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Abstract The microstructure measurements taken during
the summer seasons of 2009 and 2010 in the northern
South China Sea (between 18°N and 22.5°N, and from
the Luzon Strait to the eastern shelf of China) were used
to estimate the averaged dissipation rate in the upper
pycnocline (g,) of the deep basin and on the shelf. Linear
correlation between (c,) and the estimates of available
potential energy of internal waves, which was found for
this data set, indicates an impact of energetic internal waves
on spatial structure and temporal variability of (¢,,). On the
shelf stations, the bottom boundary layer depth-integrated
dissipation £gpy reaches 17-19 mW/m?, dominating the
dissipation in the water column below the surface layer.
In the pycnocline, the integrated dissipation €, was mostly
~10-30 % of gpL. A weak dependence of bin-averaged
dissipation € on the Richardson number was noted, according
t0 2 =¢¢+ MIJW , Where € + €, is the background
value of € for weak stratification and Ri.=0.25, pointing
to the combined effects of shear instability of small-scale
motions and the influence of larger-scale low frequency
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internal waves. The latter broadly agrees with the MacKinnon—
Gregg scaling for internal-wave-induced turbulence
dissipation.
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1 Introduction

The northern South China Sea (SCS) has a deep (>2,000 m)
central basin and a wide continental shelf of depths less than
200 m. In recent years, the deep northern basin of SCS has
been actively investigated for generation, propagation, and
breakdown of large-amplitude nonlinear internal waves
(NLIW) (e.g., Orr and Mignerey 2003; Duda et al. 2004;
Gawarkiewicz et al. 2004; Duda and Rainville 2008; Huang
etal. 2008; Ramp et al. 2010; Alford et al. 2010; Farmer et al.
2011). Internal waves (IW) and mixing in this region are
strongly affected by barotropic tide and main patterns of
SCS circulation, which are coupled to short-term variations
of atmospheric forcing. In particular, such powerful events as
tropical cyclones (typhoons) in the western Pacific and China
Seas, frontal dynamics, and the bottom topography that con-
trols water exchange between shallower and deeper basins
play key roles.

The tidal currents in SCS rotate clockwise, being driven by
the diurnal O, and K; constituents over the upper slope and the
semidiurnal constituent M, over the shelf (Beardsley et al.
2004). The semidiurnal S, constituent is also enhanced on the
shelf, but it is always weaker than O; and K;. Mesoscale eddies
of various sizes have been observed in the northern SCS, near
Dongsha Islands, and to the west of the Luzon Strait.

High-amplitude NLIW generated in the Luzon Strait region
propagate northwestwards (Huang et al. 2008; Simmons et al.
2011). Basic characteristics of NLIW have been obtained
using SAR images (e.g., Liang et al. 1995; Hsu et al. 2000;
Liu and Hsu 2004; Huang et al. 2008) and mooring measure-
ments (e.g., Duda et al. 2004; Yang et al. 2004; Lien et al.
2005; Chang et al. 2006; Duda and Rainville 2008; Alford
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et al. 2010; Ramp et al. 2010; Li and Farmer 2011). The
NLIW are mostly observed between 19°N and 22°N, with
crest lengths ~100-250 km, propagating speeds ~0.3—3.0 m/s,
and amplitudes ~2—150 m. About 70 % of annual IW signa-
tures on SAR images were observed in the summertime while
a seasonal minimum (only 1 %) was registered in the winter
(Huang et al. 2008). Spring and autumn appear to be transient
periods with IW occurrences of 18 and 11 %, respectively.
Such striking seasonal variations can be attributed to a
shallower and sharper summertime pycnocline, which favors
the IW activity much more than its deeper winter counterpart.
Wintertime mixing diffuses the density gradients, and there-
fore reduces the horizontally propagating IW energy due to
weaker generation.

The first reported microstructure measurements near the
SCS northern shelf break (St. Laurent 2008) were taken
during the late winter-monsoon season, in the background of
a deep pycnocline. The IW field observed on the shelf break
was more complex than soliton-like depression anomalies
observed in other seasons (Orr and Mignerey 2003; Duda
et al. 2004; Klymak et al. 2006) and in other regions, such
as the Virginia (Nash et al. 2004), New England (e.g.,
MacKinnon and Gregg 2003, 2005), and Oregon (e.g.,
Moum et al. 2007) shelves as well as in the European shelf
seas (e.g., Rippeth et al. 2005; Inall et al. 2011). A high-
amplitude internal wave in SCS near the Dongsha Plateau,
which generated density overturn of about 30 m high, with the
measured dissipation rate of 10~ W/kg and induced mixing in
the pycnocline, was characterized by a diffusivity exceeding
102 m? s~' (St. Laurent et al. 2011). The column-integrated
turbulent kinetic energy (TKE) dissipation rate € ~ 50 mW/m®
was about an order of magnitude larger than the pure frictional
dissipation of local barotropic tide. Note that the integrated
dissipation over large areas of SCS could be much higher in
the summertime. Because of the observed seasonal variability
of IW, the IW-related mixing in SCS is expected to have
strong seasonal as well as regional variability. Enhanced
mixing in the SCS pycnocline in the vicinity of the Luzon
Strait has already been reported by Tian et al. (2009).

In this paper, we study the variability of turbulence in the
upper pycnocline of the Luzon Strait, in the central deep basin
of the northern SCS, and over a wide shelf along the south-
eastern coast of China based on the microstructure and ac-
companying shipboard acoustic Doppler current profiler
(ADCP) measurements conducted during the summer seasons
0f 2009 and 2010. The observations and details of data pro-
cessing are described in “Observations and data processing”
section. The layer-averaged dissipation rates (¢, in the upper
pycnocline are discussed in “The dissipation rate in the upper
pycnocline of the deep basin” section, and the contribution of
pycnocline and boundary layers to the integrated dissipation
on the shelf is estimated in “Turbulence on the shelf and near
the shelf break™ section. In “Scaling of TKE dissipation in the
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pycnocline” section, the mean dissipation in the pycnocline is
linked to the Richardson number; a parameterization of (e,
suggested by MacKinnon and Gregg (2003) is also evaluated.
Discussion and summary of the results are given in
“Summary” section.

2 Observations and data processing

The measurements in SCS were conducted in 2009 (July 25—
August 13) and 2010 (May 17-21) at the stations shown in
Fig. 1 by red and magenta circles, respectively. At across-shelf
sections, 24 stations are marked with E, A, and S. In 2010, six
stations were taken across the Luzon Strait (LS hereafter) and
another eight stations (O1-08) were located ~30 and 60 mi to
the west (see Fig. 1). The maximum depth of each cast was
limited by the depth of the ocean floor on the shelf or by the
length of a tethered cable in deep waters (usually reaching
Zmax~160 m).

As a protocol, three consecutive casts of the MSS-60
profiler (Prandke and Stips 1998) were launched at each
station to obtain the burst-averaged profiles of temperature
T(z), salinity S(z), potential density o,(z), and the TKE
dissipation rate €(z). The averaging reduces the short-term
variations of stratification and turbulence at various depths
(the vertical coordinate z is positive downwards). The interval
between individual casts was 3—5 min at shallow stations and
8-10 min at the deeper stations. The MSS-60 carried two
parallel airfoil (PNS98) sensors, a fast-response temperature
sensor (FP07), three standard CTD sensors, and an acceler-
ometer. The sampling rate for all sensors was 1,024 Hz, thus
enabling the measurement of small-scale shear with a vertical
resolution of ~6 mm for a typical falling speed of ~0.65 m/s.

The dissipation rate computations followed a well-
established methodology (e.g., Stips 2005; Lozovatsky et al.
2005; Roget et al. 2006; Liu et al. 2009). High-amplitude spikes
were detected and removed using an iterative procedure. The
low-frequency variations of shear signal and the 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
300 cpm, respectively. The spectral densities of denoised
small-scale shear signal of the airfoil probe were fitted
with the Nasmyth spectrum at every 1-m segment of the
vertical profile, and ¢ was calculated by integrating
those spectra and using a standard isotropic formula
e =7.5v(du'/dz)* , where v is the kinematic viscosity
of seawater. The noise level of the MSS dissipation estimates
is about 10~° W/kg (see the shear spectra in Liu et al. 2009).
All sensors of MSS-60 were recalibrated before and after each
cruise. The lowest registered level of ¢ on the shelf and in the
upper layer (z<160 m) of deep waters was 7x10 ° Wikg,
which could be related to high seasonal activity of internal
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Fig. 1 Stations of the 2009 (red) and 2010 (magenta) cruises. The white square indicates the measurement site of St. Laurent (2008)

114°E

waves in the SCS summer pycnocline (Huang et al. 2008); the
effect of possible slightly above-average contamination of
shear signal by instrument vibration, however, could not be
eliminated.

The mean shear, Sh = \/ (Al Az)? 4 (AV/ Az)* , where
u(z) andv(z) are meridianal and zonal components of mean
horizontal velocity, was calculated with Az=8 m due to the
limitations of a shipboard 300 kHz ADCP, which was used in
the year 2009 cruise. Here, the mean velocity is defined as the
initial 1-min averaged ADCP signal, subsequently averaged
over the time intervals of MSS measurements (~10 min). The
squared buoyancy frequency N? was estimated using the
reordered potential density profiles at the same segments as
those used for S% and the corresponding Richardson numbers
Ri=N?/Sh* were calculated. No ADCP data are available for
2010 cruise because of an instrument malfunction.

3 The dissipation rate in the upper pycnocline of the deep
basin

A series of 0 y(z) profiles at the LS transect (Fig. 2a) shows the
boundaries of the segments selected for the calculation of
Zend

=)

Zend ™ Zi 2z
i

averaged dissipation rate in the pycnocline (&,) =

dz between an initial z; and ending z.,q depths are shown.
The same approach (see the caption of Fig. 2) was used at all
other deep-water stations. The individual e (z) profiles (exam-
ples in Fig. 2b, c) were also employed in the selection process

116°E

—-4000
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to clarify z;. The lower boundaries of selected segments z g
were identified by the depths where the data deviate from the
linear sections of o y(z) profiles.

The thickness of the selected pycnocline segments
hy=zeng — z; varied in deep waters between 67 and
147 m, with 101 m on the average. On the shelf and shelf
break, the corresponding numbers are 18, 68, and 34 m and
29, 93, and 70 m, respectively. The boundaries of the selected
segments at all stations with 4, >18 m are shown in Fig. 3,
along with the estimates of (¢,,) in the pycnocline at each
station. The station numbers in this plot are arranged from
section E to section S for 2009 transects (shallower stations
first), and from the southern stations (O1 and O8) of the most
western 2010 transect and LS6 of the LS transect to the most
northeastern station LS1 (see Fig. 1).

Note that an individual 1-m averaged dissipation sample
€(z;) is estimated with a typical error of 50 % (e.g., Roget et al.
2006). Thus, the error of the mean value (e, calculated over
the segments of 67-147 m long should not exceed 4-8 %,
allowing statistically robust comparison of (¢, at different
stations.

Figure 3 shows that the averaged dissipation rate (¢ ,) in the
pycnocline on the shelf is (3—6)x 10~® W/kg, which is about
two to three times lower than that near the shelf break, where
(epy wWent up to 1.7x 10~7 W/kg. The maximum dissipation
(ep)™™=1.3x10"" W/kg in the deep-water pycnocline was
observed at LS3 in the center of LS (Figs. 1 and 3), where
strong IW are generated (Lien et al. 2005; Klymak et al. 2006;
Jan et al. 2008; Alford et al. 2010, 2011). It appeared that the
11 deep-water (H>500 m) stations taken in 2009 mainly to
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Fig. 2 a The potential density profiles across the Luzon Strait from the
northern station LS1 to the southern station LS6 (see map in Fig. 1). The
straight lines show the approximately linear segments of oy(z) in the
pycnocline selected for the calculation of (e ) at this transect. The upper

the south of ¢ =20°N showed consistently lower level of (¢ ,)
compared to all the 14-year 2010 stations taken either at or to
the north of o =20°N (see also Liu and Lozovatsky 2012). It
was hypothesized and later confirmed by in situ measure-
ments (Ramp et al. 2004) and SAR images (Zhao et al.
2004; Zheng et al. 2007; Huang et al. 2008) that the dominant
direction of internal wave propagation in the northern SCS is
from LS to the west—northwest. The westward propagation of
NLIW originated at LS has also been supported by numerical
simulations of Shaw et al. (2009) and Buijsman et al. (2010).
Although (e ,) at each of the 2010 stations is larger than (e ,)
at all but two of the 2009 stations, relatively small number and
short duration (less than 1 h at each station) of profiling mea-
surements preclude us of making definitive conclusions about
this difference, which could be caused by a variety of factors.
Many large-scale overturns that could locally increase the
dissipation rate by an order of magnitude (Liu et al. 2009) or
more were missed in our measurements. These powerful events
are likely to occur only sporadically (once or twice) during the
tidal cycle (see Lee et al. 2006; Liu et al. 2009), but they can
substantially elevate the dissipation level in the pycnocline.
Extreme-amplitude NLIW are more probable in the northwest-
ern part of the SCS than in the south because of the predominant
propagation of NLIW from LS to the west and northwest (Lien
et al. 2005; Klymak et al. 2006; Jan et al. 2008; Alford et al.
2010, 2011; Ramp et al. 2010; Cai et al. 2012).
Wind-induced inertial oscillations, which dissipate within
the pycnocline, can induce intermittent mixing raising the
possibility that (¢ ,) variability can be due to the relative phase
of inertial oscillations (e.g., Burchard and Rippeth 2009; van
der Lee and Umlauf 2011). The phases of inertial oscillations
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depths of the segments are specified by the intersection points between
the approximations and the data. The upper z; and lower z,4 depths for
LS2 are shown as an example; b, ¢ the dissipation profiles log ¢ (z) at
LS3 and LSS5, respectively; the depth axes are the same as in (a)

(when/if they exist) are unknown for this data set, but it is
highly plausible that they are different at different stations,
not biasing the data too much. Some effects of inter-seasonal
and tidal (spring-neap) variability can also contribute to the
observed spatio-temporal variability of (¢,,) in the northern
SCS.

To verify the hypothesis that variations of (¢ ,) in the north-
ern SCS are mainly associated with the variations of IW energy,
we calculated the available potential energy (APE) of IW per
unit mass Prw=1/21/7(N?), (e.g., Scotti et al. 2006), where .,
is a characteristic amplitude of the vertical displacements
n(z) in the pycnocline, 1 ,=rms(n). Propagating internal
waves produce reversible perturbations of density profiles (the
so-called wave-induced reversible fine structure) (Fedorov
1978), which can be characterized by the density disturbances
P (2) = p(z)—p(z) . Dividing p ¢ by the mean density gradient
in a selected layer of the pycnocline, 7(z) was estimated (e.g.,
Fedorov 1978; Lozovatsky et al. 2003), from which ), and
P1w can be calculated. Here, p(z) is a low-pass-filtered density
profile. The filter cutoff wavelength that separates the mean and
fine-structure (IW-induced) components, A.,=8 m, was cho-
sen following the temperature gradient spectra of Gregg (1977)
and the composite shear spectrum of Gargett et al. (1981),
where NLIW energy cascade to turbulence occurs at vertical
wave numbers 10~ <k<1 cpm (k~n""). A characteristic value
of 14,,, which depends on the choice of A, ranged between 2
and 4 m exceeding 5 m only at a few stations. This eliminates
the contribution of high-amplitude (k<<10"' cpm) solitary
waves to Prw. As such, Prw should be considered as an
approximate estimate of APE of the background internal wave
field at each station.
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The (e,,) samples showed a generally increasing trend with
Py, which is presented in Fig. 4, where individual samples of
(ep) are plotted versus Py at every station as well as the bin-
averaged (over three points along Pyw) estimates of the dissi-
pation and APE of IW. It appears that (c,) and Py are
reasonably well correlated (+2=0.72), particularly for bin-
averaged samples. The regression can be specified in terms
of a background dissipation rate €, Pw, and a characteristic
time scale of APE dissipation 7,pg as follows:

(ep) = €0 + Piw/TapE, (1)
where £ =3.12x10"% W/kg (or mz/s3) and 7apg~5.8 h. If the
total energy of the buoyancy induced internal waves
Ew=(KwtPw) is equally portioned between potential and
kinetic Ky energies (Philips 1966), then Eq. (1) suggests that
Ew of background IW field in the pycnocline for this case
dissipates with a time scale Tiw= (K tw+Pw)/c ) of approx-
imately 12 h, increasing €  proportionally with the IW energy.

Station number

The background level of the dissipation is relatively high,
possibly associated with the dissipation of the kinetic energy
of both IW and turbulence generated by various mechanisms

12 —

E 3

/\';

w —

\%

(=

S 4

0 B S B B O R S
0 2 4 8 10 12

10°P,, [m>s?]

Fig. 4 Averaged dissipation rate in the pycnocline (¢,) vs. the APE of
internal waves Py at all 38 stations. The straight line is a linear regres-
sion for bin-averaged (filled) samples. The regression parameters are
given in the text
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to be discussed in “Scaling of TKE dissipation in the
pycnocline” section.

4 Turbulence on the shelf and near the shelf break

Enhanced turbulence at and near the shelf breaks has been
observed in many regions (e.g., Inall et al. 2000; Sharples et al.
2001; MacKinnon and Gregg 2003; Carter et al. 2005;
Rippeth et al. 2005; Lee et al. 2006; Liu et al. 2009;
Schafstall et al. 2010). The only measurements of £(z) at the
shelf break of SCS have been reported so far by St. Laurent
(2008), St. Laurent et al. (2011) and Liu and Lozovatsky
(2012). In our study, the estimates of the averaged dissipation
(ep) on the shelf were obtained between the well-defined
upper boundary of BBL and the lower boundary of the
surface mixed layer 4 (examples are given in Fig. 5). In

A6 .
o, Iugw[E Wkg )|
-20 —
30 - -
=40
60
=70
-80
21....22....2:3....2:4 9_8_7_6
E602 i
LA |ogln[E (Wkg )
—205_
40-
—60-:. L
zn . 2] 2223 24 _9 _s S ? - _6

Zend

addition, the depth-integrated dissipation rate €, = | pe(z)dz,

where p is the water density, was calculated in the pycnocline
and in BBL.

4.1 Geometry of SL, BBL, and pycnocline

To estimate the relative contributions of three major layers to
the depth-integrated dissipation on the shelf, the thicknesses
of BBL, pycnocline, and SL as well as the fractions of the
entire water column occupied by these layers were analyzed
first. Figure 6a shows that the characteristic height of BBL is
about 10 m (max Aggp=27 m), the mean and median depths
of SL are 14 and 8 m (max /g =44 m), and the corresponding
numbers for the thickness of the pycnocline /, are 29 and
22 m. The fractions of the water column occupied by BBL,
pycnocline, and SL (Fig. 6b), on the average, are 0.23, 0.53,

5103 -1
a ]Dth: Wkg )]

-50 E
i =
! B
=60 a
~70
—80
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e
_ E
8 =
I 2
]
r a
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Fig. 5 Examples of the potential specific density and the dissipation rate profiles on several shelf stations. The dotted lines show the upper and lower

boundaries of the pycnocline segments selected for calculation of (¢ ,)
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Fig. 6 Thicknesses of the BBL,
pycnocline, and SL on the shelf
(a) and the fractions of the water
column (b) occupied by these
layers (bars). The station names
are given above the stepped line
that shows the depth H of the
seafloor (right axis). The data in
the plot are arranged from the
deeper to shallower stations
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and 0.24, respectively. The variation coefficient (rms/mean) is
smallest (0.28) for the ratio 4 ,/H; larger (0.43) for hgg/H;
and the largest (0.76) for 4 sy /H. The latter reflects the fact that
the depth of SL across the shelf is constantly affected by
variable sea-surface fluxes but not the water depth. On the
shelf, the pycnocline thickness /,, is reasonably well correlat-
ed with the water depth H (see the regression statistics in
Fig. 7). This is not the case for gy, and more so for /g;.
Although a linear regression of 4, vs. H holds for the com-
plete set of shelf stations [with slightly different compared to
Fig. 7 regression coefficient (0.55) and a lower r2=0.86], we
have limited our further analysis to 10 relatively deep stations
(H >50 m) with a fairly wide pycnocline (% ,>18 m) to ensure
statistical reliability of integrated estimates of € and other
variables in BBL and pycnocline. The samples from these
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Fig.7 Thickness of the pycnocline %, vs. the seafloor depth / at 10 shelf
stations with // >50 m and /2, >18 m. A linear regression with the 95 %
confidence bounds and the coefficient of determination 2 are given in the
plot, not accounting for St. 208, which appears to be an anomaly
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stations are shown in Fig. 7. The observed correspondence
between /,, and H could be linked to smaller phase speeds
and group velocities of high-amplitude IW in shallower
waters compared to the deep ocean. The lower energy den-
sity in the stratified interior reduces the potential for turbu-
lence and mixing that is responsible for widening of the
pycnocline.

The positive correlation between the pycnocline thickness
and a characteristic bulk buoyancy scale Ly = Eé/ 3/(N )p
(Fig. 8) supports the assumption that %, is predominantly
influenced by internal mixing in the pycnocline rather than by
turbulence in the surrounding boundary layers (Turner 1973).
Here, €, = €,/p . In nine out of ten shelf stations, /,, shows a
growing trend with Ly . It appears that at St. A5 the pycnocline
was eroded by strong wind-induced mixing that caused deep-
ening of SL to more than 40 m, therefore reducing 4.
Simultaneously, an elevated dissipation rate was regis-
tered in the pycnocline at AS.

4.2 Integrated dissipation on the shelf

The depth-integrated dissipation rate €, in the pycnocline is a
function not only of (z) but also of the integration range
(Zena—2 1), which cannot be firmly specified in deep waters. On
the shelf, however, the upper and lower boundaries of the
pycnocline sandwiched between SL and BBL are usually well
defined (see Fig. 5), thus making the depth-integrated dissi-
pation rate £, a representative measure of the turbulence
intensity in stratified interior.

The estimates of dissipation rate integrated over the thick-
ness of SL €g;. , pycnocline €, , and BBL g at selected
shelf stations are shown in Fig. 9 (stacked bars), along with the
ocean depth and the BBL thickness. The relative contribution

! | L
_| @5208 |
75 7
_ / L
/
60 — @s204 4 -
/
— ] / As [~
E Y c
- 45 — ©5206/ I
= | / @E602 -
30 ’
— P -
s10. @E601
i A7 /3.5102 B
_ ®he
154 - —
T [ [ T [
0.2 0.4 0.6 0.8
T,=%"/<N>, [m]

Fig. 8 The pycnocline thickness /2, vs. the bulk buoyancy scale L, at
selected shelf stations. The dashed line is a least squared approximation
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R. =ZgpL/(CeBL +€p) ofppL to the total depth-integrated
dissipation in the water interior (excluding SL) is in Table 1.
Note that gy, was estimated by extrapolating e (z) profiles
from the cast end point down to the seafloor (specifically to
0.05 m above the bottom) using the law-of-the-wall (LofW)
formula € (H—z)=u3/k(H-z) for the lower 2-3 m of the
water column (k=0.4 is the von Karman constant). The
corresponding estimates for the friction velocity u , are given
in Table 1. The applicability of LofW in a well-mixed near-
bottom turbulent layer have been reported for the East China
Sea (Lozovatsky et al. 2008a, b, 2012) and other regions
(e.g., Simpson et al. 1996; Lueck and Lu 1997; Sanford and
Lien 1999; Moum and Nash 2000; Elliott 2002; Perlin et al.
2005; Umlauf and Ameborg 2009; van der Lee and Umlauf
2011).

Note that g, is overwhelmingly affected by wind mixing,
varying from ~0.3 mW/m? (S204) to 14.9 mW/m? (E602).
The fraction of the dissipation in SL (excluding upper 5 m) is
as low as 9 % and as high as 70 % of that over the entire water
column. Our focus, however, is on the pycnocline and BBL,
while g1 is presented here only for completeness.

As shown in Fig. 9 and Table 1, gy on the shelf
dominates over the integrated dissipation in the pycnocline
€p . The absolute values of €ggr  vary from 3.7 (S206) to
18.7 (S102) mW/m?. Except at St. A5, egpr takes more than
70 % of the combined dissipation (EgpL + €p) , but often it is
close to 90 %. Only at St. AS, €gpr. is equal to €, , because of
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Fig. 9 The integrated dissipation rates at shelf stations (AS, ... S208) in
the pycnocline €, and SLEg (excluding upper 5 m). They are stacked
over the integrated dissipation in BBL gpr. . A combined height of the
three bars at every station gives the total integrated dissipation of the
water column below z=5 m. The depth of the seabed H and the height of
BBL /gy are also shown in the plot
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Table 1 The estimates of friction velocity u,. for selected shelf stations
based on extrapolation of ¢ (z) profiles down to the seabed using the law-
of-the-wall model

Station u,x10°, m/s R. =i/ (EaaL +5p)
A5 4.72 0.50
A6 6.01 0.92
A7 4.58 0.89
E601 5.54 0.84
E602 6.61 0.87
S102 6.72 0.97
S103 6.52 0.91
S204 6.56 0.96
S206 3.89 0.71
S208 5.14 0.72

The fraction R, of the integrated dissipation rate in BBL €gpp. compared
to the total dissipation in BBL and pycnocline (EBBL + Ep) is also given

an unusual stratification conditions. It has very deep SL
(hs.=44 m), very shallow BBL (hgp =7 m), and a wide,
highly turbulent pycnocline (4,=50 m). Among all shelf
stations, the mean dissipation in the pycnocline at A5
shows the highest, (gp)=1.18x 1077 W/kg (see Fig. 3).
The dissipation measurements at A5 may have coincided
with a turbulent event akin to the propagation of a solitary wave
or a packet of NLIW generated at the shelf break in close
proximity to A5 (Fig. 1). Although ggpy. is the major contrib-
utor to the depth-integrated dissipation on the shelf away from
the shelf break, it appears that baroclinic motions, such as
internal tidal waves, have only little influence on €gpr , given
that £gpr. is generally consistent with the dissipation estimates
for barotropic tide.

The magnitude V4 of tidal currents near the seafloor on
the shelf (~7-10 m above the bottom) varies between ~0.05—
0.10 and 0.15-0.2 m/s based on our ADCP data. The usual
parameterization for the tidal dissipation in BBL,
£1a~pCp|Vd Vi, where the drag coefficient Cpp = 2.5%107°
(which may vary during the tidal cycle; Lozovatsky et al.
2008b), could be as low as 0.3-2.5 mW/m? and as high as
9-20 mW/m?; Zgg. = 3.7-18.7 mW/m? is well inside this
range (see Fig. 9).

The integrated dissipation rate in the lower 10 m of the
water column at the shelf break (H =160 m) to the north of our
stations (see Fig. 1) has been estimated as 25 mW/m?> (St.
Laurent 2008). By comparing this number with € 4 calculated
for an assumed V' y=0.1 m/s, St. Laurent (2008) inferred that
the observed high dissipation is related to baroclinic energy.
We note, however, that & 4~ V3, and V4 can easily go up to
0.2 m/s or above (e.g., Souza and Howarth 2005; Lozovatsky
etal. 2010). Thus, the high level of integrated dissipation
in BBL can be explained by pure bottom drag of
barotropic flow although the impact of baroclinic energy

may exist, being sometime comparable with ¢ 4 (see also Inall
et al. 2000).

5 Scaling of TKE dissipation in the pycnocline

In the pycnocline of SCS, the dissipation is expected to be
affected by packets of propagating internal waves as well as
by shear instability of mean currents, inertial oscillations, and
tidal internal waves. Therefore, it is useful to explore param-
eterization of (e ,) in terms of N 2 and vertical shear Sh of low
frequency motions or the conventional gradient Richardson
number Ri=N?/Sh*. The TKE dissipation is expected to
decrease with suppression of turbulence at high Ri.
Analyzing the possible dependence of dissipation rate in
SCS on the Richardson number, we employed only the year
2009 data since the shipboard ADCP failed during 2010 cruise
(“Observations and data processing” section). The total num-
ber of the available shear estimates Sh (vertical spacing Az =
8 m)is 152. The corresponding N and £ for this analysis were
also calculated over the same 8-m layers. The individual and
bin-averaged samples of € are plotted in Fig. 10 against

Ri=N / Sk . The data show a decreasing tendency of dissi-
pation with increasing Ri, but the scatter is large. This tenden-
cy is much clearer for the bin-averaged data (10 samples in the
bin). It can be approximated by the formula

€m

E=¢0+

developed in the spirit of Munk and Anderson (1948); see also
Lozovatsky et al. (2006). Here, £,=2.2x10"% W/kg is a
relatively high background dissipation (similar to €(=3.12x
10~% in Eq. 1), which is not affected by shear instability at
scales larger than 8 m, but probably sustained by smaller
scales processes. In weakly stratified layers (Ri < Ri ), where
Ri .=0.25 is a critical Richardson number, the maximum
dissipation (g + £.m) is expected with £,,=7.8x10"% W/kg.
The Eq. (2) fits the data with a reasonable coefficient of
determination (*=0.7); note that 95 % confidence boundaries
in Fig. 10 encompass not only the averaged but almost all
individual samples. The dependence of € on Ri is relatively
weak (~Ri~ " for Ri »Ri.,), which could reflect the dual role
of N in suppressing and enhancing turbulence via different
mechanisms.

In the presence of internal waves, higher APE values of IW
are associated with larger N* (see “The dissipation rate in the
upper pycnocline of the deep basin” section) and strain (e.g.,
Wijesekera et al. 1993; Alford and Pinkel 2000), which may
lead to an enhancement of (¢ ,). In addition, local shear of IW's
can enhance the production of TKE by superimposing on the
mean shear (Woods 1968). Thus, in this case, a product N x
Sh may show a positive correlation with £, which has been
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explored in numerous publications (e.g., Henyey et al. 1986;
Gregg 1989; Polzin et al. 1995; MacKinnon and Gregg 2003,
2005; Carter et al. 2005; Schafstall et al. 2010; van der Lee
and Umlauf 2011).

In the following, we tested the oft-used parameterization of
MacKinnon and Gregg (2003)

EMG = E()(N/No) X (Sh/Sho), (3)

which is most appropriate for our data set. The values of
No=Sho=3 cphand £0=6.9x10"'° W/kg were derived by
Henyey et al. (1986) from an analytical model (and used by
MacKinnon and Gregg 2003), but in later works alternative
values of Ny, Sho, and £ have been utilized as adjustable
parameters. Although the functional dependence &(N,Sh)
given by Eq. (3) has been mostly supported by measurements
from a variety of regions, the variability of £, spans over two
orders of magnitude (from ~10~"° to more than 10~ W/kg). In
MacKinnon and Gregg (2005), €,=1.1x10"° W/kg (New
England shelf), while Palmer et al. (2008) and Liu (2010)
came up with much larger £,=(1.5-1.75)x10"® W/kg ana-
lyzing measurements in tidally affected shelf seas west of
Britain. Sundfjord et al. (2007) and Schafstall et al. (2010)
have reported e, exceeding 10™° W/kg for deep ocean mea-
surements taken close to solid boundaries (e.g., ice edge and
continental slope). Substantially smaller £ ,=(1.5—1.7)x 10" '°
W/kg has been assigned by van der Lee and Umlauf (2011) for
turbulence influenced by inertial oscillations in the non-tidal
Baltic Sea. It appears that € experiences more regional than
temporal variability, as evident from the measurements of
MacKinnon and Gregg (2003, 2005) and van der Lee and
Umlauf (2011) taken at the same places (New England shelf

@ Springer

and Baltic Sea, respectively) but during different seasons,
which points to the importance of large- and mesoscale dy-
namics (influenced by bathymetry and climate) on setting up
and maintaining the background levels of IW-induced turbu-
lent dissipation €.

Our data are shown in Fig. 11, where the pycnocline
averaged dissipation (¢ ,) is plotted against € i (Eq. 3), which
was calculated using the bulk estimates of (V) and (Shp)
averaged over the same selected segments of pycnocline as
(e p)- The standard N = Sh = 3 cph was used, and € could be
as low as 1x10™® and as high as 2x10™® W/kg, yielding the
best match to (¢ p)=¢ v With £9=1.5% 1078 W/kg. The scatter
in Fig. 11 is large; however, for € ,<~ 1077 W/kg the param-
eterization (3) is mainly consistent with the data. This indi-
cates the complex nature of the dissipation field in the SCS
pycnocline away from LS. A relatively high (€, ~ 10~ W/kg)
background level of viscous dissipation is sustained by the
higher energy of the IW field, but episodic large dissipations
can also be produced by solitary waves generated at the shelf
break and local K-H instabilities of mean currents, which may
cause (3) to be invalid.

6 Summary

The variability of the dissipation rate of turbulent kinetic
energy and the available potential energy of internal waves
have been analyzed for the upper pycnocline of the northern
SCS, which includes the Luzon Strait (LS), the central basin,
and a wide continental shelf of China.

Near the shelf break, the averaged dissipation (e ,) was as
high as 3x 10”7 W/kg, which is several times larger than in the
pycnocline on the shelf where (¢ ,) = (3—6)x 10® W/kg. This
is consistent with the findings of other authors who linked
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Fig. 11 The averaged dissipation rate in the pycnocline (¢, as a function
of the dissipation parameterization ¢ y;g (McKinnon and Gregg 2003) for
the 2009 dataset. The heavy dashed line is for (e p)=enmg With £9=1.5%
10~® W/kg, the upper and lower bounds are for £,=2x10"* W/kg and
£0=1x10"% W/kg, respectively. Here <N o> and <Sh > are the averaged
buoyancy frequency and the low frequency shear; Ng=Sho=3 cph
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enhancement of turbulence in the pycnocline near the shelf
breaks to the generation of nonlinear internal waves therein.

It is hypothesized that the lower values of (¢ ,) in the upper
pycnocline at the deep stations of 2009 compared to the year
2010 campaign could be attributed mostly to the degeneration
of internal waves originated in LS and propagated predomi-
nantly to the west-—northwest, but a variety of factors (i.e.,
inertial oscillations, seasonal and tidal cycle variability, etc.)
may contribute to the observed disparity. A positive linear
correlation between (¢ ,) and the available potential energy of
the background internal waves Py in the same layers is in
line with hypothesis. A characteristic dissipation time
Trw=E w+Prw)Ke ) appears to be close to 12 h.

On the western shelf of SCS, it was possible to analyze
not only the averaged (¢,) but also the depth-integrated &
dissipation in easily identifiable boundary layers (BBL and
SL) and in the entire pycnocline bounded by these layers.
As expected, the dissipation in SL was governed by the
surface fluxes and therefore varied over a wide range
depending on weather conditions. On the average, the
fractions of water column occupied by SL, pycnocline,
and BBL appeared to be 0.23, 0.53, and 0.24, respectively.

The pycnocline thickness /., correlated well with the bulk

buoyancy scale Ly = Eé/ s /{N), , suggesting that &, was
mainly controlled by internal mixing in the pycnocline rather

than by turbulence in SL and BBL. The integrated pycnocline

Zend

dissipation €, = [ pe(z)dz , however, contributed only 10—

30 % to the total dissipation in the water interior below SL,
although we observed an episode where the total dissipation of
12 mW/m” was equally partitioned between £, and Zgpy . The
dominant fraction of tidal energy on the SCS shelf dissipated
within 10-30 m above the bottom, where £gg;. Was as high as
17-19 mW/m”.

In order to analyze the dependence of dissipation rate on
the Richardson number Ri, the estimates of # , N , Sh , and
therefore Ri were obtained with 8 m vertical resolution. The
data of 152 individual samples exhibited a decreasing trend of
€ with Ri; this tendency became much clearer in bin-averaged
estimates (10 samples per bin). It was parameterized using a
formula that account for a relatively weak dependence of € on
Ri (~Ri~"? at high Ri). As such, a dual role of N was
suggested due to substantial activity of larger-scale internal
waves in the region. This mechanism was checked using the
MacKinnon—Gregg scaling (3) for the pycnocline averaged
dissipations (¢ ,) and corresponding (N,,) and (Sh ). It appears
that for e ,<~ 107 W/kg, MacKinnon-Gregg formula is gen-
erally consistent with our data (Fig. 11) but with £y=(1-2)x
10°® W/kg, which is much larger than that originally
employed by MacKinnon and Gregg (2003, 2005) and report-
ed by van der Lee and Umlauf (2011), but consistent with the
estimates of € given in Palmer et al. (2008), Sundfjord et al.

(2007), Liu (2010), and Schafstall et al. (2010). It is suggested
that in the pycnocline of SCS away from LS, a relatively high
(~10"® W/kg) background level of turbulence is generated by
sustained internal-wave energy, which is linked to strong
internal tide. The episodic large values of (¢,) are associated
with alternative processes, such as solitary waves generated at
the shelf break and the shear of mean currents (Cai et al.
2012).

It seems that the main difference between the studies that
showed small and large values of ¢ is related to the main
mechanism of the generation of IW field. In case of van der
Lee and Umlauf (2011) (small £o~10""" W/kg), the IW
forcing was associated with wind-induced near inertial oscil-
lations whereas other studies, including the present one (large
£0~10"* W/kg), indicate that the main forcing for IW as the
interaction of internal tide with solid boundaries (mainly the
shelf break and continental slope). The verification of this
hypothesis requires further multi-scale measurements under
carefully documented background conditions.
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