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Abstract

Upper turbulent mixing in the interior and surrounding areas of an anticyclonic eddy in the northern South China
Sea (SCS) was estimated from underwater glider data (May 2015) in the present study, using the Gregg-HenyeyPolzin parameterization and the Thorpe-scale method. The observations revealed a clear asymmetrical spatial
pattern of turbulent mixing in the anticyclonic eddy area. Enhanced diffusivity (in the order of 10–3 m2/s) was
found at the posterior edge of the anticyclonic mesoscale eddy; on the anterior side, diffusivity was one order of
magnitude lower on average. This asymmetrical pattern was highly correlated with the eddy kinetic energy.
Higher shear variance on the posterior side, which is conducive to the triggering of shear instability, may be the
main mechanism for the elevated diffusivity. In addition, the generation and growth of sub-mesoscale motions
that are fed by mesoscale eddies on their posterior side may also promote the occurrence of strong mixing in the
studied region. The results of this study help improve our knowledge regarding turbulent mixing in the northern
SCS.
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1 Introduction
The South China Sea (SCS) is the largest semi-enclosed marginal sea in the northwestern Pacific Ocean. Its large-scale currents are driven by the East Asian monsoon (Xie et al., 2003). It
has been reported that the SCS experiences a range of multiscale
dynamical processes including wind- and density-driven circulation (Qu, 2000; Wang et al., 2011), strong internal waves (Alford et
al., 2015; Huang et al., 2016), enhanced turbulent mixing (Tian et
al., 2009; Liang et al., 2017), and energetic mesoscale eddies
(Wang et al., 2003; Zhang et al., 2013; Qiu et al., 2019b). Among
these processes, mesoscale eddies with strong kinetic energies
play an important role in the dynamics across a range of scales

(Chelton et al., 2011) and are a key transport mechanism of
oceanic material (Zhang et al., 2014).
Mesoscale eddies in the northern SCS have received much attention in the past few decades, which is evident in both hydrographic datasets and satellite sea-level anomaly data (Li et al.,
1998; Li and Pohlmann, 2002; Yuan et al., 2007; Chow et al., 2008;
Wang et al., 2003, 2008; Chen et al., 2011; Chu et al., 2014; Zhang
et al., 2016; Qiu et al., 2019b). Previous studies have examined
eddy structures, eddy life-cycles (in terms of their origination,
shifts, development, and decay), and the associated transport of
energy and matter in the northern SCS (Wang et al., 2005; Nan et
al., 2015; Zhang et al., 2016; Zheng et al., 2017; Qiu et al., 2019a).
The prevailing dynamical paradigm is that the oceanic eddies are
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generated through the hydrodynamic instabilities of ocean currents with the release of available potential and kinetic energy
built up by large-scale wind and surface buoyancy fluxes (Gill et
al., 1974; Ferrari and Wunsch, 2009).
The formation of mesoscale eddies in the SCS occurs mainly
through shedding from the Kuroshio intrusion and its instability
(Li et al., 1998; Jia et al., 2004; Yuan et al., 2006; Zhang et al., 2017)
and the action of the local wind-stress jet (Wang et al., 2008). Eddies from the Luzon Strait usually follow one of three tracks,
namely southwestward to Hainan Island, westward into the
1 000-m isobath, or southward (Nan et al., 2011b). A proportion
of eddies can drift southwestward along the continental slope for
more than a thousand kilometers and last for several months
after their formation from a Kuroshio intrusion (Chen et al., 2011;
Nan et al., 2011b; He et al., 2018). During their propagation, the
mesoscale eddies can modulate basin-scale circulation (Yang
and Liu, 2003), affecting small-scale internal waves (Xie et al.,
2015), inducing cross-shelf flow (Wang et al., 2018), and evoking
sub-mesoscale motions (Zhang et al., 2016).
In addition to the mesoscale eddy processes, turbulent mixing in the northern SCS has received much attention in the last
twenty years. The northern SCS is a hotspot of turbulent mixing
(St. Laurent, 2008); it is reported that the turbulent mixing rates
in the north SCS can be two orders of magnitude higher than that
in the Pacific Ocean (Tian et al., 2009; Klymak et al., 2011). The
elevated turbulent mixing in the SCS drives water exchange
between the SCS and the Pacific (Zhou et al., 2014), and plays a
key role in driving the SCS circulation (Qu et al., 2006). The
breaking of internal waves (i.e., internal solitary waves, internal
tides, and near-inertial internal waves) is considered the dominant factor driving the high-level mixing in the northern SCS (Yang
et al., 2016; Bai et al., 2019). Most of those previous studies focusing on turbulent mixing in the SCS were based on large distance
station measurements with scales reach dozens of kilometers.
However, with low spatial measurements, it is difficult to depict
spatial characteristics of mesoscale motions (such as mesoscale
eddies) mixing.
Much attention has been paid to mesoscale eddies and turbulent mixing individually. However, the influence of the mesoscale eddies on the turbulent mixing in the SCS has only recently
received attention. Several mechanisms of turbulent mixing influenced by mesoscale eddies have been reported. Anticyclonic
and cyclonic eddies have different effects on turbulent mixing in
the north SCS, with the former strengthening mixing and latter
weakening mixing, respectively (Yang et al., 2014). Potential
causes of the enhanced mixing within the anticyclonic eddies include the breaking of strong internal tides radiating from the
Luzon Strait and the breaking of near-inertial waves radiating
from the eddy itself (Zhang et al., 2016), the eddy reinforced
down-propagation of near-inertial waves (Yang et al., 2014), the
near-inertial waves generated by the interaction of mesoscale eddies, and unique bottom topography (Sun et al., 2016). Recently,
Yang et al. (2017) found that several times more turbulent mixing
occurred in the surface mixed layer of the periphery of anticyclonic eddies compared to that in the eddy center. The more energized sub-mesocale motions in the periphery were a key factor
leading to the spatial feature of mixing. The mesoscale eddies in
the SCS can dissipate effectively over complex rough topography,
and the generation of sub-mesoscale motions and lee waves are
two pathways for the transfer of mesoscale eddy energy down to
small dissipation scales (Yang et al., 2019).
Although some researchers have studied the influence of

mesoscale eddy on turbulent mixing in the SCS, more observations, especially high spatial resolution observations, are needed
to examine the spatial structure of turbulent mixing of mesoscale
eddy to identify the effects of the physical processes such as submesoscale eddy. Here, based on the glider measurement results
obtained in May 2015, we present an assessment of the spatial
structure in high spatial resolution, less than 4 km of turbulent
mixing within and surrounding an anticyclonic eddy in the
northern SCS.
2 Data and methods
2.1 Data
The primary data source was a Chinese underwater glider
(Sea-Wing) deployed in the northern SCS (Fig. 1a). The glider
passed through the center of an anticyclonic mesoscale eddy on
May 18, 2015. The glider was released at 21°N, 119°E on April 1,
2015, traveled southwestward for more than 700 km, and was
finally retrieved at 18°N, 114°E on June 1, 2015 (indicated by the
black line in Fig. 1a). Temperature, salinity, and pressure were
measured by a Seabird CTD installed on the glider. The glider
profiled the water column to a depth of 1 000 m and captured 205
vertical temperature and salinity profiles.
To examine the surface characteristics of the studied anticyclonic eddy, satellite altimeter-based sea level anomaly (SLA) and
absolute dynamic topography (ADT) data distributed by the
Copernicus Marine Environment Monitoring Service (CMEMS,
http://marine.copernicus.eu) were obtained. The SLA dataset
merged observations from different altimetry satellites (Jason-3,
Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2, Jason-2, Jason-1,
T/P, ENVISAT, GFO, and ERS1/2), and geophysically and meteorologically corrected for tides, ionospheric effects, and atmospheric pressure with gridded spatial and temporal resolutions of
(1/4)° and one day, respectively. The SLA data represent the differences between ADT and mean dynamic topography (MDT).
The specific product used was SEALEVEL_GLO_PHY_L4_REP_
OBSERVATIONS_008_047, and a full description of the dataset is
available at http://cmems-resources.cls.fr/documents/
PUM/CMEMS-SL-PUM-008-032-051.pdf.
The global (1/12)° reanalysis product of the Hybrid Coordinate Ocean Model (HYCOM) was used to investigate the surface
velocity accompanying the mesoscale eddy (Section 4), which is
available at http://hycom.org/dataserver/glb-reanalysis. This
product assimilates multiple observational datasets, including
satellite altimeter and sea-surface temperature (SST) data and insitu T-S profiles from different instruments (e.g., CTDs, XBTs,
and Argo floats). The HYCOM simulations had 40 vertical layers
with daily archives and included three-dimensional velocity and
T-S fields. It was previously reported that the HYCOM product
performed well in simulating eddies in the northern SCS (Park
and Famer, 2013; Zhang et al., 2017).
The Aviso eddy atlas was adopted to display the variation in
the physical fields of the eddy (https://www.aviso.altimetry.fr).
This dataset contains a range of physical data, including eddy radius, eddy amplitude, and eddy rotation speed. The data-processing method for this dataset is described in detail by Chelton
et al. (2011).
Historical temperature and salinity data from the Argo dataset (http://argo.ucsd.edu) were also utilized to identify the origin
of the eddy. Sea surface wind data from a blended wind dataset
(Zhang et al., 2006) was used to exclude the effect of surface wind
fields on mixing. The blended wind data combined multiple
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Fig. 1. Trajectories of the anticyclonic eddy and underwater glider. a. Sea level anomaly (SLA) data for May 18, 2015. The red line
indicates the track of the studied anticyclonic eddy. The black line shows the track of the underwater glider. The studied anticyclonic
eddy is marked with a blue dashed line. The locations of the eddy center and glider on May 3, May 8, May 13, May 18, May 23, and May
28 are indicated. b. Absolute dynamic topography (ADT) on March 1, 2015. The red line indicates the track of the studied anticyclonic
eddy. The yellow dash line in a and white dash line in b show an ADT of 118 cm. Bathymetry of the South China Sea with the 200 m,
1 000 m, 2 000 m and 3 000 m isobaths overlaid in a and b.
satellite observations and were used to fill any data gaps in both
time and space (http://www.ncdc.noaa.gov/data-access/marineocean-data/blended-global/blended-sea-winds).
2.2 Gregg-Henyey-Polzin parameterization
The Gregg-Henyey-Polzin (GHP) parameterization is one of
the most widely used methods of quantifying ocean turbulence
from CTD measurements (Gregg et al., 2003; Kunze et al., 2006).
The GHP scaling based on internal wave-wave interaction theory
and was first developed by Henyey et al. (1986). We employed the
GHP parameterization to qualify the diapycnal diffusivities from
CTD measurements installed on the glider. The GHP is expressed as follows:

Kρ = K

⟨  ⟩
( )
ξz
f
,
⟨  ⟩ h (Rw ) j
N
GM ξz

(1)

 Rw (Rw + )
h (Rw ) = √ √
,
Rw − 
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( )
f
farccosh (N/f)
=
,
N
f arccosh (N/f)

(3)

and

j

⟨ ⟩
where K 0 =5×10 –6 m 2 /s, ξz represents the fine-scale internal
⟨ ⟩
wave strain variance inferred from observations, and GM ξz is
the strain variance inferred from the Garrett and Munk (GM)
spectrum (Garrett and Munk, 1972, 1975). In the GM model, an
open-ocean internal wave-field was assumed at a fixed buoyancy
frequency (N0=5.2×10–3 s–1) at the latitude of 30°. The functions f
and N are the Coriolis and buoyancy frequencies, respectively,
and Rw is the shear/strain variance ratio, which was set to 7 as
suggested by Kunze et al. (2006) and used by Yang⟨et al.
⟩ (2016) to
quantify the mixing in the SCS. To quantify strain ξz , the glider
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profiles were first separated into half-overlapping 300-m-long
segments, starting from the bottom and excluding the data in the
surface mixed layer. The internal wave strain was estimated from
the buoyancy frequency ξz = (N −N )/N , where N is the mean
value based on quadratic fitting to each buoyancy
seg∫ max(kfrequency
z)
⟨ ⟩
S [ξz ] (kz ) dkz .
ment. Strain variance was obtained as ξz =

method to estimate the diffusivity.
2.3 Thorpe-scale method
Based on the well-established relationship between the
√
Ozmidov scale (LO= ε/N , where ε is the dissipation rate) and
the Thorpe scale (LT; Dillon, 1982), and the Osborn’s relationship between the dissipation rate and diapycnal diffusivity
(Kρ=Γ ε/N, where Γ is the mixing efficiency and is selected as
0.2) (Osborn, 1980), the diapycnal diffusivity can be related to LT
as follows:

min(kz )

For strain variance integration, the minimum integrated
wavenumber was set to 0.042 rad/m corresponding to a vertical
wavelength λz=150 m. This was chosen as a lower wavenumber
might be influenced by strong background stratification in the
pycnocline (Kunze et al., 2006; Jing and Wu, 2013). The upper
bound is set to 0.419 rad/m, corresponding to vertical
wavelength λz=15 m. The GM strain variance was computed over
the same wavenumber band as follows:

GM

⟨  ⟩ πE bj∗
ξz =


∫

Kρ = .Γ LT /N,

where LT can be calculated as the RMS displacement of a parcel,
and the buoyancy frequency N is evaluated using the gradient of
the reordered density proﬁle. Here, the displacement is deﬁned
as the depth difference between a measured potential temperature proﬁle and its reordered version (Mater et al., 2015). In this
study, we applied this method to estimate the diffusivity and
compared with the GHP results to improve the reliability of the
results.

max(kz )

min(kz )

k
dkz ,
(k + k∗ )

(5)

(4)

where E0=6.3×10–5 is the dimensionless energy level; b=1 300 m,
which the scale depth of the thermocline; j∗=3, which is the reference mode number; and k∗= (πj∗ N) / (bN ), which is the reference wavenumber.
The GHP scaling was initially developed for the open ocean,
and its applicability in the marginal sea should be further
examined due to its potential limitations (Polzin et al., 2014). To
improve the reliability of results, we also used the Thorpe-scale

3 Results
3.1 Water mass characteristics of the anticyclonic eddy and its
origin
The glider well transited the center of the eddy (Fig. 1). To
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identify the origin of the anticyclonic eddy, historical temperature and salinity data obtained from Argo data center for the Kuroshio Current in the western Pacific (19°–22°N, 121°–122.5°E)
were compared with the in-situ T/S data. The historical profile of
the Kuroshio Current was derived by averaging 654 data profiles.
First, we separated the observed glider data into the following
three categories (Fig. 2): (1) region within the eddy (115.5°–
117°E); (2) left region outside the eddy (114°–115.5°E), and (3)
right region outside the eddy (117°–118.5°E). The outside eddy
left region corresponded to the anterior area of the eddy movement, and the outside eddy right region corresponded to the posterior area of the eddy. When comparing the water mass characteristics within the three regions, a notable feature is that the upper-layer water within the eddy region differed from that in the
outside eddy (both left and right) regions, indicating different
water genesis mechanisms.
The T-S characteristics in each region of the eddy were then
compared with the Kuroshio Current (Fig. 2). For the Kuroshio
Current, the T-S curve showed a reversed “S” shape, indicating
that the water was warmer and saltier in the upper layer (<300 m)
but colder and fresher in the intermediate layer (300–1 000 m);
the upper-layer salinity maximum and intermediate-layer salinity minimum reached 34.87 psu and 34.22 psu, respectively. For
the north SCS water recorded by glider (the outside eddy left and
right regions, water was cooler and fresher in the upper layer but
warmer and salter in the intermediate layer; water in the upperlayer salinity maximum and intermediate-layer salinity minimum reached 34.68 psu and 34.26 psu, respectively. Based on their
similar water mass characteristics, the upper-layer water in the
anticyclonic eddy probably originated from the Kuroshio Current.
To confirm the origin of the eddy, the movement track was
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derived from the SLA and ADT datasets. Following the identification criteria and tracking algorithm proposed by Chelton et al.
(2011), the track of the studied eddy is shown in Fig. 1b; the eddy
emerged southwest of Taiwan Island, after its formation, rotated
in the nearby area for approximately one month before drifting
southwestward along the continental slope. The similar water
mass characteristics of the eddy and the Kuroshio Current water
indicates that there was no notable exchange between the eddy
and the northern SCS water during its southwestward movement,
although the traveled distance encompassed four latitudes and
passed the complex bottom topography of the Dongsha Islands
area (Fig. 1).
Before its formation, the ADT map shows that the eddy was
shedding from the Kuroshio intrusion. Figure 1b shows the ADT
for the Luzon Strait on March 1, 2015. The white line indicates an
ADT of 118 cm, indicating that the eddy originated from the Kuroshio Current. The shading of the Kuroshio intrusion has also
been observed by other scientists (Caruso et al., 2006; Jia and
Chassignet, 2011; Nan et al., 2011a; Hu et al., 2012; Guo et al.,
2013; Zhang et al., 2017). Recently, Zhang et al. (2017) reported
that the barotropic instability of the Kuroshio Loop Current constitutes the primary generation mechanism for eddy shedding
from the Kuroshio Current to the northern SCS.
3.2 Variation of the physical field of the anticyclonic eddy
The eddy was continuously weakening as it moved in southwest direction. Based on the physical field data (Aviso eddy atlas
data) for the period between May 3 and May 18 (Fig. 3), the radius of the eddy decreased by half from 140 km to 70 km, with the
time of strength change was during May 12 and May 14. The eddy
rotational speed decreased from 32 cm/s on May 3 to 27.2 cm/s
on May 13 and then increased to approximately 29.2 cm/s on
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Fig. 3. Variations in the physical field of the studied anticyclonic eddy, including the eddy radius (a), rotational speed (b), and
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May 18. At the same time, the amplitude of the eddy decreased
from 19 cm on May 3 to 11 cm on 18 May. These physical field
variations indicate that both the kinetic energy and potential
energy of the eddy were weakening during this period. Energy
dissipation is one of the main mechanisms driving variation of
the physical field characteristics of eddies (Zhang et al., 2016). In
addition, here we focus on mixing processes and the diffusivity
of the eddy (Section 3.4).
3.3 Structure of the anticyclonic eddy
Matching the underwater glider tracks with the SLA satellite
data, the glider cut through the eddy between May 13 and May
23, 2015 (Fig. 1). On May 18, the anticyclonic eddy entered the region 19.72°N, 116.13°E, when it had a radius (R) of approximately
137 km (Fig. 1a). Vertical profiles of potential temperature, salinity, potential density, and the baroclinic geostrophic velocities
along the glider track are shown in Fig. 4. Here, the baroclinic
geostrophic current v g at depth of z was calculated from the
thermal wind relationship (Qiu et al., 2019b) that, vg-glider=
∫
vg-glider
g z ∂ ρz
, where vg-glider is the geostrophic
v −
dz , vg =
cosα
fρ z ∂ s
velocity perpendicular to the glider path, α is angle between the
glider path and the line between the location of glider and eddy
centre, ρ0 is the reference density (1 025 kg/m3), ρ is the potential
density of seawater, and f is the local Coriolis parameter. As such,
the geostrophic velocities were obtained by integrating the
thermal wind relationship from a reference depth (z0) to the calculation depth (z). The reference depth (z0) was set to 1 000 m,
where velocity v0 was assumed to be zero.
These calculations showed that a trough existed in the contours of temperature, salinity, and potential density; depressed
contours were notable between 100 m and 300 m, with the depressed center being consistent with the position of the altimeter-derived eddy center (the white dashed line in Fig. 4). This

3.4.1 GHP parameterization results
A section of inferred diffusivity (Kρ ) based on the GHP scaling is shown in Fig. 5. The diffusivity values ranged from a minimum of less than 10–5 m2/s to a maximum of >10–2.5 m2/s, which
indicates marked asymmetry. High-level mixing and diffusivity
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indicates that the altimeter-derived location of the eddy center
was reliable. The vertical profiles of salinity display a salty region
between 100 m and 200 m, where salinity ≥34.8 psu (Fig. 4b),
which is similar to the Kuroshio Current waters (Qu, 2000). The
salty water originated from the Kuroshio Current, with Hu et al.
(2012) pointing out that anticyclonic eddies carry high-salinity
subsurface waters from the Northwest Pacific into the northern
SCS (Fig. 2). The vertical distribution of baroclinic geostrophic
velocities is shown in Fig. 4d. To the left of the eddy center, the
velocity was positive; to the right, it was negative. The velocity increased in magnitude from the eddy center and reached its maximum of approximately –0.8 m/s at 117°E and 0.8 m/s at 115.3°E.
The location of maximum velocity corresponded to the edge of
the anticyclonic eddy; outside of the eddy edge, velocities began
to drop. The depth where the geostrophic speeds were above 20 cm/s
almost reached 600 m.
In the northern South China Sea, it has been confirmed that
axis of mesoscale eddies strongly tilts southwestward from surface to bottom (Zhang et al., 2016). The tilting distance reached
up to ~100 km for both anticyclonic eddy and cyclonic eddy from
surface to the depth of 2 000 m. This study also displayed a tilt
feature. A notable feature was that the tilt of geostrophic velocities (Fig. 4d). In the centre of the eddy, the zero geostrophic velocities tilt westward around 0.3 degree of longitude from surface to
1 000 m, which was consistent with the study reported by Zhang
et al. (2016).
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values in the order of 10–3 m2/s were observed at the posterior
side of the anticyclonic mesoscale eddy. At the anterior side, diffusivity was much weaker, with a maximum of approximately
10–4 m2/s.
To further identify the spatial asymmetry in the eddy diffusivity, the diffusivity profiles were sorted and averaged for the posterior edge side of motion (between 116.5° and 117.7°E) and the
anterior side (between 115° and 116°E) (Fig. 5b). The resulting
composites show significant differences; the diffusivity at the
posterior side of the eddy was approximately seven times higher
than at the anterior side, from 100 m to 800 m, the range of which
was effectively influenced by the eddy. We also averaged the diffusivity in each profile, and then displayed these averaged diffusivities by longitude (Fig. 5c). The maximum diffusivity was recorded at the posterior edge of the eddy, gradually weakening eastward towards the Luzon Strait and rapidly decreasing southwestward.
Using GHP parameterization and Argo data, Yang et al. (2014)
reported that depth-averaged diffusivity values have a linearly
decreasing trend southwestwards from the Luzon Strait towards
Hainan Island. We obtained a similar result, whereby diffusivity
near the Luzon Strait was generally observed to be higher than in
the southwest region of the glider track (Fig. 5c). However, due to
the influence of the anticyclonic eddy, diffusivity did not show
clear linearity as reported by Yang et al. (2014).

where the water depth is about 1 800 m (Fig. 6). The potential
temperature in the water column was nearly uniform in vertically. The sorted and original potential temperature profiles show
an obvious overturn with cooler water overlying warmer water.
Based on the detected overturns, the spatial pattern of diffusivity between 100 m and 800 m is reconstructed by Thorpe-scale
estimates (Fig. 7). It shows a small amount of overturns were detected between 115.5° and 118°E, and few overturn existed less
than 115.5°E. The disadvantage of the Thorpe-scale method is
that overturns could not be easily detected in the upper layer if
there exist strong stratifications. As shown in Fig. 7, few overturn
was detected in the upper layer where the depth was lesser than
300 m. Abundant overturns were detected where the glider operated near the Luzon Strait (longitude>118°E), which is probably
related to active internal waves there. We averaged the diffusivity
in each profile, and then displayed these averaged diffusivities by
longitude (Fig. 8). Before the averaged diffusivity was obtained,
the nonexistent diffusivity in Fig. 7 was assumed to be the background diffusivity of 1×10–5 m2/s. It showed that the diffusivity at
the posterior edge was greater than that at the anterior edge.
When comparing the results of GHP scaling (Fig. 5c) and
Thorpe-scale method (Fig. 8), it showed some common characteristics. Similar turbulence levels and spatial patterns suggest
that elevated diffusivities at the posterior side of the eddy are reliable in this study.

3.4.2 Thorpe-scale results
An example of an overturn with a depth range from 475 m to
505 m was identiﬁed at 19.86°N, 117.031°E in the northern SCS,

4 Discussion
In the upper ocean, mixing is mainly driven by wind-stress
stirring and buoyancy flux (Shay and Gregg, 1986). The action of
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Reynolds stress on wind-induced vertical shear is limited to the
upper layer (12.5-m depth) under low wind conditions
(Callaghan et al., 2014). Furthermore, the effects of buoyancy flux
only extend to the bottom of the mixed layer (Shang et al., 2017).
In our study, we considered data that were collected below 100 m,
and wind speeds were in the range of 1–8 m/s during the observation period. Wind data were obtained from the blended wind
dataset (Zhang et al., 2006) and the low wind condition meaning
that there is no evidence to suggest that the elevated diffusivities
(Fig. 5a) below 100 m resulted from wind stress and buoyancy.
We tracked eddy kinetic energy (EKE) corresponding to the
moving path of the anticyclonic mesoscale eddy, and compared
this with the bin-averaged diffusivities in relation to longitude
(Fig. 9a). Our analysis showed that the diffusivity varied simultaneously with EKE, with the coefficient of determination (R2) of
linear fitting was 0.17. This indicates that the pattern of observed
diffusivity was likely caused by the eddy and was related to surface velocity and EKE.
It is known that internal tides provide one of the major dynamical pathways for large-scale energy transfer in the ocean to
small-scale turbulent dissipation and mixing. Numerical simulations and observations have confirmed that the Luzon Strait is a
multiple generation region of baroclinic internal waves (Zhao et
al., 2004; Zhao, 2014; Alford et al., 2015; Wang et al., 2016). After
their generation, low-mode internal waves can propagate into
the northern SCS. The studied area is a region with active internal waves, the breaking of which may provide a particularly potent energy source for ocean mixing (Gregg et al., 2003). Previous
studies have confirmed that, in the South China Sea, the mixing
weakens further from Luzon Strait (Wang et al., 2016; Yang et al.,
2016). As shown in Figs 5 and 8, diffusivity tended towards larger
values close to the Luzon Strait while elevated diffusivities
between 116° and 117.5°E did not simply relate to the energy
source from internal waves but, rather, to the mesoscale eddy.
Numerical simulation and satellite remote sensing observations
have confirmed that interactions between internal waves and
mesoscale eddies are active in this area (Xie et al., 2015).
It is necessary to understand the dynamic mechanism of the
enhanced mixing at the posterior edge side of the anticyclonic
eddy (i.e., 116° to 117.5°E). As such, the fine structure shear variances were analyzed using the geostrophic velocities that inferred from the glider data (Fig. 10a), where shear variance was
calculated as S = ( ∂ u/ ∂ z) +( ∂ v/ ∂ z) . It is shown that elevated
shear variance was found in the region effected by the anticyclonic eddy, with the maximum shear variance in the depth of
about 100 m (Fig. 10a). We also compared shear variance among
three regions, namely the posterior edge side (between 116.8°
and 117.2°E), the anterior edge side (between 114.8° and
115.2°E), and the peripheral region (between 118° and 118.4°E).
The maximum S 2 values at the posterior edge side reached
3×10–6 s–2, which was larger than at the anterior and peripheral
regions (Fig. 10b). Furthermore, the S 2 values at the posterior
edge were larger than at the other two regions throughout water
column. Higher shear variance at the posterior side, which is
prone to triggering shear instabilities, may be the main mechanism for the corresponding elevated diffusivity.
The surface currents at the posterior edge region of the eddy
were larger than the other two regions (Fig. 9b). In some cases,
the velocity at the base of the eddy was distinct or even showed
the opposite trend to that within the eddy, whereby strengthened
shear can be generated in areas of stronger surface currents (Liang and Thurnherr, 2011; Zhang et al., 2014). The higher shears

77

at the posterior side can also be caused by the eddy tilt. Because
the eddy propagation in the northern SCS follows the regional
sloping bottom topography, the topographic β effect, which exerts more influence to the water column near bottom in the stratified ocean is likely the cause for the observed vertically tilting
structures (Zhang et al., 2016). As shown in Fig. 4d, the westward
tilt of eddy reached 0.3° of longitude from surface to lower layer
of 1 000 m, which mean the higher shears at the posterior side
were partly contributed by the eddy tilt, and the background velocity field. The higher shear at the posterior side may have led to
the breaking of internal waves, which could have caused the relatively high diffusivity values in the thermocline. Alternatively,
internal waves may become trapped by higher shear at the posterior side of eddies, thereby transferring momentum to the
deeper ocean and facilitating mixing (Booker and Bretherton,
1967; Zhang et al., 2014).
Sub-mesoscale motion is a common physical process in the
ocean and plays an important role in energy cascades from largescale to small-scale motion (Fu and Ferrari, 2008; Chelton et al.,
2011). In Fig. 3d, two velocity cores with maximum absolute geostrophic velocity values (approximately 0.8 m/s) were found at
the edges of the eddy. In some case, strong turbulent mixing is
found in the edge of the eddy and is controlled by the geostrophic
velocity generated shear (Liu et al., 2017). Also, with such high
velocities, a strong horizontal shear generates instability and favors sub-mesoscale eddy formation (Capet et al., 2008; Thomas
and Ferrari, 2008). Sub-mesoscale motion has been previously
reported at the posterior edge of anticyclonic eddies. For
example, Qiu et al. (2019a) analyzed drifter buoy data and found
clear signals of sub-mesoscale motion at the posterior edge of an
anticyclonic eddy in the northern SCS but not at the anterior
edge.
Mesoscale eddies can feed the generation and growth of submesoscale motions. For example, Zhang et al. (2016) reported the
dynamical process of sub-mesoscale motion accounts for more
than 50% of the dissipation processes of anticyclonic eddies in
the northern SCS. In our study, sub-mesoscale signals could be
seen in the density anomalies (Fig. 11), which exhibited significant oscillations. This spatial variability may be caused by ocean
convection or other sub-mesoscale structures (Su et al., 2016; Qiu
et al., 2019a). As shown in Fig. 11, the density anomaly at the posterior edge of the eddy had more significant oscillations than at
the anterior edge. Here the density anomaly is calculated as
ρ′ = ρ−ρb (z), where ρb (z) is a depth-dependent background
density defined as horizontal mean over the interested domain
between 114.5° and 118°E. In order to better validate the existence of sub-mesoscale motions with the glider data, a 50 km
high-pass filter is used to process the density anomaly data in
each layer of depth to eliminating the effects of larger scale fluctuations. Then we calculate the longitude-dependent standard
deviation (std) of the high-passing data between the depth of 60 m
and 300 m (Fig. 12) for each profile, for the vertical area affected
by studied mesoscale eddy was mainly concentrated in that
depth. It is supposed that the std of density anomaly can validate
the richness of sub-mesoscale motion to some extent. Although
the high-pass-filtered data may include the information on internal waves and tides, the variation of std of density anomaly at
the order of killometers caused by internal waves and tides is
possibly not significant. In Fig. 12, it shows the std of density anomaly at the posterior edge was higher than that at the anterior
edge, which indicated that the features of sub-mesoscale motions were more abundant there. It should be noted that the energy cascade from mesoscale to sub-mesoscale eddies cannot be
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accounted for by GHP parameterization based on the wave-wave
interaction theory but can be accounted for by Thorpe-scale
method. As the results from the Thorpe-scale method shown in
Fig. 8, the mixing at the posterior edge was enhanced, which indicated the effect of sub-mesoscale on the enhancement of vertical mixing. Based on these observations, it is reasonable to sug-

gest that downward energy transfer to sub-mesoscale motion
plays an important role in the dissipation of oceanic eddies,
which may be a common phenomenon in the ocean.
5 Summary
In this study, we estimated the spatial structure of turbulent
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mixing of an anticyclonic eddy in the northern SCS from underwater glider data (May 2015) using the Gregg-Henyey-Polzin
parameterization and the Thorpe-scale method. Highly enhanced diffusivity rates on the order of 10–3 m2/s were found at
the posterior edge of the studied anticyclonic eddy. In the anterior edge region, diffusivity was one order of magnitude lower,
consistent with the previously reported background values for
turbulent mixing in the north SCS (Zhang et al., 2016; Shang et
al., 2017). Potential mechanisms for these high diffusivity values
include the effects of higher background vertical shear variance
due to the anticyclonic eddy, internal waves trapped by shear,
and sub-mesoscale motion fed by the mesoscale eddy.
In summary, the diffusivity data were highly asymmetrical in
the mesoscale eddy area with a non-uniform horizontal and vertical structure. Although mixing processes in the northern SCS
have been widely studied, the previous work has focused on large
scale data with resolutions that greater than dozens of kilometers

(Tian et al., 2009; Liang et al., 2017). Here, we identified mixing
patterns based on a spatial resolution of approximately 4 km that
was able to characterize sub-mesoscale motion. We believe that
the observed mixing patterns of high spatial resolutions within
the anticyclonic eddy will help to improve our knowledge of the
turbulent mixing process in the northern SCS.
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