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Abstract Integrated observations were made on the South
China Sea shelf at 19°37” N, 112°04’ E, under strong wind
and heavy raining weather conditions in August 2005. Cur-
rent data were obtained using a moored 150-kHz Acoustic
Doppler Current Profiler, turbulent kinetic energy dissipa-
tion rate were measured with TurboMapll, and tempera-
ture was recorded by thermistor chains. Both the mixed
layer thickness and the corresponding mean dissipation rate
increased after the strong wind bursts. Average surface
mixed layer thickness was 13.4 m pre-wind and 22.4 m
post-wind, and the average turbulent dissipation rate in the
mixed layer pre-wind and post-wind were 4.26 x 10~/ and
1.09 x 107° Wkg~!, respectively. The post-wind dissipa-
tion rate was 2.5 times larger than the pre-wind dissipation
rate in the interior layer and four times larger in the inter-
mediate water column. Spectra and vertical mode analysis
revealed that near-inertial motion post-wind, especially with
high modes, was strengthened and propagated downward
toward the intermediate layer. The downward group velocity

Responsible Editor: Pierre De Mey

This work was funded by Chinese National Natural Science Foun-
dation (No. 41106013) and Program 973 (No. 2014CB745003)
and Major Program of Chinese National Natural Science Founda-
tion (No. 91028008, 91128206).

Y. Zhang (D<)

State Key Lab of Marine Geology, Tongji University, No. 1239
Siping Road, Shanghai, 200092, China

e-mail: ywzhang @tongji.edu.cn

J. Tian ()

Physical Oceanography Laboratory, Ocean University of China,
No. 238 Songling Road, Qingdao, 266100, China

e-mail: tianjw @ouc.edu.cn

of near-inertial current was about 8.1 x 107> ms™! dur-
ing the strong wind bursts. The mean percentage of wind
work transmitted into the intermediate layer is about 4.2 %.
The ratio of post-wind high-mode energy to total horizon-
tal kinetic energy increased below the surface mixed layer,
which would have caused instabilities and result in turbu-
lent mixing. Based on these data, we discuss a previous
parameterization that relates dissipation rate, stratification,
and shear variance calculated from baroclinic currents with
high modes (higher than mode 1) which concentrate a large
fraction of energy.

Keywords Enhanced mixing - Strong wind - Near-inertial
current - High-mode shear variance

1 Introduction

Ocean mixing is an important process in controlling the
distribution of physical properties of water masses, ocean
circulation, nutrient fluxes, and concentration of particu-
late matter (Sandstrom and Elliot 1984; Wunsch and Ferrari
2004; Sharples et al. 2001). Numerous studies have focused
on the role of internal tides in triggering the mixing in
coastal regions (Garrett 2003; Moum et al. 2003; Nash et al.
2004). In addition to internal tides, wind-generated inter-
nal waves also lead to strong mixing (Gill 1984; D’ Asaro
et al. 1995). The wind blowing on the sea surface generates
mixed layer currents that rotate at local inertial frequency
that can force downward-propagating near-inertial waves
(D’Asaro et al. 1995). Wind-forced near-inertial waves,
which frequently are observed both in the open ocean and
in coastal seas (D’Asaro and Perkins 1984; Watanabe and
Hibiya 2002; MacKinnon and Gregg 2005a; Alford et al.
2012), propagate downward and thus represent a major flux
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of energy into the ocean that is available for the generation
of turbulence and mixing (Kunze 1985; van der Lee and
Umlauf 2011).

The results documented in our study and those of other
studies indicate that strong turbulent mixing occurs below
the base of the mixed layer during the strong wind bursts
(Grant and Belcher 2011; Dohan and Davis 2011). The mag-
nitude of the enhanced mixing that is correlated with the
near-inertial waves should be related to the energy flux that
propagates from sea surface to the interior (Alford 2001).
Besides, the correlation between the near-inertial waves and
strong surface forcing is lagged in time. It is found that
the gradual propagation of storm induced inertial waves
into the thermocline that lasted many days after the initia-
tion of the storm based on the Ocean Storm Experiment in
the northeast Pacific Ocean (Qi et al. 1995). Three cycles
of a single, energetic, downward-propagating near-inertial
wave associated with enhanced mixing were observed in
the Banda Sea (Alford and Gregg 2001). The data indi-
cated that the mixing was coherent at the 95 % confidence
level with both shear and stratification which were coinci-
dent with the high winds. MacKinnon and Gregg (2005b)
reported that the largest turbulent dissipation away from
boundaries was coincident with shear from lower-mode
near-inertial waves generated by passing storms. They also
argued that turbulent dissipation rates increased with both
shear and stratification which is also confirmed by the
measurements observed in the Baltic Sea (van der Lee
and Umlauf 2011); this differs from Gregg-Henyey scal-
ing (Gregg 1989) used for the open ocean. To study the
generation and evolution of inertial waves and mixing in
response to local high winds, D’Asaro (2003) used air-
deployed neutrally buoyant floats to observe mixing beneath
a storm. Cuypers et al. (2013) observed a marked increase
of heating rate due to enhanced mixing in the thermo-
cline and interior ocean which was generated by storms.
However, comparatively little work has been focused on tur-
bulent dissipation related with near-inertial waves in coastal
regions under high wind conditions (MacKinnon and Gregg
2005b). The main reason for this lack of information is
that direct observations of turbulent energy dissipation are
sparse.

The ocean current on the continental shelf in the South
China Sea (SCS) is influenced by monsoonal typhoons
which frequently occur in summer. Thus, the SCS provides
a good place to examine the relation between near-inertial
waves and the accompanied enhanced turbulent dissipa-
tion. To evaluate the impact of wind-forced near-inertial
waves on ocean mixing through shear instability on the SCS
shelf, an integrated experiment was performed at 19°37
N, 112°04° E in August 2005. We focused on understand-
ing the dynamic relationships between turbulent mixing,
near-inertial current shear, and stratification and on how the
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enhanced turbulent mixing penetrate away from the surface
and bottom boundaries. We begin by introducing the field
observations in Section 1 and then describe the relevant
background water properties and meteorological forces in
Section 2. In Section 3, we describe the observed turbulent
mixing in detail. We then explain our analysis of the verti-
cal propagation of near-inertial waves using vector spectral
analysis in Section 4. We present a summary and discussion
on the possible parameterization method for the dissipation
rate in Section 5.

2 Data and methods

To analyze the distinct characteristics of ocean mixing
caused by strong wind, we made field observation dur-
ing summer when typhoons frequently occur in the SCS.
From 5 to 18 August 2005, we obtained microstructure
profiles and measurements of current velocity, temperature,
salinity, and density near Wenchang in Hainan Province
(Fig. 1). The topography of the observation site is fairly
smooth with an average depth of 117 m. Wind speed is
obtained from National Centers for Environmental Predic-
tion (NCEP) reanalysis wind data set which is four times
daily. Wind data of four grids nearest to our observation
site were used to interpolate to the wind speed analyzed in
this paper (Fig. 2a). The details about the deployment are as
follows:

1. The primary instrument for microstructure measure-
ments was TurboMapll, which was a loosely tethered,
free-falling instrument that was ballasted to fall at
about 0.5 ms™!. TurboMapll was equipped with high-
resolution sensors for measuring microstructure cur-
rent shear du/dz and the temperature gradient d7/dz
at 256 Hz and with standard CTD (conductivity-
temperature-depth) sensors. TurboMapll can provide
temperature, salinity, and density (Fig. 2) and can also
provide a direct calculation of the turbulent kinetic
energy dissipation rate € (Wolk et al. 2002). Tur-
boMapll was carried aboard a 200-hp ship; this was
such a small vessel that it eliminated the wake impact
on the surface turbulence observations. On 10 August,
the ship was forced into port due to the imminent
arrival of strong wind bursts and heavy rain, and we
returned to the observation site on 14 August. Tur-
boMapll took measurements approximately every hour,
resulting in 214 microstructure profiles. For this exper-
iment, microstructure measurements for the bottom
layer were not made because the sensors would be bro-
ken when they touched the seabed. Most of the profiles
extended as deep as to the intermediate layer (60-80 m,
introduced in Section 3).
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Fig. 1 Map of the north South
China Sea. The green line
marked with square shows the
track of Typhoon Sanvu. The
black pentagram shows the
observation site (19°37° N,
112°04’ E). The depth of this
location is about 117 m
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2. A cable equipped with thermistors and salinity sensors

was moored at Wenchang13-1 oil drilling rig. The upper
side of the cable was fixed on the rig, and the lower side
was anchored at the bottom by an 800-kg iron weight. In
total, 24 thermistor sensors and 5 temperature-salinity
sensors were deployed at different depths to record

Fig.2 a Wind, b temperature of
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water temperature and salinity from 4 to 19 August
2005. The sampling time interval was 1 min and the
depth interval was 2 m for thermistor sensors from 12
to 80 m. The temperature data obtained from these
thermistors can compensate for the temperature mea-
surements obtained from the repeated microstructure
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deployment. The moored temperature data at differ-
ent depths were chosen to see the vertical temperature
variations during the strong wind bursts (Fig. 3).

3. The current velocity data was recorded using one down-
looking broadband 150 kHz ADCP (Acoustic Doppler
Current profiler), which was moored at Wenchang13-
1 oil drilling rig. The oil rig was located about
200 m away from the microstructure observation site.
Throughout the entire month of August 2005, we
obtained a time series of current velocity at 10-min
intervals with 2-m vertical bins between 8 and 110 m
(Figs. 4a and 5a). One instrumental artifact should be
mentioned here. The current velocity at 34 m depth
is quite different, and the corresponding echo inten-
sity at 34 m was strong without a clear reason. This
results in high shear variance which was inconsistent
with turbulent dissipation rate. In the following anal-
ysis, current velocity data at 34 m was removed and
interpolated using linear method. Baroclinic velocity
was computed by removing the depth-mean value, and
shear variance (S%) was computed by first-differencing
composite velocity over 4-m intervals in terms of §% =
(du/dz)2 + (dv/dz)z, where u and v are horizontal
baroclinic current velocity components, and z is depth.

2.1 Background conditions on the SCS shelf

The current motions in the SCS are influenced primarily by
monsoon wind (also called the East-Asia tropic monsoon).
From April to August, the weaker southwesterly summer
monsoon winds result in a wind stress of over 0.1 Nm~2
that drives a northward coastal jet and anticyclonic circu-
lation in the SCS. From November to March, the stronger
northeasterly winter monsoon winds correspond to a max-
imum wind stress of nearly 0.3 Nm~2, which causes a
southward coastal jet and cyclonic circulation in the SCS
(Chu et al. 1999). The transitional periods are marked by
highly variable winds and surface currents, that usually are
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accompanied with rapid stratification evolution in August.
According to the marine disaster report provided by the
State Oceanic Administration of the People’s Republic of
China, nine typhoons landed on coastal areas in China
in 2005. The one that occurred during the course of this
study was named Typhoon Sanvu. It formed as a tropical
depression 320 nautical miles east-northeast of Borongan
in Samar Island inside the Philippines on the morning of
August 10 at 0000 UTC (based on data from NASA/GSFC).
Sanvu became a tropical storm within 24 h and passed
over a peninsula on the island of Luzon early on the morn-
ing of 12 August. It was upgraded to a typhoon before
making landfall in China on 13 August. Sanvu rapidly dis-
sipated after moving inland on 14 August. According to
the track of Sanvu (Fig. 1) from Typhoon 2000’s track-
ing chart (from Typhoon2000 Philippine typhoon website),
Sanvu was around 800 km away from Wenchang 13-1 oil
rig. However, because our observation site was on the left
side of Sanvu’s track, the effect from Sanvu was limited
(Price 1981).

2.2 Meteorological and water properties of the SCS during
this experiment

There were several strong wind bursts during the observa-
tion. The strongest one occurred between 10 August and
14 August. In order to make it clear, we define “pre-wind”
as the time period before noon on 10 August and “post-
wind” as the time period after noon on 14 August. The
periods between noon on 10 August and 14 August is “dur-
ing wind.” The average wind velocity was 9.1 ms~! before
the strong wind bursts and then increased obviously to mean
value of 15.8 ms™! during the strong wind burst(Fig. 2a),
specifically during night on 9 August and 10 August. The
strong wind with values larger than 18 ms™! lasted contin-
uously longer than 24 h. Current velocity was faster during
the bursts of strong wind that occurred between 10 and 14
August. On average, u and v near the sea surface during

Fig. 3 The distribution of 30
moored temperature at different 12m
depths. The temperature 16m
gradients were large before the 29 AL\ ) 2 L
strong wind bursts, and the / | ‘ &A1 m
gradients decreased apparently ", 4 22m
when the wind was strong on 10 o 287 i —24m|[
August, suggesting strong o R
vertical mixing occurred = o7 L
26 r
25 T T T T T T T
04 06 08 10 12 14 16 18
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the strong wind bursts were 1.5 times greater than that of
pre-wind (Figs. 4b and 5b). The oscillations generated dur-
ing the strong wind bursts (10, 11, and 14 August) were
near inertial (Figs. 4c and S5c) and primarily of the first
mode, with flow above 40 m opposite to the deeper flow.
The details about the near-inertial waves are documented in
Section 4.

Substantial changes in water properties sustained
throughout the strong wind bursts since 9 August, and this
situation continued for tens of hours after the strong wind
on 14 August. Water depth with high temperature and low

Time [days in August 2005]

salinity deepened after the strong wind bursts (Fig. 2).
The mooring temperature records obtained from thermistor
sensors showed internal waves (with high temperature pene-
trated into as deep as 80 m) occurred more frequently during
the strong wind bursts (Fig. 3). The thickness of warmer
water with values higher than 28 °C increased about 15 m
from 18 m pre-wind to deeper than 33 m after the wind blew
intensively since 10 August. Near-surface salinity decreased
due to the heavy rain accompanied with the strong wind
bursts, dropping from 34.5 to 34.3 psu and then rose back
up to 34.5 psu on the morning of 16 August. Warmer and
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Fig. 5 Same as Fig. 4 but for
meridional current velocity v
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fresher water with lower density stretched from the surface
to about 33 m beginning on 11 August. From the noon of
16 August, the weather cleared up and the water properties
returned to the value of pre-wind.

Changes in temperature and salinity on an isopycnal sur-
face are often indicators of advective change. During this
study, the variable stratification provided a changing envi-
ronment for local internal waves and turbulence (Fig. 6a,
f). Stratification tripled and underwent significant changes
in vertical structure over the fortnight of observations. On a
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daily basis of post-wind, internal waves produced thermo-
cline displacements of more than 40 m (Fig. 6f). Based on
density difference criteria, we define the surface mixed layer
depth as the region with a density within 0.125 kgm 3 of the
smallest density. The surface layer mixed downward (Fig. 2)
after the strong wind bursts. Average surface mixed layer
thickness was 13.4 m pre-wind and 22.4 m post-wind. The
gradients of temperature before 9 August was larger than
that after 11 August (Fig. 3) near the surface. The appar-
ent decrease of temperature gradients after the strong wind
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Fig. 6 The left panels are the
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bursts indicating the strong mixing process during and after
the strong wind.

3 Observations on turbulent mixing

As mentioned previously in Section 2, the entire water
column was not covered by the TurboMapll profiler. The
limited number of microstructure profiles that extended
deeper than 90 m revealed high kinetic energy dissipation
rate near the bottom boundary layer (Fig. 6d, i). To better
understand the response of ocean mixing at different depths
away from boundaries, turbulence observations were sub-
divided into the following three layers: turbulence in the
surface mixed layer (as defined in the previous section), in
the interior (below the surface mixed layer and above 60 m),
and in the intermediate layer (60—80 m).

Surface forcing produced large turbulent dissipation rate
in the surface mixed layer (Fig. 7a, b), resulting the increase

Aug15 Aug16 Augi7 Augil8

of surface mixed layer thickness (Fig. 6). According to the
statistics of turbulent dissipation rate € in different layers
shown in Fig. 8, 9.33 % € of pre-wind was larger than
107® Wkg~! and 37.9 % € of post-wind was larger than
107® Wkg! in the surface mixed layer. Thirty-two per-
cent of post-wind and 21.9 % of pre-wind were larger than
5 x 1078 Wkg~! in the interior layer, respectively. The per-
centage of € which was larger than 5 x 1073 Wkg~! in
the interior layer is 39.5 % if we only consider the first
48 h of post-wind (the red line in Fig. 8b). Percentages of
16.1 % of pre-wind and 35.8 % of post-wind were larger
than 5 x 108 Wkg ™! in the intermediate layer, respectively.
Mean values of € differ by about a factor of 2.5 to 4 between
the pre-wind and post-wind. It is reasonable to conclude that
the enhanced mixing below the mixed layer correlated to the
strong wind bursts.

The notably high turbulent dissipation rate that appeared
in the interior and intermediate layer (e.g., on 6, 7, 14,
15, and 16 August) varied consistently with stratification
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Fig.7 The depth averaged values of € in different layers. The left pan-

els are for the pr
€ in the interior

e-wind. a Mean ¢ in the surface mixed layer, ¢ mean
layer, e mean € in the intermediate layer. The right
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chardson number Ri~! often is used to link
bilities and turbulence, either through direct

in the mixed layer

in the interior layer

panels are the same but for the data of post-wind. Values of mean,

standard deviation, and variation of € are labeled in each panel

shear instabilities or wave-wave interaction (Kunze et al.

1990; Polzin 1996):

Ri~! = §?/N?

in the intermediate layer

log, ,(€) [W kg™']

Fig. 8 Statistical probability distributions of € in the three different
layers of pre-wind (gray bars) and post-wind (thick lines): a the sur-
face mixed layer, b the interior layer, ¢ the intermediate layer. The left
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where N? is buoyancy frequency (calculated from temper-
ature and salinity). Both the theory and experiments have
shown that a steady shear flow is prone to shear instability
as long as the inverse Richardson number remains above 4
(Miles 1961; Thorpe 1978). Ri~! was well above the critical
standard in a patch that coincided with the high shear vari-
ance and low stratification (Fig. 6). Theoretically, if Ri~!
is larger , the wave is more prone to break which results in
strong mixing.

The changes of stratification, shear, and patterns of tur-
bulence are illustrated by comparison of the average profiles
(Fig. 9) from 7-9 August (dominated by clear weather)
with those from 14—15 August (when the strong wind bursts
occurred). During 7-9 August (Fig. 9, thick gray line), strat-
ification was strong especially in the surface layer, and shear
variance was less than four times the average stratification
(Fig. 9d); this means that the inverse Richardson number
was less than 4, indicating that turbulent mixing across
the stratification was generally suppressed. The averaged
turbulent dissipation rate and diffusivity were compara-
ble in magnitude to open ocean values: Both diminished
with increasing depth below the surface mixed layer, then
increased again in the deeper stratified region approaching
the bottom mixed layer (MacKinnon et al. 2008). Begin-
ning on 14-15 August (Fig. 9, thin red line), the water
column was significantly well-mixed and current shear vari-
ance was, on average, more than four times stratification,
indicating the possibility of shear instabilities. Reinforced
turbulent dissipation rate extended deeper than 60 m below
the surface and was coincident with unstable Richardson
numbers (Fig. 9d). The turbulent dissipation rate was about
five times larger than the background values (Fig. 9e), indi-
cating that ocean mixing was distinctly enhanced after the
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strong wind bursts. Average diffusivity profiles were calcu-
lated from the dissipation rate and stratification according
to Osborn’s formula (Osborn 1980),

Kp o< 0.2¢/N? (2)

During 7-9 August, the average diffusivity «, in the ther-
mocline and in the intermediate layer was 4.3 x 1075 m2s~1,
and the average «, for 14-15 August was significantly
enhanced to 4.0 x 10~% m2s~!, which was 1 order of
magnitude larger than the pre-wind value.

4 Vertical structure and propagations of near-inertial
currents

4.1 Summary of the observed internal waves

During the present experiment, current velocity was primar-
ily low-frequency, and low-mode internal waves dominated
by a first-mode structure with flow above 40 m depth mov-
ing opposite the deeper flow (Figs. 4b and 5b). The waves
generated during the strong wind bursts (10-14 August)
were near inertial and primarily of the first mode, with
substantial second- and third-mode components. The depth-
integrated baroclinic energy during the strong wind bursts
on 11 and 13 August also indicated strong internal waves,
which mostly disappeared after a single inertial period
(2r/f =~ 36h). Frequency spectral analysis shows that the
baroclinic velocity was dominated by the near-inertial (f),
diurnal (K1), and semidiurnal (M;) tides with a peak at
1.05 f (Fig. 10). It is notable that the near-inertial and diur-
nal frequencies dominated the spectra from the sea surface

0 , 0
pretwin e s
— 40 —— imnjediate-post-wind 40
£ post-wind
£ 60 60
Q.
[
o
80 80
100 i 1 100
1
1202 ¢ d i e f 120
2 24 2% 10" 10010 10° 01 1 10 50 10° 107 107 10° 10° 107 10° 107
= -—1
S, [kgm™] N2 [s-2] s? [5-2] Ri & [W kg'1] < [m2 s'1]

Fig. 9 Average profiles of various properties from three periods rep-
resentative of the first week (August 7- 9, thick gray lines) and the
second week (August 14-15, thin black lines) and the first 48 h of post-
wind (red lines): a potential density, b buoyancy frequency, ¢ shear

variance, d the inverse Richardson number, the dash line shows the
critical value 4 for instabilities, e turbulent dissipation rate, and f
diapycnal diffusivity (defined only away from well-mixed surface and
bottom layers)
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Fig. 10 The spectra of baroclinic current velocity during the whole
observation period. a Spectra of zonal velocity u# and b spectra of
meridional velocity v. The frequencies for inertial ( /), diurnal (K1),
and semidiurnal (M3) are labeled in each panel

mixed layer to the base of the intermediate layer. The min-
imal spectra around 40—60 m during pre-wind are found to
be associated with the first-mode structure.

In order to see the relationship between the enhanced
near-inertial energy and turbulent dissipation rate, near-
inertial currents and diurnal and semidiurnal tides are
calculated through bandpass filtering by [0.8 1.2]f, [0.8
1.2]1K1, and [0.8 1.2]M>, respectively (Figs. 4 and 5). The
corresponding horizontal kinetic energy (HKE) and shear
variance for each of the filtered currents were calculated
(Fig. 11). The HKE of near-inertial currents is larger than
those of diurnal and semidiurnal tides, especially at depths
greater than 30 m. The average HKE of near-inertial cur-
rents below the surface mixed layer during and immediately
after the strong wind bursts is about 1 order of magnitude
larger than that of diurnal tides. Shear variance computed
from near-inertial currents is also much larger than those
from diurnal and semidiurnal tides. Moreover, the strong
shear variance of near-inertial currents corresponds to the
distribution of HKE both in time and space.

We examine profiles of near-inertial current velocity to
find out their vertical propagations. This method has been
used in previous studies (Alford 2010). During the most
part of our measurement, both the near-inertial zonal and
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meridional velocities show upward-propagation phase, sug-
gesting that the dominant near-inertial energy was propa-
gated downward (Figs. 4c and 5c). According to the method
utilized in Qi et al. (1995), the downward group velocity
(cgz) can be estimated via the ratio of the vertical migra-
tion of the near-inertial groups and the corresponding time
period (Fig. 5c¢). The period of the most prominent burst
of near-inertial oscillation is from early 11 August to early
14 August (about 72 h) with an approximate vertical pen-
etration depth of 21 m. Thus, the vertical group velocity is
roughly estimated to be 8.1 x 107> ms~.

The ratio of wind work input propagated below the
mixed layer as near-inertial currents and made available for
ocean mixing is an important issue. Wind work was calcu-
lated via wind stress T multiplied by near-inertial current
velocity vector. Wind stress was computed from the NCEP
reanalysis wind speed data shown in Fig. 2a. Due to the
limits of our observed data, we estimate the vertical energy
flux via downward group velocity of near-inertial currents
multiplied by near-inertial current horizontal kinetic energy
from the intermediate layer (Alford et al. 2012). The average
downward group velocity (cg; = 8.1 X 107> ms~!) during
the strong wind bursts is chosen for calculating the energy
flux. Both the wind work and energy flux were averaged for
inertial period (& 36 h). The percentage of wind work trans-
mitted into the intermediate layer is highly variable in time
(Fig. 11a). With mean values during the strong wind bursts,
about 4.2 % of wind work propagated into the intermediate
layer.

4.2 Near-inertial currents propagate downward

In order to discuss the time variations of near-inertial wave
energy propagation in the vertical direction, vector spec-
tral analysis is used here. Following Leaman and Sanford
(1975), the horizontal current velocity vector can be written
as u(z)+iv(z), where u is the real (east) part of the horizon-
tal velocity and v is the imaginary (north) part. The velocity
vector at each vertical wave number m can be separated into
positive and negative components,

U +ivy =uype™ +u_e " 3)

where u#_ and u are the clockwise and anticlockwise com-
ponents, respectively. The corresponding vector spectra are
the following:

1
Cn=,

where Cy, is the clockwise part indicating upward velocity
and downward group velocity, and A,, is the anticlock-
wise part indicating downward velocity and upward group
velocity. We calculate the C,, and A,, of the unfiltered
baroclinic current, near-inertial current, diurnal current, and

<u*u_>,A,= 5 < wiuy > 4
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Fig. 11 a Surface wind work
(black line) and the energy flux
(gray line) computed as the
mean near-inertial horizontal
kinetic energy from intermediate
layer multiplied by

cor = 8.1 x 1073 ms~ 1. All
have been smoothed over
inertial period. b Horizontal
kinetic energy for near-inertial
current. ¢ Horizontal kinetic
energy for diurnal current. d
Horizontal kinetic energy for
semidiurnal current. e Velocity
shear variance for near-inertial
current. f Velocity shear
variance for diurnal current. g
Velocity shear variance for
semidiurnal current. Black lines
in panels (b—g) show the mixed
layer depth computed from the
moored temperature difference
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semidiurnal current, respectively (Fig. 12). If we define
D,, = Cp, — A, then net energy that propagates downward
as D, is positive and net energy that propagates upward

3
4
o
o
8
5
6

12 14 16 18
Time [days in 2005]

as D, is negative. The distribution of vector spectra cal-
culated from the averaged baroclinic currents from 14 to
16 August indicates that near-inertial currents propagated
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downward (Fig. 12b), but there is no evidence showing dis-
tinct downward or upward energy propagation of the diurnal
and semidiurnal tides (Fig. 12c, d). Positive D,,, means that
net energy propagates downward, and the energy source is
at the sea surface. Near-inertial currents probably provided
an effective channel for energy propagation from the sea
surface layer into the ocean’s interior.

Depth mean D,, was calculated from hourly averaged
near-inertial, diurnal, and semidiurnal tides (Fig. 13). The
distribution shows that D,, calculated from the near-inertial
current was close to zero before the strong wind bursts, and
D,, was elevated to a value about four times larger about 1.5
inertial periods after the strong wind bursts occurred.

4.3 High-mode near-inertial currents strengthened

The waves that arose after the strong wind bursts had a
higher-mode structure, with peaks in velocity in the upper
40 m and near 70 m. As discussed above, the mean value of
baroclinic HKE during and after the strong wind bursts was
about 6.0 x 1073 Jkg~!, which was two times larger than
the pre-wind averaged value. Peak shear variance of near-
inertial currents (about 1.0 x 10~3 s~2) matched the distribu-
tion of near-inertial HKE both in time and space (Fig. 11b,
e). In order to find out the relationship between the energy
increase of near-inertial currents and currents with different
modes structure, a method for vertical mode decomposi-
tion is used. A linear wave field can be represented as a
superposition of internal waves of distinct frequency and
vertical mode number (j), which together determine the
magnitude of horizontal wave number (Levine 2002). The
vertical structure of each mode is governed by the following
equations (Thorpe 1998):
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wind speed [ms'1]
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Fig. 13 a Wind speed during the observation and b the depth inte-
grated vector spectra D,, of near-inertial current (black solid line),
diurnal current (black dashed line), and semidiurnal current (gray solid
line), respectively

Vi(—H)=¥;0)=0 (6)
where c; is the separation constant (eigenvalue), and waves
are assumed to be hydrostatic. Vertical velocity and vertical
displacement associated with each mode are proportional to

W, whereas the horizontal velocity is proportional to d;;j .
The vertical mode shapes are shown in Fig. 14. A mode fit
velocity profile was calculated by combining the projected
amplitude and vertical structure of the first five baroclinic
modes. Figure 15 shows examples of the mode fit for east-
ward and northward velocity of pre-wind, during strong
wind bursts, and post-wind, respectively. The mode fit cap-
tures 92 % of the baroclinic energy and 80 % of the shear
variance.

The modal repartitions for HKE and shear variance of

N? o . o
(7)) = — (2) Wi(z) &) near-inertial current, diurnal current, and semidiurnal cur-
J 2 J . .
¢ rent are calculated, respectively (Fig. 16). Generally, the
0 unfiltered o Mz
10 10
a C d —0C
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Fig. 12 Vector spectra of a unfiltered current, b near-inertial current, ¢ diurnal current, and d semidiurnal current, respectively. Solid line stands
for the clockwise part, and dash line stands for the anticlockwise part. The chosen current is the averaged from Aug. 14 to Aug. 16 (immediately

after the storm)
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Fig. 14 a Cruise-averaged stratification, b—f are different vertical mode shapes

partitioning of HKE for tidal currents between modes is  tidal currents displays the similar characteristics (Fig. 16e,

dominated by the contribution from the higher 3 modes, f). However, the changes for the modal repartition of near-
which contain approximately 87 % of the total HKE in  inertial current are more complicated (Fig. 16a, d). From
the tidal current band (Fig. 16b, c). The ratio between dif- 11-18 August, energy and shear variance in higher modes

ferent modes for tidal currents changes little during the  increased, and during this time, the wind speed was typi-
whole obervation. The partitioning of shear variance for  cally strong or changed frequently (Fig. 16a). It is found that

Fig. 15 Comparison between pre-wind during wind post-wind
observed current velocity and 0 . . . . . . . .
mode decomposition. a—c¢ Stand a c
for u component of observation
(solid line) and first five vertical 20
mode results (dash line) of
pre-wind, during wind and .
post-wind. d—f Are the same £ 40
content of v component %_
3 60
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100 - - -
-0.1 0 0.1 -0.1 0 0.1 -0.1 0 0.1
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<
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Fig. 16 The distribution of
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horizontal kinetic energy and
shear variance for the first 4
modes. a HKE for the
near-inertial current, b HKE for
the diurnal current, ¢ HKE for
the semidiurnal current, d shear

H.K.E[m%s72]

variance for the near-inertial

current, e shear variance for the
diurnal current, f shear variance
for the semidiurnal current. The

dark gray areas show the total
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the energy and shear variance changed simultaneously. For
example, the first mode was dominant on 7 August (about
82 and 68 % of energy and shear variance, respectively, is
contained within the first four modes); higher modes arose
on 11 August and reached a maximum late on 13 August.
The dominant contributor to shear variance changed from
mode 1 on 10 August to modes 2 and 3 between 11 and 18
August. For near-inertial currents, higher modes contribute
relatively more to shear variance than to energy, which indi-
cates that the energy input by strong sea surface forces
is prone to dissipate via the higher mode shear variance
created at the same time.

5 Summary and discussion
We have presented the first direct observation of turbulence
on the SCS shelf made during a 14-day cruise under strong

wind and heavy rain weather condition. The turbulent dissi-
pation rate was enhanced both in the mixed layer and below
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after the strong wind. A likely source for the enhanced tur-
bulence is the downward-propagating near-inertial internal
waves. According to the estimates of surface wind work
and energy flux in the intermediate layer, about 4.2 %
of wind work propagated into the intermediate layer. In
particular, the higher modes contribute more to shear vari-
ance than HKE, which means that the near-inertial energy
input dissipates mainly through high-mode shear instabil-
ities. Unfortunately, due to the limited measurements, a
reliable method to parameterize the mixing cannot be given
in this study. More detail measurements are required before
establishing a reliable parameterization.

Numerous formulas which are partly empirical or based
on dynamic models have been proposed to relate turbulent
dissipation rate, stratification, shear, or Richardson num-
ber (Price et al. 1986; Polzin 1996; MacKinnon and Gregg
2005b) by dimensional scaling. Since the measurements
described in MacKinnon and Gregg (2005a) are very sim-
ilar with our situation in this paper, the parameterization
method given by MacKinnon and Gregg (2005a) is used to
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compare with our observed data. Based on their finding that
the observed dissipation rate increased with both shear and
stratification, MacKinnon and Gregg (2005a) proposed the
scaling of the dissipation rate (hereinafter called MGO0S5) as
the following:

where S is shear variance of the baroclinic currents with
low-mode, So = Ny = 3cph, ¢ = 2.8 x 107! is cho-
sen in the fitting calculation. In light of the marked increase
in near-inertial currents with modes higher than 1 during
the strong wind bursts, we limit the shear variance to baro-
clinic currents with higher modes to investigate the relations

N S between the strong wind forcing and enhanced mixing.
€new = €0 < N()) < S0> () However, the modeled dissipation rate based on MGOS is
Fig. 18 Statistical probability 0.12 ‘ w w 0.12 s s s
distributions of €pey /€obs, ratio a [1/10 10]: 57% b [1/10 10]: 62%
of estimated results €new based 0.1{ pre-storm [1/5 5]: 45% 0.1{ post-storm [1/5 5]: 50%
on Eq. 7 and observed turbulent [1/2 2]: 20% [1/2 2]: 21%
dissipation rate €qps in the 0.081 0.081
interior layer. a Pre-storm and b
post-storm. And each panel is & 0.06 1 o 0.06
listed with the percentage of e
data pairs that are within factors 0.04 | 0.041
of 2, 5, and 10 of each other
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not appropriate when shear is unstable. Our measurement
indicated that the dissipation rate varied inversely with strat-
ification for a given level of shear, and this was particularly
apparent after the strong wind bursts. However, if we only
consider the data in the interior layer, dissipation rate more
likely increased with both shear and stratification (Fig. 17a,
b). And therefore, we only compare the results in the inte-
rior layer. The results calculated from the parameterization
of MGOS5 were shown in Fig. 17c, d. A summary of the com-
parisons in Fig. 18 indicates that 20 % of the [€ops, €new]
pairs are within a factor of 2 of each other, 45 % are within
a factor of 5, 57 % are within a factor of 10 for the pre-
wind (Fig. 18a). And for the post-wind (Fig. 18b), the ratios
are 21, 50, and 62 %, respectively. This tells that the param-
eterization method used in MGOS5 can partly estimate the
dissipation rate in the ocean interior for our study.
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