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Abstract

A turbulent microstructure experiment was undertaken at a low latitude of 10°N in the South China Sea in late
August 2012. The characteristics of the eddy diffusivity above 650 m were analyzed, which is one order of
magnitude larger than that in the open ocean at that low latitude. Enhanced eddy diffusivities by strong shears
and sharp changes in topography were observed. The strongest eddy diffusivity occurred in the mixed layer, and it
reached O(10 –2 m 2 /s). Strong stratification in the thermocline inhibited the penetration of surface eddy
diffusivities through the thermocline, where the mixing was weakest. Below the thermocline, where the
background eddy diffusivity was approximately O(10–6 m2/s), the eddy diffusivity increased with depth, and its
largest value was O(10–3 m2/s).
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1 Introduction
In the open ocean, mixing that is induced by internal waves is
negligible in the region close to the equator. Reduced mixing
close to the equator (0°–12° of latitude) from the breaking of internal waves in the Pacific and Atlantic were observed by Gregg et
al. (2003), Hibiya and Nagasawa (2004) and Tian et al. (2006).
Their results indicated that in the equatorial ocean, the eddy diffusivity is smallest (10–7 m2/s) and is only a few times larger than
the molecular diffusivity of heat. The distribution of the latitude
dependent dissipation from internal waves is consistent with the
numerical prediction that the cascade of internal tidal energy
down to dissipation scales is dominated by parametric subharmonic instability (Hibiya and Nagasawa, 2004). Furthermore,
turbulent dissipation rates that are estimated from Argo data
have weak values (10–9.4–10–8.4 W/kg) in the equatorial ocean
(Whalen et al., 2012), and there is one order of magnitude difference between smooth and rough topography. Recent studies
have indicated that the turbulent dissipation rate generally is
weak around the equator in the open ocean (Whalen et al., 2012;
Gregg et al., 2003; Hibiya and Nagasawa, 2004; Tian et al., 2006).
However, before those studies, Peters et al. (1998) and Moum et
al. (1989) observed that the turbulent dissipation rate can reach
10–7 W/kg by the equatorial undercurrent and surface heat flux. It
is important to explore mixing in the equatorial ocean, which will
have to be taken into account in numerical simulations of ocean
dynamics.
Large amplitude internal waves have long been recognized as
features in the northern South China Sea (SCS) (Zhao and Alford,
2006; Duda et al., 2004). Studies of turbulent dissipation rates in

the northern SCS have been focused. For example, strong turbulent dissipation rates in the shelf-break region have been observed (St. Laurent, 2008; Yang et al., 2014). Liu and Lozovatsky
(2012) observed that to the north of 20°N the turbulent kinetic
energy dissipation rate is more than two times larger than that
south of 20°N. Tian et al. (2009) primarily showed a large difference in the eddy diffusivity and dissipation rate between the SCS
and Pacific Ocean. However, there have been no direct microstructure observations of the spatial distribution of the dissipation rate in the southern SCS. The archipelago is a dominant feature in the southern SCS. When a barotropic tide flows over
rough bathymetry, internal tides are generated, and the high
modes can dissipate locally (St. Laurent and Garrett, 2002). In addition, when geostrophic flows occur over rough topography, internal lee waves can also be generated, which may also lead to
enhanced mixing (Naveira Garabato et al., 2004; Nikurashin and
Ferari, 2010; Melet et al., 2014, 2003; Nikurashin et al., 2013). Although previous studies have well represented elevated mixing
over rough bathymetry, it is still unclear how far the enhanced
mixing is able to extend. This might vary with different topographic roughnesses and the strength of the bottom flow. Therefore, further studies on the eddy diffusivity and dissipation rate in
the southern SCS are required. In particular, the enhanced eddy
diffusivity at low latitudes in the SCS has been rarely presented.
In this study, we first present the enhanced dissipation rate and
eddy diffusivity as determined by microstructure observations in
the upper 650 m approximately 10°N in the SCS.
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2 Data and methods
2.1 Data
The observations were collected during a cruise of the SCS Institute of Oceanology, Chinese Academy of Sciences, from
22th–27th August 2012. The 12 observation sites are shown as
red-filled circles in Fig. 1. The instruments used included a SeaBird Electronic 9-11 Plus CTD by SeaBird Electronics, Inc., a
shipboard acoustic Doppler current profiler (ADCP) by Teledyne
RDI Ltd. and a Turbulence Ocean Microstructure Acquisition
Profiler (TurboMap-L) by Alec Electronics Co., Ltd. We obtained
the turbulent dissipation rates directly at the microstructure scale
using the TurboMap-L.
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dissipation rates (ε) is 10–10 W/kg. We took two measurements for
each profile using the microstructure instrument, and the averages of the two measurements were used for the final results. The
analysis of the microstructure data and the estimation of the dissipation rate for the TurboMap-L followed the procedure that
was described by Wolk et al. (2002).
Moored data that were collected at 9.79°N, 112.94°E were also
used for a brief analysis of internal tides. The water depth at the
location is about 1 680 m. The data from November 2010 to
November 2011 that were used in the analysis were collected using an upward-looking WHLS75K ADCP that was moored at a
depth of approximately 400 m (8-m bins).
Finally, global bathymetric grid data with 30 arc-second spacing from the GEBCO_2014 Grid (https://www.bodc.ac.uk/
data/online_delivery/gebco/) were used to estimate the topographic roughness of a (1/3)°×(1/3)° square along latitude 10°N.
Herein, the topographic roughness is defined by the variance of
the topographic height, following Kunze et al. (2006).
2.2 Estimation of the dissipation rate and eddy diffusivity
The dissipation rate was estimated using the isotropic formula
= (15=2)v

Z

k2

Ã (k) dk;

(1)

k1

where ψ(k) is the cross-stream shear spectrum, and ν is the kinematic molecular viscosity. The shear spectrum was calculated at
1-m depth intervals from k1<k<k2. k1 and k2 are the smallest and
largest wavenumbers, respectively. We set the minimum
wavenumbers (k) to k1=2 cpm, and the largest wavenumbers
were the Kolmogorov wavenumber k2=(ε/ν3)1/4/2π, before the
spectrum enters the noise region. Because k2 is a function of, an
iterative procedure was used, and ε was then estimated using an
integral shear spectrum to fit the Nasmyth universal spectrum
(Nasmyth, 1970). The Lueck’s fit (Wolk et al., 2002) for the Nasmyth universal shear spectrum is

Fig. 1. Cruise sampling sites (August 22, 2012–August 27,
2012) in the southern South China Sea. Red dots indicate
CTD and TurboMap-L measurements, the blue triangle
indicates the mooring site, and the black contours indicate the depth (m).

h
i
G (kn) = 8:05 (kn)1=3 = 1 + (20kn)3:7 ;

where kn is the nondimensional wavenumber.
Based on Osborn (1980), the eddy diffusivity can be obtained
by
¼ 0:2 =N 2 ;

The SeaBird 9-11 Plus CTD was used to measure the temperature and conductivity. Its resolution is 24 Hz, and the accuracy
of the conductivity and temperature measurements are 0.000 3
S/m and 0.001°C, respectively. The CTD was lowered at a rate of
approximately 0.5 m/s, and only the data that were collected during the down cast were used. The horizontal velocity was measured with a 38 KHz shipboard ADCP with a sampling interval of 1
Hz. The velocity was smoothed every 5 min and range-gated in
16-m bins at a depth range of 30–990 m. The TurboMap-L was
equipped with two microstructure shear sensors, a microstructure temperature sensor and standard CTD sensors for precision
measurements. The descent rate of the profiler was adjusted
from 0.5–0.7 m/s. The sampling frequency was 512 Hz, and the
depth range was limited to approximately 650 m. The TurboMapL sampled the microscale velocity shear directly with an accuracy of 5%. The noise level of the TurboMAP-L when measuring

(2)

(3)

where N is the buoyancy frequency.
Because the records of the micro-scale velocity shear can easily be contaminated by instrument vibrations, we repeated the
instrument casts at least twice at each station to guarantee the reappearance of the measured profile of ε.
3 Observations
We first display four examples of the shear spectra at different
depths (mixed layer, thermocline and below the thermocline)
from Site s7 (10.05°N, 114.5°E). In Fig. 2, each panel shows a 2-m
interval shear spectrum. The circle-lines indicate the shear spectra, and the red lines indicate the Nasmyth universal spectra
(Nasmyth, 1970). The dashed green lines indicate the integration
ranges. Figure 2 shows that the observed shear spectra generally
closely agree with the Nasmyth universal spectra within the integration range, though the agreement below the thermocline
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Fig. 2. The spectra at different depths (mixed layer, thermocline and below the thermocline) from Site s7. The dot-lines indicate the
shear wavenumber spectra, the red lines indicate the Nasmyth universal spectra, and the blue lines are the integration limits. At Site
s7, the mixed layer depth is 42 m, and the thermocline bottom is at approximately 180 m (Fig. 3). The 95% confidence limits are
shown.

was not as good as that in mixed layer, which ensures that our
observations will produce reasonable results.
At 10°N in late August, the mixed layer was approximately
42–80 m, and the thermocline bottom ranged from 180 to 250 m
(Fig. 3). Herein we define the mixed layer as the depth at which
the temperature change from the surface is 0.5°C, and the thermocline bottom as the depth at which the vertical temperature
gradient changes less than 0.03°C/m than that below the mixed
layer. The mixed layer and thermocline were shallower at Sites

s6, s7, and s8 than at the other sites. A greater square of the buoyancy frequency, N2, was observed at the depth corresponding to
thermocline layer, especially at the depth where a large temperature gradient occurred such that N2 reached O(10–4–10–3 s–2).
The 12 dissipation rate profiles are shown in Fig. 3. At the
mixed layer, the dissipation rates were generally larger than
1×10–7 W/kg. At Site s11, the dissipation rate was very strong, with
values that reached O(10 –4 W/kg) and suddenly dropped to
O(10–9 W/kg) at approximately 80 m. Below the mixed layer at

Fig. 3. The dissipation rate profiles ε (blue filled) from the microstructure observations, temperatures (red lines), salinities (pink
lines), and squares of the buoyancy frequency N2 (green). The depths of the mixed layers and thermoclines are also shown.
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Site s7, high dissipation rates that were greater than 1×10–8 W/kg
were found at all depths below the mixed layer. At Sites s5 and s6,
the dissipation rates were slightly weaker than that at Site s7 and
reached approximately 1×10–8 W/kg. At Sites s3, s10, and s11, below the mixed layer the dissipation rates were weaker, and the
values were approximately 1×10–9 W/kg. We found that at Sites
s1, s8, s9, and s12, the dissipation rates decreased with depth,
most of which were between O(10–9 W/kg) and O(10–8 W/kg). For
the other Sites, the dissipation rates did not decrease with depth.
Some patches that have obvious, large dissipation rates that
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are different from the surroundings were observed, as seen from
approximately 250–300 m at Sites s2 and s4. For example, at the
patch at Site s2, both the microstructure observation from the
Turbomap-L (Fig. 5a) and fine structure observation from the
shipboard ADCP (Fig. 5c) show the existence of a strong shear at
approximately 260–290 m depth. The corresponding Richardson
numbers (Ri=N2/S2, S2 is the shear variance) were sufficiently less
than the critical value of 0.25 (Figs 4 and 5c) to indicate strong
fine structure shear that could induce shear instability and thus
produce a strong turbulence dissipation rate (Fig. 5b). The dis-

Fig. 4. Profiles of the Richardson number (Ri=N2/S2 ) for each site. Red arrows indicate the two example patches with the Richardson number less than 0.25 observed at Sites s2 and s4. The blue dashed line indicates Ri=5. Because the shear variance
S2=(∂u/∂z)2+(∂v/∂z)2 is estimated from the shipboard ADCP data with 16-m interval, the Richardson number is in 16-m bins.

Fig. 5. Information at 200–300 m depths at Site s2. a. Temperature, salinity and the shear observation from the Turbomap-L. The
red arrows indicate the temperature staircases, and the blue arrows indicate the salinity staircases. b. The kinetic energy dissipation
rate, ε, thermal dissipation rate, χ, and eddy diffusivity coefficient, κ. c. The Turner angle, square of buoyancy frequency N2, shear
variance S2 and the Richardson number. In Fig. 5c, the square of buoyancy frequency was estimated from the CTD data that were
smoothed on a 1-m interval, and the shear variances and Richardson numbers are in 16-m bins.
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sipation rate reached 3×10 –6 W/kg, and the eddy diffusivity
reached 2×10–3 m2/s in this region. In fact, there were a number
of depths with low Richardson numbers at some of the observation sites (Fig. 4), which suggests that the sudden elevated dissipation rates may have been induced by strong shears.
There were some unclear thermohaline staircases below the
mixed layer, such as at Site s2 from depths of 220 to 260 m (arrows in Fig. 5a), where three temperature and salinity stairs with
the temperature and salinity are almost uniform at depths of
220–230 m, 235–245 m and 248–260 m. We calculated the Turner
angle (Ruddick, 1983) and tried to determine the probable mechanism for the formation of the staircases. Turner angles ranging
from 45° to 90° indicate a favorable environment for salt fingers,
and salt fingers are more easily generated as the Turner angle approaches 90° (Ruddick, 1983; You, 2002). Figure 5c shows that the
Turner angles were slightly greater than 45° below 220 m, which
indicates that the staircases were probably formed by salt fingers.
Because of the weak stratification with the staircases, the eddy
diffusivities were enhanced and reached 0.9×10–4 m2/s.
The spatial variability of the eddy diffusivity observed in the
study is illustrated in Fig. 6a. In the mixed layer, very large eddy
diffusivities occurred near the surface that were greater than
O(10–2 m2/s), especially at Site s11, which reached O(10–1 m2/s).
In the thermocline, although the dissipation rate was not very
weak, the eddy diffusivity was weakest because the larger buoyancy frequency was in strong stable stratification. It is clear that
strong stratification in the thermocline layer inhibited strong turbulence in the mixed layer from penetrating through the thermocline. Below the thermocline, the buoyancy frequency was small,
and larger eddy diffusivity was observed.
Figure 6 also shows that the mixing pattern correlated to the
underlying bathymetry. In the observed area, the topography is
quite complicated, with many islands, reefs, and shoals. A 3D topographic image of the region of 9°–11°N, 110°–118°E (Fig. 6c)
shows the sharp changed topography at 114°–116°E, which corresponds to higher topographic roughness, as shown in Fig. 6d.
The high roughness is in the sharp changed topography region.
Higher dissipation rates and turbulent eddy diffusivities below
the thermocline were observed over rough topography at Sites s5,
s6, and s7. Particularly at Site s7, the dissipation rate and eddy
diffusivity reached O(10–8 W/kg) and O(10–4 m2/s), respectively.
However, at Site s3, which was not near the rough topography
and is located in the sea basin, the dissipation rates and eddy diffusivities only reached O(10–9 W/kg) and O(10–6 m2/s), respectively, although some patches with higher values were found.
Similar results were found at Site s11, which is not near rough topography and is located in a smooth area. The observations from
Sites s3 and s11 indicate that the background eddy diffusivity was
O(10–6 m2/s) over 10°N in the southern SCS.
Figure 6d displays the averaged dissipation rates and eddy
diffusivities below the thermocline and the topography roughness in relation to the longitude. The figure shows that the dissipation rate and eddy diffusivity behave similarly. In general, low
dissipation rates and eddy diffusivities below the thermocline in
the regions of 112°–113°E and 116°–117°E were found where the
topographic roughness is low. Higher dissipation rates and eddy
diffusivities were found in 113°–115°E, which are locations with
high topographic roughness.
4 Discussion
Mixing in the mixed layer is driven by wind stress stirring, and
convection is induced by surface heating and cooling during the
day and at night (Shay and Gregg 1986). The work produced by

the Reynolds stress on the wind-induced vertical shear is limited
to the upper layer at approximately 12.5-m depth in low wind
conditions (Callaghan et al., 2014). However, the effects of the
buoyancy flux extend to the bottom of the mixed layer (Callaghan
et al., 2014). In our study, we considered the data that were collected below 10 m, and the wind speeds were in the range of 5 to
12 m/s during the observation period. There is no evidence that
the high dissipation rates (Figs 2 and 6a) or high eddy diffusivities (Fig. 6b) in the mixed layer were contributed by the wind
stress (figure not shown). Although the surface buoyancy flux was
not measured in the experiment, the high dissipation rate in the
mixed layer was assumed to be primarily driven by convective
overturning that was forced by oceanic heat loss and buoyancy
flux into the ocean (Callaghan et al., 2014).
In the SCS, the thermohaline structure wherein the subsurface water is warm and salty and the intermediate water is relatively cold and fresh is universally observed (Tian et al., 2009) and
favors the formation of salt fingers. It has been reported that salt
fingers can stir the diapycnal mixing (Laurent and Schmitt, 1999),
and Schmitt et al. (2005) showed that the eddy diffusivity generated by salt fingers can reach O(10–4 m2/s). At our observed sites,
environments that favor salt fingers exist, as seen in Fig. 3 and in
Fig. 5c. However, the favored environment is very weak, and the
classic finger signature of a distinct thermohaline staircase is absent. Resent research (Lu et al., 2014) confirmed that the contribution of salt fingers to diapycnal mixing is very weak in the
southern SCS.
In the thermocline, where strong stratification exists, the
formation of disturbance producing internal waves is favored.
The breaking of internal waves may provide a particularly potent
energy source for global ocean mixing (Gregg et al., 2003). First,
the nonlinear interaction known as parametric subharmonic instability (PSI) between groups of propagating internal waves
(Müller et al., 1986) that generate further spatial scales and temporal frequencies effectively cascades to small spatial scales, and
the eventual turbulence plays a significant role in deep-ocean
mixing (Garrett, 2003). In particular, the formation of subharmonics with a higher vertical wavenumber than the original internal wave could constitute the first step in the breakdown of internal tides to turbulence (Gayen and Sarkar, 2013). In our analysis, kinetic spectra were observed from the mooring ADCP data
at 9.79°N, 112.94°E, as shown in Fig. 7. The peaks of the semi-diurnal tide M2, diurnal tide (K1, O1), sub-diurnal tide (0.5 O1) and
inertial waves (f) are obvious. It shows the frequency of 0.5 O1,
which is generated from O1 by PSI, can be found in different layers (mixed layer, thermocline and below the thermocline). There
is no doubt that PSI is a pathway for internal tides to dissipate
locally. The peaks of the inertial waves are displayed, which indicate that inertial waves may also contribute to mixing by breaking.
It is known that internal tides provide one of the major dynamical pathways from large-scale energy in the ocean to smallscale turbulent dissipation and mixing. The internal tides of high
modes can dissipate locally. Numerical simulations (Jan et al.,
2007) and observations (Shang et al., 2014) have confirmed that
the studied area is a multiple generation region of internal tides
in the southern SCS. Additionally, because of the rough topography, this region can strongly dissipate internal tides. In summer, the internal tides in the southern SCS contain the largest
kinetic energy over a year (Shang et al., 2014).
Below the thermocline, baroclinic tides and the enhanced
fine structure shear may be generated when barotropic tides in-
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Fig. 6. Profiles of the dissipation rate ε (a), profiles of the eddy diffusivity coefficient κ for the 12 sites (b), 3D view of the topography
using 30 arc-second data in the region of 9°–11°N, 100°–118°E (c), and vertically averaged eddy diffusivities below the thermocline
plotted against latitude (blue-dot line) and bottom roughness (black line) following Kunze et al. (2006) (d).

teract on the rough topography; thus elevated mixing can be
seen. On the other hand, bottom geostrophic flow over steep bottom features gives rise to lee waves. The lee waves form behind
the rough topography, may contain large overturns and shear instabilities that drive significant turbulence and can extract significant energy from the internal tide (Klymak and Gregg, 2004). In
our observations, the lee waves may contribute to the enhanced
mixing.
Figure 8 shows the fine structure shear variance S2, which was
analyzed from the shipboard ADCP data during the microstructure observations. Strong shears on the order of O(10–4–10–5 s–2)
were seen in the thermocline (Fig. 8). The strong shear may have
led to the breaking of internal waves, which could have driven
the relatively large ε in the thermocline. Because of the high N2 in

the thermocline, the eddy diffusivities were the weakest. Below
the thermocline, the relative strong fine structure shear corresponded to the rough topography. The convective or strong shear
may have led to highly elevated turbulence and mixing in the region of rough topography (Alford et al., 2014; Melet et al., 2013 ,
2014).
It is necessary to understand the dynamic mechanism of the
enhanced mixing below the thermocline. The u and v speed
components and the corresponding shear variance S2 are shown.
Figure 8 shows that at Sites s5–s7, where there was enhanced
mixing in the rough topography region, large shear variances S2
were seen both in and below the thermocline. The strong fine
structure shears S2 were in good agreement with the strong dissipation rates ε of O(10–8 W/kg) at these three sites (Fig. 3). Addi-
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Fig. 7. Nearly raw kinetic-energy spectra at depths of 16 m (mixed layer, blue), 72 m (thermocline, green) and 208 m (below the
thermocline, red). O1 and K1 are the diurnal tide frequencies, f is the inertial frequency, M2 is the semi-diurnal tide frequency, and
0.5 O1 is generated from O1 by PSI. The frequencies less than f, where a power-law of –2 exists on the range [10–3, 10–2], are supposed
to be geostrophically balanced (Ferrari and Wunsch, 2009). The low frequency part is beyond the scope of this study. The 95% confidence limits are provided.

Fig. 8. Components of the velocity u (black line) and v (green line) for each site. The filled color indicates the shear variance S2. The
data are from a shipboard ADCP, and the data bin is 16 m.

tionally, small Richardson numbers (Ri<5) occurred in most of
the water columns (Fig. 4). The results directly reveal that the
strong shear was the primary dynamic mechanism of the enhanced mixing seen in our observations. When internal tides or
lee waves were generated, the water columns were in a strong
shear condition, which therefore led to elevated turbulence and
mixing.
Of particular note is that part of the energy source for the enhanced mixing below the thermocline at Site s7 may have come
from the upper ocean. At Site s7, where the ε in the thermocline
was one to two orders of magnitude larger than those of other
sites, strong S2 provided the dynamic mechanism for the strong
turbulence mixing there. In any event, the rough topography is
an essential requirement for strong mixing, and the higher
roughness, strong fine structure shear and strong mixing are
evidently correlated (Fig. 6d).

5 Conclusions
A turbulent microstructure experiment at a low latitude of
10°N in August 2012 was conducted to investigate turbulent mixing in the upper 650 m layers in the southern SCS. Several phenomena were found, as now summarized.
In the mixed layer, the strongest eddy diffusivity occurred,
which could reach 2×10–2 m2/s. The strong stratification in the
thermocline inhibited the penetration of surface turbulence mixing through the thermocline, where the eddy diffusivity was
weakest. Below the thermocline layer, where the background
eddy diffusivity was approximately 1×10–6 m2/s, the eddy diffusivity increased with depth, with values that reached 1×10–3 m2/s at
some depths. Strong fine structure shear dominantly drove the
strong mixing.
Some patches that were induced by strong fine structure
shear with obvious large dissipation rates were observed. The
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eddy diffusivity that was induced by strong fine structure shear
can be three orders larger than the background eddy diffusivity.
The mixing below the thermocline was found to be in good
agreement with the roughness of the topography, which indicates that the topography offers a necessary condition for the large
eddy diffusivity that is observed in the southern SCS.
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