and Prandke (2000), Stips (2005) and Roget et al.
(2006). High-amplitude spikes in all signals were detected and
removed using an iterative procedure. The low frequency
), below the pycnocline (c), and near the seafloor (d). The estimates of the
h (1970) spectrum are shown in (a–d); corresponding ε(z) and σθ(z) profiles



Fig. 3. Temperature (a), salinity (b), and specific potential density (c) contour plots along the section AB (see Fig. 1).
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Fig. 4. Temperature profiles at the stations of the section AB plotted over the bathymetry. The same temperature scale was used for all profiles; the station locations
are shown by the dashed lines.
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variations of shear signal and high frequency noise were then
removed by a second order Butterworth band-pass filter with
cut-off frequencies 1 and 100 Hz, corresponding to the
wavenumbers k=1.5 and 308 cpm, respectively.

The turbulent dissipation rate was evaluated from the
small-scale shear signal using the isotropic turbulence
formula

e = 7:5m AuV=Azð Þ2 ð1Þ

where the dependence of molecular viscosity of the seawater
ν on temperature (strong), salinity and pressure (weak) was
accounted for using the Matlab scripts of the Seawater
toolbox (ftp://ftp.marine.csiro.au/pub/morgan/seawater).
The variances in Eq. (1) were calculated by integrating the
small-scale shear spectra computed at 1-m depth intervals
over 2 cpmbkbkK, where kK=(ε/v3)1/4/2π is the Kolmo-
gorov wavenumber. Because kK is a function of ε, an iterative
procedurewas used to calculate the shear variance, and thus ε
(Stips and Prandke, 2000). Several examples of the shear
spectra and corresponding estimates of the dissipation rate
are given in Fig. 2. In the surface and bottom boundary layers,
the spectra befittingly follows the Nasmyth spectrum (Nas-
myth, 1970), which is considered a benchmark for shear
spectra in the inertial-viscous subrange of small-scale
turbulence (e.g., Thorpe, 2005) along with the Panchev and
Kesich (1969) modeling spectrum (Roget et al., 2006).

The vertical eddy diffusivity KN was calculated using the
Osborn (1980) formula

KN = γ
e

N2 ð2Þ

where the squared buoyancy frequency N2 was estimated at
the same 1-m segments of the smoothed (reordered)
potential density profiles as those were used for ε. Here we
employed traditional constant value of mixing efficiency
γ=0.2 although a Richardson-number-dependent γ has also
beenproposed in several studies (e.g., Lozovatsky et al., 2006).

3. Results and discussion

3.1. Thermohaline structure

The contour plots of temperature T, salinity S, and specific
potential density σθ along the section AB (see Fig. 1) are
shown in Fig. 3. This hydrographic section (between 35.0°N,
120.5°E and 35.0°N, 124.0°E) encompassed sites S1 and S2.
The three-layer stratification in YS typical for the late summer
is evident. Warm (T=22–23 °C) well-mixed layer occupied
~20 upper meters of the water column. In the thermocline,
z=−20 to −32 m, the temperature decreased from 23.5 to
~10 °C. Below the thermocline, a bulk of cold water with the
lowest temperature (Tb9 °C) centered near the longitude
λ=123.2°E was observed (Fig. 3a).

The salinity in the deepest part of section AB increased
from 31.1 psu at the surface to 33.7 psu near the seafloor
(Fig. 3b). The upper layer contained a low-salinity lens
centered at λ=123.2°E. Coastal surface waters of low salinity
(Sb31 psu) were also evident at the western edge of the
section. The halocline (31.25bSb32.5 psu) generally coin-
cided with the thermocline along AB. Below the halocline,
salinity gradually increased with depth from 32.5 to 33.7 psu.

The contours of the specific potential density σθ (Fig. 3c)
suggest an along-slope quasi-geostrophic flow in thewestern,
shallower part of the section. The mean tidal residuals in the
water interior at S2 calculated for two semidiurnal periods of
ADCP measurements were estimated asburesN=−0.3 cm/s
and bvresN=−4.6 cm/s, indicating the existence of an along-



Fig. 5. The ensemble averaged profiles over two tidal cycles of specific potential density σ^ θ(z) and the logarithm of squared buoyancy frequency log10N
^ 2(z) at S1

(a) and S2 (b). The mean±standard deviation ranges are shaded.

464 Z. Liu et al. / Journal of Marine Systems 77 (2009) 459–472
shelf current, which could be associated with the Yellow Sea
Coastal Current. This cold southward directed perennial flow
dominated the circulation on the northwestern shelf of the
southern YS.

The contour plots in Fig. 3 do not show a narrow
thermocline and pycnocline over the local shelf break due
to the nature of the gridding procedure used, which accounts
for a substantial difference between the vertical and hor-
izontal resolutions of the CTD data at the transect. The typical
aspect ratio between the horizontal and vertical scales of
thermohaline features of oceans rarely exceeds 103 (Fedorov,
1978). Therefore, the vertical gridding of several meters are
appropriate to represent the characteristic mean thermoha-
line structure for stations separated by several tens of
Fig. 6. The time-depth variations of the logarithm of turbulent kinetic energy dissip
kilometers at section AB, but such grid sizes are not suitable
for presenting the details of stratification. To better illustrate
the thermocline thickness variations along the AB transect,
temperature profiles at the stations of the section are shown
in Fig. 4 over the bathymetry. A remarkable sharpening of the
thermocline over the local shelf break could be related to the
enhancement of topographically induced turbulence, which
almost completely mixed the bottom boundary layer up to
~15 m above the seafloor. Possible transformation of a
relatively wide thermocline, which was observed east of the
local shelf break (Fig. 4), to a narrow one at the break and
further onshore could also be associated with packets of non-
linear internal waves generated at the break due to the
interaction between internal tide and topography. Navrotsky
ation rate (a), squared buoyancy frequency (b), and eddy diffusivity (c) at S1
.
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et al. (2004) showed that this process may trigger internal
mixing within a wide pycnocline, thus splitting it into two
narrow interfaces. If this actually happens, then a plausible
scenario is the erosion of upper interface by surface mixing
(it can still be traced at z~−15 m), and subsequent evolution
of the splitting thermocline/pycnocline into the observed
temperature/density structure with one sharp thermocline/
pycnocline over the shelf at z=−20 to −22 m.

The stratification at S1 and S2 during two tidal cycles is
specified by the ensemble-averaged profiles of σ^ θ(z) and
log10N

^ 2(z) shown in Fig. 5. At S1, the upper 16-m layer was
linearly stratified with a relatively low N2=(4–8)×10−5 s−2.
In the narrow pycnocline, z=−17 to −22 m, the buoyancy
frequency reached maximum Nmax

2 =2×10−2 s−2 at z=
−19 m. The layer between the pycnocline base and z=
−50 m was weakly stratified with nearly constant
N2=9×10−5 s−2. In the depth range −50 to −58 m, the
σ^ θ(z) and log10N

^ 2(z) profiles in Fig. 5a exhibit a secondary
pycnocline with a maximum Nmax

2 =3.6×10−4 at z=
−54 m, where the stable density gradient was governed by
stable salinity but unstable temperature gradients. A char-
acteristic density ratio across this layer is Rρ=βSz/αTz=4.8,
suggesting a possibility of double-diffusive convection (Kelley
et al., 2003). Here the salinity Sz and temperature Tz gradients
are 0.035 psu/m and 0.036 C/m, respectively, and the ratio
between the salinity contraction and temperature expansion
coefficients is β/α=4.95 C/psu. This double-diffusion favor-
able layer (see it is also around z=−60 m in Fig. 6 of Shi and
Wei (2007)) resulted from the interaction between YSCWM
and the Yellow Sea Warm Current (YSWC). Note that YSWC
Fig. 7. A hodograph of currents at all ADCP levels at S2 in the range ζ=2.4–19.
(ζ=19.6 mab) boundaries of the pycnocline are shown by dark and light grey lines
originates in the East China Sea as a branch of Kuroshio
transporting warm saline water to YS along the central
trough, thus influencing a deeper eastern periphery of AB.
Below the secondary pycnocline, the bottom boundary layer
was weakly stratified with the buoyancy frequency changing
from N2≈4×10−5 s−2 to almost zero depending on the
phase of barotropic tide.

The upper quasi-homogeneous boundary layer at S2 was
only slightly thicker than the bottom boundary layer (Hsf~17m
and Hbt~14 m in the ensemble-averaged density profile σ^ θ(z)).
The specific thermohaline structure observed in shallowwaters
of YS in late summer is a result of solar heating and wind-
inducedmixing at the sea surface, permanent advection of cold
bottom water as well as tidal mixing in the lower part of the
water column. Themeanbuoyancy frequency in the upper layer
(N−sf

2=(1–2)×10−4 s−2) was substantially larger than that in
BBL,whereN−bt

2=(3–5)×10−5 s−2. A narrow sharp pycnocline
(usually ~2–3 m thick in individual density profiles) separated
these two boundary layers. The ensemble averaged profiles of
σ^ θ(z) and log10N

^ 2(z) in Fig. 5b exhibit relatively large scatter of
the pycnocline position (Δz≈18–24 m), caused mainly by
vertical displacements of internal waves of various frequencies.
In the pycnocline core (z=−21 m), N−pc

2 =1.5×10−3 s−2 and
the lower and upper boundaries of the mean±standard
deviation are ~2×10−4 and ~1.2×10−2 s−2, respectively.
Such high variability of buoyancy frequency at a given depth
in the pycnocline at S2 was induced by internal waves in
contrast to the low internal-wave activity observed earlier at S1.
Below,we discuss in detail the variabilityof stratification and its
influence on turbulence in YS.
6 mab. Two cycles of tidal ellipses at the lower (ζ=15.9 mab) and upper
, respectively.
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3.2. Time-depth variations of ε, KN, and Ri

In the absence of episodic storms, semidiurnal M2 tidal
currents are the most powerful dynamic component in nearly
all regions of YS. Being a part of the East China Sea, YS is
thought to be one of the principal regions of the dissipation of
tidal energy (e.g., Egbert and Ray, 2000). Toward the end of
the warm season, a combination of strong stratification,
permanent tidal forcing and episodic high winds creates
favorable conditions for the generation of high-amplitude
internal waves. Trains of internal waves have been measured
in situ (Lee et al., 2006), observed in SAR images (Hsu et al.,
2000) and detected by optical sensors of the SPOT satellite
(Alpers et al., 2005). The energy sources of turbulence in YS
could be mainly attributed to the tidal bottom shear stress,
surface wind forcing and breaking and/or degeneration of
internal waves.

3.2.1. Central basin – Station S1
The time-depth variations of ε, N2, and KN at S1 are shown

in Fig. 6. High values of log10ε were found near the sea
surface, near the bottom, and just below the pycnocline
(Fig. 6a). Strong turbulence (log10εN−6.5 [ε is in W/kg]) in
the upper 10 m observed between t=0 and 9 h was due to a
combination of wind forcing (wind speed Wa=4.4 m/s;
friction velocity u⁎ss=0.5 cm/s) and nighttime convection
(buoyancy flux Jb=9.8×10−8 W/kg; note the measure-
ments started at midnight of September 20, t=0). Daytime
solar radiation and weakening winds (Wa=2 m/s) impede
the generation of surface turbulence during the afternoon to
early evening (t=12–20 h), and therefore the dissipation
level in thewhole upper 20-m layer dropped to a background
value (b10−9 W/kg). After the sunset, upon initiation of
nighttime cooling and convection (tN21 h), ε quickly rises to
Fig. 8. Temporal variations of unfiltered current components (uobs and vobs) and corr
near the seafloor (ζ=3.9 mab, upper panel), in the bottom boundary layer (ζ=12.9
panel). Owing to space constraints, only every thirtieth unfiltered (1 min averaged
~10−7 W/kg almost across the entire surface layer. The
variations of N2(z,t) across the surface layer are highly
correlated with the variations of ε(z,t); the periods of
relatively low (t=0–10 and tN21 h) and high (t=12–20 h)
N2(z) are well matched with the periods of high and low
dissipation, respectively (compare Fig. 6a and b). Parameter-
ization of turbulence caused by the combined effects of
winds and nighttime convection has been proposed by
Lombardo and Gregg (1989) and in a modified form by
Lozovatsky et al. (2005), but during the measurements at S1
and S2 mean stratification in the upper layer remained
weakly stable (N^ 2~10−5 s−2) even at night, and therefore
Eq. (2) is still suitable for estimating the eddy diffusivity KN

for the entire observational period. The diffusivity KN (Fig.
6c)was as high as 10−3–10−2m2/s during the nighttime, but
it rapidly decreased to 10−5–10−6m2/s inmidday because of
the restratification, daytime warming and low wind stress.
The weakest mixing (lowest KN) was observed in the sharp
pycnocline, z≈−18 to −25 m (Fig. 6c). Under these
conditions, Eq. (2) gives values close to the molecular
diffusivity KN~10−7 m2/s, and thus the assumption of
γ=0.2, which is the basis of Eq. (2), may not hold (e.g.,
Lozovatsky et al., 2006). This is specifically true if there is no
source of relatively strong shear that can support turbulence
in highly stratified layers. At S1, the position of the pycnocline
was almost flat (Fig. 6b), indicating low amplitudes of tidal
internal waves. The data do not allow analysis of internal
waves of higher frequency, but it is safe to assume that even if
such waves did exist, they were too feeble to produce
substantial vertical mixing. The latter may impede vertical
exchange of bio-chemical properties between the upper and
lower layers at S1. This situation is quite unusual for a
dynamically active, tidally-affected region, and it appears
that a combination of weak atmospheric forcing, high
esponding tidal components (utidal and vtidal) at three representative heights
mab, middle panel) and in the vicinity of the pycnocline (ζ=18.1 mab, lower
) current data point is shown in the plots.
:
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stratification and low internal-wave activity prevented
vertical exchange across the pycnocline. Note that local
generation of internal tides in the region is not feasible due to
almost flat bathymetry.

The relatively high dissipation 3×10−8–2×10−7 W/kg
associated with the diffusivity KN of ~10−5–10−4 m2/s for
N2=(8–16)×10−4 s−2 occurred in a 6–7 m layer just below
the pycnocline (compare Fig. 6a and b). The enhancement of
therein can arguably be associated with the propagation of
internal solitons of depression that appeared at the lower
boundary of the pycnocline. They affect the underlying layers
for a distance comparable to the amplitude of the soliton. A
similar phenomenon was observed in microstructure and
ADCP measurements reported by Lee et al. (2006) who noted
solitons of depression in the northern part of the East China
Sea with amplitudes of 6–7 m. The enhanced dissipation
underneath the pycnocline was also reported by van Haren
et al. (1999) in the North Sea and Rippeth (2005) in the Irish
Sea.

A distinct tidal BBL with strong turbulence (high dissipa-
tion) and intense mixing at S1 extended up to 12–14 mab
into the water interior. The dissipation and diffusivity
exhibited quarter-diurnal variations with a time lag at
various heights from the bottom (Fig. 6a,c). In the absence
of velocity measurements at S1, however, it is not possible to
comment on the turbulence generation mechanisms at this
station.

3.2.2. Local shelf break – Station S2
Microstructure and current measurements at the shal-

lower station S2 near a local shelf break (see Figs. 1 and 4)
started on September 25, within five days after completion S1.
The ADCP data were recorded for 25 h in parallel with a series
of MSS-60 casts, allowing the analysis of mixing and
turbulence at S2 in more detail. The dominance of tidal
currents at all levels of ADCP measurements at S2 (ζ=2.4–
19.6 mab) is evident from Fig. 7, where unfiltered (1 min
averaged) current components u and v show an asymmetric,
irregular tidal ellipse with an approximate main axis in
NNW–SSE direction. Two cycles of rotation of barotropic tidal
currents at the lower and upper boundaries of the pycnocline
are also shown in Fig. 7. The barotropic tidal current included
Fig. 9. The time-depth variations of the logarithm of turbulent kinetic energy dissip
(a), the squared buoyancy frequency (b), and the eddy diffusivity (c) at S2. The arrow
internal wave soliton of elevation.
all 6 major tidal constituents for YS. The asymmetry of tidal
ellipses led to irregular increase/decrease of the shear
stresses near the bottom with a quarter-diurnal cycle,
which, in turn, affected the intervals where high and low
turbulence intensities appear at various heights. The dom-
inance of tidal current is also evident in Fig. 8, where temporal
variations of the unfiltered current components (u and v) and
corresponding tidal components (utidal and vtidal) are shown
at three representative heights: near the seafloor
(ζ=3.9 mab), in the bottom boundary layer (ζ=12.9 mab)
and in the vicinity of the pycnocline (ζ=18.1 mab). No
inertial oscillations or other types of low frequency variations
were registered during the observational period.

Fig. 9 shows the time-depth variations of ε, N2, and KN for
S2, similar to those shown in Fig. 6 for S1. In addition, the
contours of the vertical shear Sh(z)=((du/dz)2+dv/dz)2)1/2

overlay the dissipation panel (Fig. 9a). The shear components
were calculated using smoothed components of ADCP
velocity ū and v ̄ after applying the second order Butterworth
low-pass filter with a cut-off wavenumber klp=0.13 cpm
(klp=0.2kN, where kN=(2Δz)−1 is the Nyquist wavenumber,
Δz=0.75 m). Only a few episodes of enhanced dissipation
(ε N10−7 W/kg) can be detected in the upper layer near the
sea surface (Fig. 9a),whichwere inducedbyshortwindbursts.
In contrast to S1, near-surface turbulence does not show clear
diurnal cycle. The stratification in the upper layer (Fig. 9b)was
almost unaffected by turbulence (N2=(1–2)×10−4 s−2).
Verticalmixing away from the sea surfacewas veryweak,with
KN~10−6 m2/s, rising to 10−5–10−4 m2/s near the surface
(Fig. 9c).

Thepycnocline at S2wasas strongas that at S1 (N2N0.02 s−2)
but narrower (only 2–3 m), and it was affected by tidal internal
waves (Fig. 9b). The mean magnitude of vertical pycnocline
displacement was ~4 m over a period of ~6 h. A hint of
semidiurnal cycle evident from the pycnocline displacements
suggests a wide spectrum of internal oscillations influenced not
only by the tidal internal waves but also waves of higher
frequencies. The energy-preserving frequency spectra fEUr

(f)=
0.5[fEUr

+fEvr] of horizontal tidal residuals ur and vr indeed
shows several statistically confident maxima (Fig. 10) that
indicate quasi-sinusoidal internal waves with periods of ~43, 18,
14, and 11 min. The most energetic maxima were observed
ation rate overlaid by the marked (log10[Sh (s−1)]=−2.3) contours of shear
in panel (b) points to the pycnocline displacement presumably caused by an
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close to the seafloor (ζ=3.9 mab) whereas the weakest
motions were in the vicinity of the pycnocline (ζ=18.9 mab).
This is in agreement with the eigenfunctions of horizontal
velocities of linear internal waves (not shown) calculated from
the averaged profile of N^ 2(z) shown in Fig. 5b.

In addition to ever-present linear quasi-sinusoidal waves,
a sharp and short-lived (~1 h) vertical distortion of the
pycnocline was observed around t=23 h (see Fig. 5b), which
could be caused by the passage of an internal soliton of
elevation with an amplitude of ~4–5 m. Note that the mean
depth of the pycnocline was at z=−20 m (ζ=18 mab) and
the mean thicknesses of the upper and lower quasi-homo-
geneous layers were h1=20 m and h2=18 m, respectively.
The observations indicate that traditional soliton of depres-
sion of the open sea (h2NNh1) can transform to a soliton of
elevation (h2bh1) near S2 as it propagates onshore. This
soliton, however, was not captured in detail because of the
coarse sampling rate of our profiling measurements (1-h
bursts of 3 consecutive casts), but the unusual jump up of the
whole pycnocline at t~23 h and its relaxation to the same
depth at t~24 h suggest the possibility of its existence.

In contrast to S1, the entire layer between the pycnocline
and the seafloor at S2 was completely turbulent. The
magnitude of ε therein varied in time but the dissipation
was always above 10−8 W/kg, increasing up to 10−6 W/kg
near the seafloor during the periods of maximum tidal
magnitudes (Fig. 9a). The influence of tidal periodicity on
the generation of near-bottom turbulence is clear from the
dissipation and diffusivity plots (Fig. 9a, c). The contours of
equal shear below the pycnocline in Fig. 9a (log10Sh=−2.3 [Sh
is in s−1]) exhibit inclined zones of alternative increase and
decrease of ε suggesting that the BBL turbulence is governed by
tidally-induced shear at the bottom,whichpropagates upwards
with a phase speed of 5–6 m/h. This is in agreement with the
estimates of shear propagation reported in Lozovatsky et al.
Fig. 10. The energy-preserving spectra fEUr
of horizontal tidal residuals at S2 near th

maxima (1–4) indicate internal oscillations of periods~43, 18, 14, and 11 min, respe
(2008a) for a region in YS with approximately the same depth
(38 m) as that at S2.

Three series of vertical profiles of Sh2(ζ),ε(ζ), and Ri(ζ),
where Ri=N2/Sh2 is the gradient Richardson number, are
shown in Fig. 11 between the first level of ADCP measure-
ments and the upper boundary of the pycnocline (ζ=3–
20 mab). The ADCP shear was calculated with a 1 m vertical
resolution in order to match the ε and N2 profiles and obtain
Ri at the same levels as those of ε and KN. The Sh2, ε and Ri at
every height varied over an order of magnitude due to the
variation of the magnitude of tidal current. In the pycnocline
(ζ=15–20 mab), the range of Ri variation was about
4 decades (see also a wide range of N2 variability in the
pycnocline in Fig. 5b). The profiles in Fig. 11 show two sub-
layers below the pycnocline. These are the sheared near-
bottom layer (ζb8 mab) where both Sh2 and shear-induced
dissipation decrease upwards and an intermediate sub-layer
from ζ=8 mab to the lower boundary of the pycnocline. In
the near-bottom sheared layer, the gradient Richardson
number, as expected, decreases towards the seafloor and lay
below unity most of the time, in particular Rib0.25 near the
bottom. In the intermediate sub-layer, all variables were
almost constant with ζ suggesting an equilibrium state. This
state was discussed by Strang and Fernando (2001a) where
under certain conditions the stratification and shear adjust to
achieve the maximum mixing efficiency. In the pycnocline,
where the gradient Richardson number was mostly much
above critical, the dissipation decreased with height, accom-
panied by an increase rather than a decrease of shear. This
increase of shear is a common feature in stratified flows under
RiN1 conditions. Because of the damping of turbulence, the
momentum cannot be vertically transferred and thus the
shear tends to increase (Pardyjak et al., 2002). The increase of
Sh2 was also associated with a specific shape of the velocity
profile that contained a maximum below the pycnocline.
e bottom (ζ1), in (ζ3) and below (ζ2) the pycnocline. Several distinct spectra
ctively.
l



Fig. 11. A series of vertical profiles of the squared shear (left), the dissipation rate (center), and the gradient Richardson number (right) at S2. The upper boundary
of the near-bottom shear layer (ζ=8 mab) and the lower boundary of the pycnocline (ζ=15 mab) are depicted by long and short dashed lines, respectively.
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Various mechanisms that can lead to the formation of such
vertical structure of tidally-dominated currents in YS were
discussed in Lozovatsky et al. (2008a).

A contour plot of the time-depth variation of Ri at S2
(Fig. 12) shows that near the seafloor there is a high potential
for shear instability (Rib0.25) during the high-magnitude
phase of tidal currents (approximately 3 h long for each
semidiurnal period). Because the bottom-generated shear
decreased upwards, the Richardson number increased with ζ,
but at all heights from the bottom up to the lower boundary of
the pycnocline Ri is still below unity. When the magnitude of
the tidal current decreases, phases of higher Richardson
number emerge (see the light-colored, vertically inclined
bands in Fig. 12), lasting approximately the same 3 h as the
low-Ri phase. The tidal-induced alterations of low and high Ri
segments in Fig. 12 match well with the corresponding
periods of higher and lower dissipation rates in Fig. 9a. These
Fig. 12. The logarithm of gradient Richardson number at S2. A quarter-diurnal periodic
Note a dark strip of low Ri at t~23 h above ζN14mab, which “penetrates” the pycnoclin
internal wave soliton (see text for details).
observations support the notion that the generation of
turbulence in the entire BBL at S2 was mainly driven by
shear instabilities of tidal currents.

In the pycnocline, where Ri was generally high (the light-
gray wavy band above ζ~15 mab in Fig. 12), a darker strip of
low Ri (b1 and even b0.25) can be easily identified at t=22–
23 h. This strip of low Ri appeared exactly at the same time
when a sharp displacement of the pycnocline was observed,
presumably due to the passage of a soliton of elevation
through the observational site (see Fig. 9b). Although this
episode was not captured in detail by profiling data, the ADCP
velocities definitely showed a substantial increase of w
between t=22 and 23 h (Fig.13). The highest positive vertical
velocities were observed at the pycnocline depth, but the
influence of the solitonwas also detectible near the seafloor in
agreement with Diamessis and Redekopp (2006). The tidal-
induced variations of the near-bottom pressure Pbtm, which in
ity of the regions with Rib1 and RiN1 is highlighted by the isoline log10(Ri)=0.
e (light-colored zone above ζ=15mab). This may be due to the instability of an



Fig. 13. A contour plot of the vertical ADCP velocity and the variations of bottom pressure Pbtm (the high-frequency record – thin line; the tidal trend – thick line)
during the soliton episode of Fig. 9 (t=23 h).
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turn is ameasure of the sea surface elevation (see Fig.13 where
a segment of Pbtm overlays the w(z,t) contour plot), suggest an
increase ofw and a corresponding lift of the pycnocline during
Fig. 14. Hourly profiles of the dissipation rate ε(z) that included the soliton episode a
t≈22.5–24.5 h is given in the background. The depth range containing the pycnocl
the low tide. The tidal vector of 0.30–0.35 m/s was directed
offshore to the east across the isobaths, but direction of the
soliton propagation could not be estimated. Lee et al. (2006)
t t≈23 h at S2. The density contour plot of pycnocline displacement between
ine is chosen to emphasize the event.
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reported a series of internal solitons of depression in the East
China Sea, specifically associated with the periods of low
barotropic tide. The fact that sharp pycnocline distortions
described here was also observed during the phase of low tide
provides further support for the hypothesis that the passage of
an internal soliton of elevation could be responsible for the
observed phenomenon. The soliton was accompanied by a
significant increase in vertical shear, leading to a low-Ri zone
across the pycnocline (Fig. 12) and hence to hydrodynamic
instabilities and the generation of turbulence. A jump of
the dissipation rate by almost an order of magnitude (ε~2×
10−8W/kg),whichhappenedat t=23h in thedepth range 16–
20m(Fig.14), suggests that the soliton intensified turbulence in
the pycnocline. The turbulent kinetic energy gradually dis-
sipated approximately over 2 h (ε~(4–6)×10−9 W/kg at
t=24 h) to achieve the background level of ε, which was
observedpriorandafter theevent (e.g., ε~(2–3)×10−9W/kgat
t=21, 22, and 25 h). Short observational period of ocean
currents and insufficient sampling rate of microstructure
measurements limited our analysis on internal waves and
turbulence in the region. The issue of soliton generation and
their effect on microstructure and waves will be explored in
future field experiments.

4. Summary

During a field campaign in the Yellow Sea that included
microstructure profiling at two anchored stations in late
summer, two distinct regimes of turbulence andmixingwere
observed. One stationwas located in the deeper central basin
and the other near a shallower local shelf break. The
microstructure measurements at the shallower station
were augmented by a bottom-mounted ADCP. Weakly
stratified surface and bottom boundary layers separated by
a narrow pycnocline were observed at the end of the warm
season. Under weak winds, the surface-layer turbulence was
mainly driven by the diurnal cycle of buoyancy forcing at the
sea surface (higher mixing at night and vise versa). In
contrast to the wintertime, when the stratification is
destroyed by stormy winds and deep convection, thus
allowing momentum to transfer over the entire water
column (Lozovatsky et al., 2008a), no influence of tidal
forcing (tidal shear) was detected in the upper layer of the
stratified water column in late summer. On the other hand,
the bottom stress due to barotropic tidal currents dominated
turbulence near the seafloor. In the deeper (73 m) waters of
YS central basin, enhanced rate of dissipation ɛ and vertical
diffusivity KN were observed up to ζ=10–15 mab. At
shallower depths (38 m), near a local shelf break, the
tidally-induced turbulence completely occupied the lower
part of the water column up to the pycnocline (ζ~15–
18 mab). A quarter-diurnal periodicities of ɛ, with varia-
tions in the range 5×(10−8–10−6) W/kg, and KN (10−5–

10−2 m2/s) were observed at different heights with a time
lag of ~5–6 m/h. The gradient Richardson number in the
lowest 8 m was below unity 70% of the time, and it was
less than 0.25 about 20% of the time, indicating shear
instabilities near and above the seafloor.

During the observational period, the deeper-water pycno-
cline in the central basin was essentially non-turbulent, and
no internal-wave activity was detected. As such, vertical
fluxes across the pycnocline decreased to molecular levels,
retarding the vertical exchange of nutrients and oxygen
between the surface and bottom boundary layers that could
negatively affect the bio-chemical balance in the region.

On the other hand, internal waves of various periods were
observed throughout the whole water column near the local
shelf break. Quasi-sinusoidal waves of ~43, 18, 14, and 11 min
periods produced distinguished peaks in the energy spectra of
horizontal tidal residuals, specifically close to the seafloor. In
the pycnocline, turbulence was intermittently preceded by
short periods of the decrease of Ri probably due to internal
wave breaking. A sharp displacement of the pycnocline with
amplitude of ~4 m, which was observed during the phase of
low tide, was attributed to the passage of an internal solitary
wave. The higher thickness of the upper layer compared to the
lower layer appears to have created favorable conditions for
the generation of a soliton of elevation near the local shelf
break. The enhanced shear associated with this internal
soliton led to Rib0.25 across the pycnocline, thus enhancing
the turbulence to ε~2×10−8 W/kg, which is about ten times
of the background ε observed before and after the event.
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