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Abstract

The spatiotemporal features of submesoscale processes (SMPs) in the northeastern South China Sea (SCS) are
analyzed based on a high-resolution simulation from 2009 to 2012. The simulation results show that the SMPs
with a vertical relative vorticity that matches the local planetary vorticity are ubiquitous in the upper ocean of the
northeastern SCS. The SMPs distribution shows an asymmetry due to centrifugal instability, with stronger positive
vorticity than negative vorticity. Meanwhile, the SMPs demonstrate an obvious seasonal variation. The SMPs are
strong and active in winter but weak and inactive in summer. An investigation of the SMPs generation
mechanisms reveals that flow straining and mixed layer depth account for this seasonal variation. The strong flow
straining and deep mixed layer depth in winter favor the SMP generation via frontogenesis and mixed layer

instability.
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1 Introduction

Submesoscale processes (SMPs) at scales of O(1) km and O(1)
day have drawn increasing attention due to their dynamical and
ecological effects. High-resolution model simulations and obser-
vations have recently demonstrated the prevalent distribution of
the SMPs in the world oceans with the typical structures of
submesoscale front, eddy and filaments (Capet et al., 2008a; Cal-
lies et al., 2015; Rosso et al., 2015; Buckingham et al., 2016; Gula
etal., 2016).

The SMPs, as the intermediate processes between the meso-
scale and microscale dynamics, are confirmed to play an import-
ant role in a forward energy cascade. The geostrophic turbulence
is characterized by an inverse energy cascade, that is, energy
transferring from smaller scale to larger scale. However, an ocean
flow has a forward energy cascade, and energy transfers from lar-
ger scale to smaller scale when the SMPs emerge (Capet et al.,
2008c). Therefore, the SMPs provide an essential route for the
mesoscale eddy dissipation and mixing enhancement (Zhang et
al., 2016; Yang et al., 2017). On the other hand, the Rossby num-
ber of the SMPs is around 1, Ro~O(1), thus indicating that the
SMPs are ageostrophic. According to the analysis of in situ obser-
vation and model simulation, the vertical velocity induced by the
SMPs reaches O(10-100) m/d, which contributes to the marine
ecology considerably (Pollard and Regier, 1992; Mahadevan et
al., 2006). The upwelling of the SMPs cannot only transport nutri-
ents into the euphotic layer for phytoplankton growth, but also
bring the deep phytoplankton into surface to alleviate light limit-

ation (Lévy et al., 2001, 2012; Lapeyre and Klein, 2006; Johnson et
al., 2010). On the contrary, the downwelling exhibits a negative
effect by subducting nutrients or phytoplankton into the deep
ocean (Lévy et al., 2001).

Different generation mechanisms of the SMPs have been pro-
posed under various background conditions. However, fronto-
genesis and mixed layer instability (MLI) have been found to be
the most common mechanisms for the SMP generation in the
upper ocean (e.g., Capet et al., 2008b; Mensa et al., 2013). The
frontogenesis theory describes a cross-front secondary circula-
tion accompanied by front strengthening (Hoskins, 1982), while
the MLI is a type of baroclinic instability that is constrained in the
upper mixed layer (Boccaletti et al., 2007). A submesoscale dis-
turbance can grow by extracting potential energy from the un-
stable flow because the mixed layer is not completely well-mixed
and usually has a weak horizontal density gradient.

The South China Sea (SCS) is one of the most complex mar-
ginal seas in the world, with different dynamic processes such as
basin-scale circulations, mesoscale eddies, internal waves, up-
welling and mixing events (Liu et al., 2008; Chen et al., 2011;
Alford et al., 2015; Zhang et al., 2016; Huang et al., 2016; Xia et al.,
2016; Yang et al., 2016). However, little is known about the SMPs
in the SCS as only few works focus on them. Zheng et al. (2008)
found submesoscale vortex trains behind Babuyan Island by us-
ing surface drifters and advanced synthetic aperture radar im-
ages; these vortex trains may have been generated from the inter-
action between ocean currents and the islands. Recent in situ ob-
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servations in the SCS indicate that the SMPs are active at the peri-
phery of mesoscale eddies and make a great contribution to the
dissipation of eddies and elevated mixing (Zhang et al., 2016;
Yang et al., 2017; Zhong et al., 2017). Nevertheless, the spatiotem-
poral features of the SMPs and the corresponding potential gen-
eration mechanisms in the SCS remain unclear. This work is
aimed at investigating the spatiotemporal variation of the SMPs
in the northeastern SCS through a numerical model. Section 2 re-
views the model setup. Section 3 presents main results. Section 4
provides a summary of this work.

2 Model setup

The simulation is performed using the Regional Oceanic
Modeling System (ROMS) (Shchepetkin and McWilliams, 2005).
A two-layer nested model with a parent grid of 5 km resolution
and a nested grid of 1 km resolution is used to obtain a high-res-
olution simulation. The model has 30 vertical layers with at least
ten layers in the upper 100 m. The 5 km parent grid covers the
northern SCS and the eastern Luzon Strait (the black rectangle
area in Fig. 1, 15°-25°N, 110°-126°E), whereas the 1 km nested
grid is located at the west of the Luzon Strait (the red box in Fig. 1,
18°-23°N, 115.5°-121°E). The nested grid has a wide depth range
from exceeding 5 000 m in the deep basin to tens of meters over
the continental shelf. This area is considered energetic, given the
occurrence of multiscale dynamical processes, such as basin-
scale circulation, mesoscale eddies, and internal tides.
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Fig. 1. The topography of model domain. The black rectangle is
the parent grid with spatial resolution of 5 km, while the red one
is the nested grid with spatial resolution of 1 km.
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The topography used here has a spatial resolution of 2’ pro-
vided by ETOPO2. The forcing data are from the European Cen-
ter for Medium-range Weather Forecasts (ECMWF) datasets with
a horizontal resolution of 0.125°. The boundary condition is
provided by Hybrid Coordinate Ocean Model (HYCOM) datasets
with a resolution of up to 0.08°.

The parent grid first spins for 25 a using climatological for-
cing data to obtain a statistically stable solution. The model is
then run for 9 a using monthly averaged forcing and boundary
data from 2004 to 2012. Finally, the nested grid is driven from
2009 to 2012 using a one-way off-line integration on the basis of
the results of the parent grid as the boundary condition.

3 Spatiotemporal variation of submesoscale processes

3.1 The spatial variation of submesoscale processes

The model results have revealed that various SMPs with
Rossby number around O(1) including fronts, filaments and ed-
dies appear in the ocean upper layer as the model resolution in-
creases. On the basis of the high-resolution results, a comparis-
on of sea surface temperature is conducted between the simula-
tion result and the satellite observation (Fig. 2). The observed sea
surface temperature from December 12 to 19, 2009 is derived
from the Moderate-Resolution Imaging Spectroradiometer
(MODIS). The temperature is averaged with a spatial resolution
of 4 km. The sea surface temperature indicates that the general
patterns of the two distributions are nearly consistent. The sea
surface temperature is warm in the deep basin and cold over the
continental shelf. Strong temperature fronts can be found along
the shelf break. However, fine differences between them are also
observed. The MODIS result denotes that the front along the
shelf break bends and generates meanders. However, the simu-
lated front shows more finer structures, including filaments and
eddies.

The instantaneous distributions of sea surface height, surface
vertical relative vorticity (normalized by planetary vorticity, {/f),
and horizontal density gradient (phz(pxz+py2)'1/ 2) on December
17, 2009, are illustrated in Fig. 3. The distribution of the sea sur-
face height denotes that two mesoscale eddies with the spatial
scale of O(100) km can be observed in the northeastern SCS. The
mesoscale eddy that is located in the west is a warm eddy with a
high sea surface height of up to 0.9 m at its center, whereas the
other one that is located in the east is a cold eddy with a low sea
surface height below 0.4 m at its center. According to the geo-
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Fig. 2. The simulated sea surface temperature on December 17, 2009 (a) and 8-day averaged sea surface temperature with a spatial

resolution of 4 km derived from MODIS (b).
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Fig. 3. The instantaneous distributions of sea surface height (a), vertical relative vorticity ({/f) at 5 m depth (b) and horizontal density
gradient at 5 m depth (c) on December 17, 2009 from the nested 1 km grid.

strophic balance, the warm eddy has an anticyclone circulation
at the surface, whereas the cold eddy exhibits a cyclone circula-
tion (the current filed is not shown here). The two eddies, which
are usually referred to as the “eddy pair”, have been studied by a
number of works (e.g., Zhang et al., 2013). Their generation re-
mains an open question and different mechanisms, such as the
local wind force and the Kuroshio intrusion, have been proposed
(Wang et al., 2008; Nan et al., 2011; Zu et al., 2013; Shu et al., 2016;
Zhang et al., 2016).

The normalized relative vorticity, which can be regarded as
an expression of the Rossby number, implies the ageostrophy of
the flow in the ocean. The flow tends to show ageostrophic fea-
tures when the relative vorticity is comparable with the planetary
vorticity. The distribution of the normalized relative vorticity at 5
m depth indicates that dynamic processes with the Rossby num-
ber that reaches O(1), including filaments, eddies and fronts, are
ubiquitous in the upper layer. The large magnitude of the Rossby
number indicates that numerous SMPs occur in this region. The
SMPs are ubiquitous in the upper layer, and they are more active
in the eddy and over areas with complicated topography. Com-
pared with the horizontal density gradient in Fig. 3c, a favorable
consistency can be observed between their distributions, and a
strong density gradient typically corresponds to active SMPs.
This consistency, which is analyzed below, suggests a correlation
between the SMPs and the density gradient.

A close examination of Fig. 3b indicates an asymmetry
between the positive and negative vorticities. Generally, the pos-
itive vorticity is stronger and more active than the negative vorti-
city. This asymmetry is quantitatively revealed on the basis of a

statistical result. The probability density functions (PDFs) of the
relative vorticity, and horizontal and vertical velocities at differ-
ent depths in December 2009 are plotted in Fig. 4. The PDFs of
the relative vorticity exhibit a significantly obvious positive skew-
ness near the surface. The negative normalized vorticity is ap-
proximately 3 under the probability that the positive normalized
vorticity reaches 5, the negative one is just around 3. The corres-
ponding skewness is 1.40. By contrast, the relative vorticity weak-
ens sharply, and the PDF becomes symmetric with a skewness of
as low as -0.29 at the depth of 200 m. This asymmetry of the relat-
ive vorticity has been reported by different works and attributed
to the centrifugal instability (Dong et al., 2007; Capet et al., 2008b;
Klein et al., 2008; Lévy et al., 2010; Shcherbina et al., 2013). The
centrifugal instability plays a role in dissipating the SMPs when
the negative vorticity exceeds the local planetary vorticity. Thus,
the centrifugal instability restricts the relative vorticity by {=f.
The PDFs of the horizontal velocities, u and v, also show
asymmetry at both depths of 5 and 200 m, respectively, which
may be insignificant. Both velocities demonstrate negative a
skewness at the depths. The zonal velocity presents a positive
skewness of 0.08 at 5 m and 0.02 at 200 m, whereas the meridion-
al velocity has a negative skewness of -0.33 at 5 m and -0.28 at
200 m. During the time for the PDF calculation, there exists an
eddy pair as mentioned above (Fig. 3a). The horizontal velocity is
enhanced in the junctional area due to the lateral alignment of
the eddy pair (Zhang et al., 2016). The southward and eastward
currents tend to be enhanced, according to the relative position
of the eddy pair. Therefore, the probabilities of strong positive u
and negative v are increased, thereby resulting in the positive
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Fig. 4. The probability distribution functions (PDF) of normalized relative vorticity (a), horizontal velocity (b) and vertical velocity (c)
at depths of 5 m and 200 m computed based on result in December 2009.

skewness of u and the negative skewness of v.

The PDF of the vertical velocity, w, is asymmetric at the sur-
face with a skewness of approximately -1.70, which indicates that
the downwelling is stronger than the upwelling. The down-
welling of the vertical velocity can reach 250 m/d. It is stronger
than the upwelling which is below 200 m/d. The vertical velocity
tends to be symmetric at 200 m depth. On the basis of a simpli-
fied vorticity equation, the analysis by Capet et al. (2008b)
demonstrated that this asymmetric distribution of the vertical ve-
locity at the surface is consistent with the relative vorticity. Con-
sidering that the vorticity variation is only related to the vertical
gradient of the vertical velocity, the increasing (decreasing) vorti-
city strength tends to induce downwelling (upwelling). Accord-
ingly, the dominated positive vorticity at the surface can lead to a
dominated downward velocity. This correspondence can be dir-
ectly observed in Fig. 5. The positive vertical vorticity is stronger
at surface, and correspondingly the vertical current is therefore
dominated by the downwelling. However, the vertical vorticity at
200 m depth, decreases sharply, thus implying the weakening of
submesoscale activity. Though a strong vertical velocity can still
be found no consistency is observed between the vertical velo-
city and the vertical vorticity.

A comparison of the vertical vorticity and velocity indicates
that the vertical velocity does not decrease as much as the vertic-
al vorticity, and even the upwelling is stronger at 200 m than at
the surface. This inconsistency is attributed to the complicated
topography, since strong vertical velocity occurs in the southw-
est of Taiwan Island and over the shelf break, where there exists
complicated topography and strong currents. A strong vertical
current can be induced when the flow passes through various to-
pographies.

3.2 Temporal variation of submesoscale processes

The above analysis reveals that the SMPs show an asymmetry
of the vertical vorticity. The consequent question is that how the
SMPs vary in time. The temporal variation features of the SMPs

are analyzed from their relative vorticity and kinetic energy.

According to an intuitive expression of the relative vorticity
distribution in different seasons, the SMPs seem to be more act-
ive in winter than in summer (the distribution figure is not
shown). To be more objective and genera, we define the probab-
ilities of the relative vorticity with |¢/f| =1 and the vertical velo-
city with |w | =50 m/d as the indicators of the SMP activity. The
relative vorticity with |(/f| =1 and the vertical velocity with |w| =
50 m/d from 2009 to 2012 are calculated (Fig. 6). The probability
of |{/f] =1 at depth of 200 m is low, implying the weakness and
inconspicuous variation of the SMPs. However, this probability
increases by six to sevenfold and shows an obvious seasonal vari-
ation as the depth decreases to 5 m. The probability of the strong
vorticity is low in summer (June, July and August) and then in-
creases significantly in winter (December, January and February).
Overall, the probability of the strong vorticity is several times
higher in winter than in summer.

Meanwhile, the vertical velocity is stronger in winter than in
summer as well. The probability of the strong vertical velocity at
the surface shows a similar variation feature; this is consistent
with the relative vorticity, which has a correlation coefficient of
up to 0.72. However, the probability at 200 m does not show a
seasonal variation, although the probability density varies with
time. In contrast to the relative vorticity variation with the depths,
the vertical velocity is stronger at 200 m than that at 25 m. This
outcome may be attributed to the rapidly changing topography,
as mentioned in the above subsection.

The probabilities of the strong relative vorticity and vertical
velocity reveal a strong seasonal variation of the SMPs, thus im-
plying a higher SMP kinetic energy (KE) in winter than in sum-
mer. The SMP KE is calculated after the flow decomposition to
confirm the above-mentioned result. The velocity field is first de-
composed into three components with different spatial scales, as
follows:

w=w+ Ut U, )]
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Fig. 5. The normalized relative vorticity (a, b) and vertical velocity (m/d) (c, d) at 5 m (left) and 200 m (right) on December 17, 2009.
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where u, is the total velocity; and u, u,, and u, correspond to the
large-scale, mesoscale, and submesoscale velocities. The parti-
tion scales between different flow fields are selected as follows.
Under the baroclinic instability, the disturbance develops at a
scale of

2

where N is the buoyancy frequency; H is the vertical scale of the
disturbance; and fis the Coriolis parameter. According to the wa-
ter depth and the mixed layer depth (MLD), the scales used to
partition large- and mesoscales, meso- and submesoscales are
defined as 400 and 20 km, respectively. Our evaluation indicates
that the Rossby number calculated based on the submesoscale
velocity field with the partition scale of 20 km is nearly consistent
with the result calculated from the total velocity field. This con-
sistent relationship indicates that the spatial scale used here can
extract most submesoscale energy, though it may be not perfect.

The speed fields |z, |u,| and [u|) of the different scales at 5 m
depth on 17 December, 2009 are calculated as an example (Fig. 7)
using the Butterworth filter. The speed field is filtered meridion-
ally and then zonally. The speed patterns depict the large-scale
circulation and mesoscale eddies, and demonstrate the SMP
activity which is consistent with the relative vorticity. Therefore,
the distributions of the different velocities indicate that this
method can distinguish the KE of the different scales well.

The KE densities (KE=pu?/2) of the different scales at the sur-
face and 200 m depth are calculated and plotted versus time (Fig. 8).
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2009.

Most KE is concentrated in the upper layer, and the large- and mes-
oscale energies are the dominant components of the oceanic KE.
The large- and mesoscale KE near the surface are comparable,
with a variation range from about 200 J/m3 to nearly 600 J/m3.
Both decrease sharply at 200 m depth below 100 J/m3, with in-
conspicuous temporal variations. Similarly, the submesoscale
energy is much stronger in the upper layer than at 200 m depth.
By contrast, the submesoscale energy is much smaller, which ac-
counts for only 2% of those two components. Nevertheless, the
kinetic energy of the SMPs exhibits an apparent seasonal vari-
ation. It can reach 8 J/m?3 in winter but decreases by half to 4 J/m?
in summer. This result is consistent with the variation revealed
by the relative vorticity and vertical velocity.

3.3 The generation of submesoscale processes

As mentioned in Section 1, the SMPs can be generated under
different conditions. In the current section, the generation mech-
anisms are analyzed to determine the reason for the obvious
temporal variation of the SMPs. The generation mechanisms that
include frontogenesis, MLI are investigated according to their
different dynamic features. On the basis of the generation invest-
igation, the potential factors that modulate the seasonal vari-
ation of the SMPs are analyzed.

3.3.1 Frontogenesis
The frontogenesis is a common mechanism for generating
submesoscale fronts in the upper mixed layer (Capet et al.,
2008b). The frontogenesis theory reveals that a secondary circu-
lation is induced when the horizontal gradient is strengthened
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continuously (Hoskins, 1982). The induced secondary circula-
tion resists the strengthening of the fronts and restores the geo-
strophic balance. According to the frontogenesis equation, the
frontogenesis is closely related to the straining field of flow
(Hoskins, 1982), which can be expressed as

S:\/(ux — 1) + ()2, 3)
where u and v are zonal and meridional velocities, respectively,
the parameter S measures the straining rate of the flow. A strong
flow straining rate favors the frontogenesis.

According to the calculated results at 5 m on 17 December,
2009 (Fig. 9), the straining field pattern is consistent with the rel-
ative vorticity distribution displayed in Fig. 3. The straining fields
induced by meso- and submesoscale velocities are comparable
and are one order of magnitude larger than those induced by the
large-scale velocity. The flow straining causes the frontogenesis
on the premise of the horizontal density gradient, which can be
depicted by the frontogenesis rate, F (Hoskins, 1982),

F=0 - Vpp= — (uxpx+vxpy) px — (Uypxtvypy) py. 4)

F measures the changing rate of the horizontal gradient in-
duced by the flow straining. The F being greater than 0 indicates
an increase of front strength, whereas the front strength de-
creases when Fis less than 0. The frontogenesis rate caused by
different velocity fields are calculated, which shows same conclu-
sions with the straining rates. The frontogenesis rate caused by
mesoscale and submesoscale velocities remains comparable and
is one order larger than that caused by the large-scale velocity
(Fig. 10). However, in contrast to the flow straining, the fronto-
genesis rate has positive and negative values, implying that the
flow straining may play a positive role in the generation of the
submesoscale fronts, and a negative role in the dissipation of the
fronts.

The above-mentioned analysis demonstrates that the flow
straining significantly contributes to generating the submeso-
scale fronts. Therefore, the mesoscale straining and density
gradient are important prerequisites during the initial stage of
the submesoscale fronts generation. Thus, the probabilities of the
strong flow straining, |S/f|=0.8, and the strong horizontal dens-
ity gradient, |V p|=0.05 kg/km, in mesoscale (the density de-
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composition is similar to the velocity decomposition) at different
depths are calculated (Figs 11a, b). Both probabilities have a high
value at the surface and decrease to nearly 0 at 200 m depth. The
strong straining and the density gradient are concentrated in the
upper mixed layer, where the strong velocity and the density fluc-
tuation easily appear. Both time series in the upper mixed layer
have obvious seasonal variations, which are strong in winter and
weak in summer. Given that the strong horizontal density gradi-
ent exists in winter, the strong flow straining is potentially in fa-
vor of strengthening the front gradients. Therefore, the meso-
scale straining and the density gradient are significant factors in
modulating the seasonal variation of the SMPs.

Previous studies have revealed that the density gradient vari-
ation can be attributed to the seasonal variation of the MLD (Mensa
etal., 2013; Callies et al., 2015). The MLD is shallow and tends to
be stratified due to the weak summer monsoon while the mixed
layer deepens in winter due to the strong winter monsoon. Con-
sequently, the isopycnals easily outcrop and generate the hori-
zontal density gradient in winter. Our analysis reveals that the
strong flow straining in winter is another significant factor for
modulating the SMPs. In winter, strong Kuroshio intrusions, more
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active mesoscale eddies and stronger monsoon in the SCS lead to
strong straining (Chen et al., 2009; Cheng and Qi, 2010). The in
situ observations in the SCS have revealed that active SMPs are
associated with mesoscale eddies, which play an important role
in forward energy cascade (Yang et al., 2017; Zhong et al., 2017).
The generation of the SMPs at the periphery of eddies is likely re-
lated to the strong staining at the periphery of eddies.

3.3.2 Mixed layer instabilities

A careful comparison between the frontogenesis rate and the
relative vorticity indicates more fine structures in vorticity, such
as more smaller eddies and filaments. The bias suggests that the
frontogenesis is not the exclusive mechanism for generating the
SMPs. On the basis of the theoretical analysis, Boccaletti et al.
(2007) presented that the baroclinic disturbance at the submeso-
scale grows when the horizontal density gradient and the vertical
velocity shear are unstable, namely, MLI. The energy source for
MLI is the release of available potential energy (APE), which can
be measured by the conversion rate from APE to KE (Boccaletti et
al., 2007),
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Fig. 11. The time series of probabilities of the straining rate {S/f] |S//=0.8} (a), and {|p,] | |p;,|=0.05 kg/km} (red lines for series at 5 m,
while blue lines for series at 200 m) (b), and the time series of PK (red lines for series averaged within mixed layer, while blue lines for
series averaged between the mixed layer depth and 200 m) (c).
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where w, and b, are submesoscale perturbations of the vertical
velocity and buoyancy, respectively. The PK defined here is a do-
main-average over different depth ranges. This work investig-
ated the PK averaged within the mixed layer and between the
MLD base and 200 m are investigated. The MLD is defined as the
depth at which the temperature change from the surface temper-
ature is 0.5°C.

Figure 11c illustrates that the PK is always positive within the
calculated depth range, implying a release of the APE to the KE.
However, the PK is small below the mixed layer, and little APE is
converted to the KE. In the mixed layer, the PK is small in sum-
mer but increases sharply in winter, indicating a strong seasonal
variation in the APE release. In winter, more APE release
provides energy for the development of the SMPs. But in sum-
mer, the SMPs can hardly extract the APE in the mixed layer for
their development. Therefore, the MLI is another factor for mod-
ulating the seasonal variation of the SMPs (Capet et al., 2008c).

The magnitude of the APE is limited by the thickness of the
MLD (Mensa et al., 2013). The MLD is shallow in summer but is
deepened in winter due to the monsoon variation. The more eas-
ily outcropping isopycnals and stronger frontogenesis are in fa-
vor of storing more APE within the MLD in winter than that in
summer. Meanwhile, stronger mesoscale eddies and monsoon
favor density gradient due to the difference of water masses and
flow straining, which further increases the APE.

It can be inferred that the frontogenesis and the MLI are
tightly related, rather than mutually independent. The pre-exist-
ing density gradient is an essential condition for both generation
mechanisms. However, the pre-existing density gradient is usu-
ally too weak for the MLI. When frontogenesis occurs and front
gradients are strengthened, it is usually accompanied by the MLI
due to the unstable strong density gradient and velocity shear.
So, the flow straining and the MLD are the contributors for both
frontogenesis and MLI. Their seasonal variations are the main
factors that modulate the SMP seasonal variation.

4 Summary

The SCS is one of the largest marginal seas in the world and
has abundant and complicated dynamical processes. As the
transitional scale between mesoscale and microscale, the SMPs
are ubiquitous in the upper layer of the SCS. The spatiotemporal
variation features of the SMPs are analyzed, using a high-resolu-
tion model in the northeastern SCS.

The results reveal that the SMPs are mainly concentrated in
the upper mixed layer and sharply weaken as depth increases.
Owing to the centrifugal instability, the SMPs with negative vorti-
city in excess of the local planetary vorticity tend to be dissipated
rapidly. Thus, the vorticity and the vertical velocity are asymmet-
ric, with corresponding PDF skewness of approximately 1.4 and
-1.7. Moreover, the SMPs have an obvious seasonal variation,
which is stronger and more active in winter than in summer. Ac-
cording to the estimation, the submesoscale KE can reach 8 J/m?
in winter, which is two-fold larger than that in summer.

The generation mechanisms of the SMPs play a significant
role in modulating the spatiotemporal variation features. On the
basis of the frontogenesis theory and the energy conversion rate
from APE to KE, we demonstrated that frontogenesis and MLI are
important mechanisms for the generation of the SMPs in the up-
per mixed layer. Further analysis indicates that the strong sea-
sonal variation of the SMPs is attributed to the seasonal vari-

ations of flow straining and MLD. The stronger straining and
deeper MLD account for the more active SMPs in winter.
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