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Abstract Although both geostrophic‐balanced mesoscale eddies and unbalanced small‐scale processes
have been well studied in the northeastern South China Sea (NE‐SCS), less attention has been devoted to
the submesoscales in between (i.e., O(1–10 km)), which is recognized as an important conduit connecting
the balanced and unbalanced motions. Based on the output from a 1/30° OGCM simulation, spatiotemporal
characteristics and generation mechanisms of submesoscales in the NE‐SCS are investigated in this study.
Through examining the submesoscale relative vorticity and vertical velocity, the regions southwest of
Taiwan (ST) and Luzon Strait (LS) are identified as two hot spots of submesoscales in the NE‐SCS.
Seasonally, the submesoscales in region ST are much stronger in winter than summer, while those in LS do
not show a significant seasonality. Statistical analysis suggests that the strength of submesoscales in regions
ST and LS is highly correlated with the product of mixed‐layer depth and mesoscale strain rate (MSR)
and with the MSR itself, respectively. By conducting theoretical scaling and energetics analysis, the authors
find that the mixed‐layer instability whose strength is determined by the combination of mixed‐layer depth
and MSR and the barotropic instability associated with current‐islands interactions are the dominant
generation mechanisms of submesoscales in the above two regions, respectively. Further examinations of
the submesoscale energy budget indicate that, to keep a balanced state, the generated submesoscales have to
be dissipated by a forward energy cascade, highlighting the important role of submesoscales in the energy
balance of the NE‐SCS circulation.

Plain Language Summary Oceanic submesoscale currents play important roles in energy
budgets and material transport in the upper ocean. Marked by horizontal and temporal scales of O(1–10
km) and O(1–10 days) at midlatitudes, these currents are poorly studied in the South China Sea. In this
study, the spatiotemporal characteristics and generation mechanisms of submesoscales are investigated in
the northeastern South China Sea using output from a 1/30° ocean model. Based on the simulated relative
vorticity and vertical velocity, the regions southwest of Taiwan and Luzon Strait are identified as two hot
spots of submesoscales. In the region southwest of Taiwan, the submesoscales are strong in winter but weak
in summer; the submesoscales here are generated primarily through mixed‐layer baroclinic instability
whose strength is determined by the combination of mixed‐layer depth and the deformation rates of
mesoscale eddies. For the Luzon Strait, the submesoscales do not have significant seasonality, and their
generations are through barotropic instability associated with the current‐islands interactions.

1. Introduction

Submesoscale currents (also termed submesoscale turbulence, submesoscales for short hereafter) with spa-
tial and time scales ofO(1–10 km) andO(1–10 days) at midlatitudes, respectively, behave as a dynamical con-
duit for oceanic energy cascading from geostrophic‐balanced motions toward microscale turbulence (Capet
et al., 2008b; Gula et al., 2016; McWilliams, 2016). In contrast to mesoscale turbulence, submesoscales are
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characterized by O(1) Rossby number, and the nonlinear momentum advection becomes equally important
with the Coriolis force. Therefore, it can induce strong vertical motions in the upper boundary layer (e.g.,
Mahadevan & Tandon, 2006; Thomas et al., 2008; Yu et al., 2019), which are vitally important for biogeo-
chemical processes as well as heat budget in the upper oceans (e.g., Mahadevan et al., 2012; Mahadevan,
2016; Su et al., 2018). Given its importance in energy cascade and vertical material/heat transport, the subme-
soscales, especially their kinematic characteristics and generation/dissipation mechanisms, have been
widely studied in the past decade (see a review by McWilliams, 2016). Examples include those studies in
the open oceans (e.g., Buckingham et al., 2019; Callies et al., 2015; du Plessis et al. 2017; Sasaki et al., 2014;
Erickson & Thompson, 2018; Gula et al., 2014), but even more studies focus on coastal regions and marginal
seas, such as the California Current region (e.g., Capet et al., 2008a, 2008b; Molemaker et al., 2015; Renault
et al., 2018), the Gulf of Mexico (e.g., Barkan et al., 2017; Luo et al., 2016; Zhong & Bracco, 2013), and the
Mediterranean Sea (e.g., Damien et al., 2017; Pascual et al., 2017).

South China Sea (SCS) is the largest marginal sea in the northwestern Pacific that is featured with
abundant and active multiscale dynamical processes (see introduction of Zhang et al., 2017). Over the
past decades, both mesoscale eddies and small‐scale internal waves and mixing have been extensively
investigated, and our knowledge about their kinematics and dynamics have been substantially improved
(e.g., Alford et al., 2015; Wang et al., 2003; Yang et al., 2016; Zhang et al., 2013, 2016, and the refer-
ences therein). Compared to the mesoscale and small‐scale processes, the submesoscales in between,
however, are poorly studied in the SCS due to its measurement difficulty. Only in recent years have
some studies begun paying attention to submesoscales in the SCS and their potential roles in the energy
budget and vertical material transport. For example, based on surface drifter and satellite data, Zheng
et al. (2008) and Yu et al. (2018) have reported submesoscale vortex train generations in the Luzon
Strait (LS) and the western boundary region of the SCS, respectively. Through conducting energy budget
analysis for an anticyclonic eddy observed during the SCS Mesoscale Eddy Experiment, Zhang et al.
(2016) proposed that transferring energy downscales to submesoscales constituted the dominant dissipa-
tion mechanism for the anticyclonic eddy. Based on concurrent hydrographic and microstructure obser-
vations along a high‐resolution (~2 km) transect across this anticyclonic eddy, Zhong et al. (2017)
suggested that the submesoscales possibly produced by mesoscale strain can cause vertical transport
at least 1 order of magnitude greater than that by mesoscale eddies; the study of Yang et al. (2017)
further pointed out that the elevated mixed‐layer turbulent dissipation rate in periphery of the anticy-
clonic eddy was possibly furnished by these strong unbalanced submesoscales. In addition to observa-
tions, some basic features of submesoscales have also been discussed by several high‐resolution
simulation studies (e.g., Dong & Zhong, 2018; Li et al., 2019; Cao et al., 2019). Despite these efforts
made on submesoscales in the SCS in recent years, the statistical spatiotemporal characteristics are lar-
gely unrevealed, and generation mechanisms remain elusive.

In open oceans, away from coastal boundaries, mixed‐layer baroclinic instability and mesoscale strain‐
induced frontogenesis are thought as two important generation mechanisms for submesoscales (e.g.,
Callies et al., 2015; Lapeyre et al., 2006; McWilliams, 2016). Correspondingly, submesoscales tend to bemuch
stronger in winter when mixed layer is deep and they are enhanced in eddy‐rich regions such as the western
boundary currents and subtropical countercurrent regions (e.g., Buckingham et al., 2016; Callies et al., 2015;
Qiu et al., 2014; Sasaki et al., 2014; Su et al., 2018; Thompson et al., 2016). Compared to the open oceans, dyna-
mical background in the SCS especially in its northeastern part is more complex. In addition to seasonally
modulated mixed layer and strong eddy activities, the northeastern SCS (NE‐SCS; including the LS) also
has complicated islands topography that may influence the generation and dissipation of oceanic eddies
(Yang et al., 2019; Zheng et al., 2008). Interaction between barotropic tides and the complicated topography
in the LS generates large‐amplitude internal tides and internal solitary waves (Alford et al., 2015; Li &
Farmer, 2011), which can induce strong turbulent mixing that modulates basin‐scale circulation in the
SCS (Yang et al., 2016; Zhao et al., 2014). Beyond that, dynamics of theNE‐SCS circulation is also significantly
impacted by themonsoon winds and Kuroshio intrusion (Figure 1; Su, 2004; Gan et al., 2006; Xue et al., 2004;
Zhang, Zhao, et al., 2015). However, whether and how such a complex dynamical environmentwill influence
the spatial and seasonal variabilities and generation mechanisms of submesoscales in the NE‐SCS are still
unclear. In this paper, the above issues will be investigated based on the 1/30° OGCM for the Earth
Simulator (OFES) model simulations (Sasaki et al., 2014; Sasaki & Klein, 2012).
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The remainder of the paper is organized as follows. Section 2 describes the 1/30° OFES simulation and its
comparison with observations in the SCS. Section 3 presents the spatiotemporal characteristics of the subme-
soscales in the NE‐SCS. In section 4, generation mechanisms of submesoscales are analyzed in detail.
Finally, the summary and discussion are given in section 5.

2. Model Simulations
2.1. OFES Output Description

In order to investigate the spatiotemporal characteristics and generation mechanisms of submesoscales in
the NE‐SCS, realistic simulation output from the OFES model at 1/30° (in horizontal) is used in this study.
The 1/30° OFES simulation is the extended version of the earlier 1/10° eddy‐resolving version (Nonaka et al.,
2016; Sasaki et al., 2008), and it has been demonstrated to be capable of partially resolving the submesos-
cales, especially at middle and low latitudes (Qiu et al., 2014; Sasaki et al., 2014; Sasaki et al., 2017).
Atmospheric forcing of the simulation is from the 6‐hourly Japanese 25‐year reanalysis with 1° resolution
(Onogi et al., 2007). Topography of the model is constructed by using the GEBCO One Minute Grid
(https://www.gebco.net/) and the JTOPO30 (with half minute resolution near Japan; http://www.mirc.
jha.jp/). Vertically, the 1/30° simulation has a total of 100 layers with an enhanced resolution of 5 and
~5–10 m in the upper 100 and 100–200 m layers, respectively. Horizontally, the model domain ranges
between 100° E to 70° W in zonal and 20° S to 66° N in meridional, which covers the whole North Pacific
and the SCS (Figure 1). Here, the daily mean OFES outputs including temperature, salinity, velocity (both
horizontal and vertical), and sea surface height between 1 January 2001 and 31 December 2003 were ana-
lyzed in the SCS with particular focus on its northeastern part (see Figure 2).

2.2. Comparison With Observations

Before presenting the detailed analysis, it is necessary to compare the 1/30° OFES output with available
observational data to see whether it can adequately simulate the relevant dynamical features in the SCS.
Given that the submesoscale activities are strongly influenced by large‐scale and mesoscale flows, we first
examined the model's performance at the larger scales by comparing the simulated basin‐scale circulation
and mesoscale eddy kinetic energy (EKE) with the synchronous daily altimeter data obtained from the
Copernicus Marine Environment Monitoring Service (http://marine.copernicus.eu/; Figure 2). The used
altimeter product has a 1/4° spatial resolution, and it includes sea level anomaly, absolute dynamic topogra-
phy, and the associated geostrophic velocity. Here, the mesoscale velocity used to calculate EKE is obtained
using a 15‐ to 120‐day band‐pass filter. Generally, the 1/30° OFES simulation has well reproduced the pat-
terns of both surface circulation and EKE in the SCS. For the mean circulation, the OFES result displays a
cyclonic gyre very similar to the altimeter observations, with an intensified western boundary current east

Figure 1. Mean SSH between 2001 and 2003 simulated by the 1/30° OFESmodel in its whole domain. Black lines are SSH
contours with an interval of 15 cm, and the 45‐cm SSH contour is highlighted by the thick black line. The green box
indicates the SCS that will be analyzed in detail in Figure 2.
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of Vietnam and a strong Kuroshio current in the LS, as well as a reasonable Kuroshio intrusion southwest of
Taiwan (Figure 2a vs. Figure 2b). With respect to the mean EKE, both OFES (Figure 2c) and observations
(Figure 2d) show enhanced values in the northeastern and southwestern SCS (more specifically, west of
the LS and southeast of Vietnam), respectively. Note that the simulated mean large‐scale and mesoscale
kinetic energies (KEs) are on average 20–30% higher than the altimeter results. The larger‐simulated KE
may be caused by the fact that the OFES model is uncoupled to the atmosphere and the damping effect
by ocean‐atmosphere coupling is therefore not included in this model (e.g., Renault et al., 2017).

In the SCS Mesoscale Eddy Experiment, two submesoscale‐resolving (~1‐km resolution) shipboard ADCP
transects were made across an anticyclonic eddy on 5 December 2013 and 15 January 2014, respectively
(Figures 3a and 3b). Here, these two transects of ADCP velocity data are used to examine the 1/30° OFES
model's capability in the submesoscale simulation. To this end, wave number spectra of KE in the upper
layer (25–80 m) are calculated based on two similar transects across a simulated anticyclonic eddy in the
OFES (with close locations and months and similar size and strength to the observation), and they are then
compared to the ADCP‐derived results (Figures 3c and 3d). The comparison shows that both the OFES and
observed KE spectra scale like k−2 at the submesoscale range (wavelength less than 80 km), which agrees
with that predicted by surface quasi‐geostrophic theory modified by ageostrophic advection (Callies
& Ferrari, 2013). The similar KE spectral features have also been reported by independent ADCP observa-
tions in the northern SCS (Cao et al., 2019). The above result demonstrates that the OFES simulation is able
to at least capture the basic features of the submesoscale dynamics.

Figure 2. Mean surface circulation in the SCS obtained from (a) the 1/30° OFES simulations and (b) the 1/4° gridded satellite altimeter data between 2001 and 2003.
Black vectors and color shadings denote the surface current velocities and their magnitudes (with unit of cm/s), respectively. (c) and (d) are meanmagnitudes of the
surfacemesoscale velocity (i.e.,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2⋅EKE

p
) from the OFES and altimeter data (with unit of cm/s), respectively. Black solid lines indicate the 200‐ and 1,000‐m isobaths.

The gray rectangle in (c) indicates the northeastern SCS (113–123°E, 18–23°N), the study region of this paper. Note that because the altimeter data have missed the
signals with length scales smaller than 150 km (Qiu et al., 2014, 2016), for a fair comparison, a 150‐km low‐pass filtering has been applied to the OFES results here.
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In order to examine whether the 1/30° OFES model can resolve the mixed‐layer instability process, an
important generation mechanism of submesoscales, we have estimated the most unstable wavelengths of

mixed‐layer instability using LMLI ¼ 2π NH
f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Ri−1

p
, where N, H, f, and Ri are the buoyancy frequency

within mixed layer, mixed‐layer depth (MLD), Coriolis frequency, and gradient Richardson number (Ri

¼ N2⋅ ∂U
!
=∂z

��� ���−2), respectively (Fox‐Kemper et al., 2008). The estimated results indicate that in winter, the

mean LMLI in the region southwest of Taiwan (region ST) and the LS (referring to the green boxes in
Figure 4a) are 23 ± 5 and 25 ± 4 km, respectively. Given that the minimum wavelength the 1/30° OFES
model can resolve (i.e., 5 times the model resolution) is ~17 km in the NE‐SCS (Sasaki et al., 2017), the above
results suggest that the mixed‐layer instability that primarily prevails in winter can be well resolved by this
model.

3. Spatiotemporal Characteristics

Figures 4a and 4b show the simulated surface relative vorticity (ζ = ∂v/∂x − ∂u/∂y) in the NE‐SCS on 15
February and 15 August 2003, respectively. On the typical winter day (Figure 4a), the relative vorticity shows
strongmagnitudes throughout the NE‐SCS with the Rossby number (Ro= ζ/f) reaching order one (an impor-
tant feature of submesoscales). The most prominent submesoscales occur in the regions ST and LS, where
elongated submesoscale filaments are abundant with alternatively positive and negative large Rossby

Figure 3. (a, b) Altimeter‐observed sea level anomaly (shadings; with unit of cm) and surface absolute geostrophic current (vectors) on 5 December 2013 and 15
January 2014, respectively. The purple line denotes the shipboard ADCP transect across an anticyclonic eddy. The green line roughly indicates edge of the eddy.
(c, d) Depth‐averaged KE spectrum (between 25 and 80 m) along the transect in (a) and (b). Blue and red lines denote the results calculated using shipboard ADCP
and OFES velocity, respectively. For the OFES results, the velocities are chosen along the similar transects in (a) and (b) but across a simulated anticyclonic eddy
with similar side, strength, and location to the observations on 13 January and 16 November 2001, respectively. The 80‐km wavelength and wave number slops of
k−2 and k−3 are marked by gray lines in (c) and (d).
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numbers. In the region ST, the submesoscale filaments are primarily located at the periphery of the Kuroshio
loop and mesoscale eddies, while for the LS, they prefer to occur in the lee side of the small islands (i.e.,
Babuyan Islands and Batan Islands) in the Kuroshio path. On the summer day, on the other hand, large
Rossby numbers occur only in the LS (Figure 4b). In the SCS interior (including the region ST), the
vorticity is dominated by mesoscale eddies with Ro generally smaller than 0.3. Corresponding to the large
Ro, the submesoscale flows have strong divergence and convergence, which produce large vertical
velocities (w) at the subsurface layer (Figures 4c and 4d). Note that the w associated with the
submesoscales can reach O(10–100 m/day) at 50‐m depth, which is 1 to 2 orders larger than that caused
by mesoscale eddies.

To obtain statistical insight into the spatial and seasonal variations of submesoscales, in Figures 5a and 5c
(Figures 5b and 5d), we show the mean absolute submesoscale Ro (w) in winter (in December, January,
February, and March) and summer (in June, July, August, and September), respectively. Here, the subme-
soscale Ro and w are obtained based on the 15‐day high‐pass filtered velocity. The reason why filtering in
time rather than space is chosen is to avoid the influence of coast and islands on the filtered results.
Actually, if an 80‐km high‐pass filter is used to isolate the submesoscales, it produces similar magnitudes
and spatial patterns for Ro and w to the time‐filtering results in regions away from coast and islands (see
Figure S1 in the supporting information). The seasonal mean |Ro| and |w| of submesoscales generally
showed similar spatiotemporal variations as the daily mean results in Figure 4: In the region ST, the subme-
soscales are strong in winter but weak in summer; in the LS, the submesoscales are strong in both winter and
summer, and their magnitudes are comparable. It should be noted that even in winter, the mean strength of
submesoscales (for both |Ro| and |w|) in LS is on average twice of that in region ST (Figures 5a and 5b). The
persistence of strong submesoscales in LS suggests that its generations here may be associated with the
islands topography that will be discussed in detail in section 4.

The different seasonality for the submesoscales in regions ST and LS can also be seen from the time series of
the region‐averaged submesoscale |Ro| and |w|(Figure 6). For the region ST, the averaged |Ro| and |w| display
a clear annual cycle with the peak and trough occurring in January and June, respectively (Figures 6a and
6c). This seasonality has a good correspondence with the region‐averaged MLD, which reaches 50 m in

Figure 4. Daily mean distribution of OFES‐simulated surface relative vorticity on (a) 15 February and (b) 15 August 2003. The relative vorticity here has been nor-
malized by dividing the planetary vorticity f. Black lines are the SSH contours that roughly indicate the Kuroshio axis and the mesoscale eddies. The thin gray line
denotes the 200‐m isobath. The regions ST and LS that are focused on by this study are marked by green boxes. (c) and (d) are the same as (a) and (b), respectively,
but for the vertical velocity (unit m/day) at 50‐m depth.
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winter but decreases to about 10 m in summer. It is worth pointing out that in winter, the submesoscales are
energetic throughout the mixed layer, and large |Ro| can still be found beneath the mixed layer base. With
respect to the region LS, on the other hand, the seasonal variation of |Ro| and |w| does not follow the
MLD, and they seem to have multiple peaks year round, especially in winter and summer (Figures 6b and
6d). Vertically, |Ro| and |w| in the regions ST and LS display similar distributions except that the strength
of the latter is 1–2 times larger than the former. Additionally, the penetration depth of submesoscales in
region LS seems to be larger than that in region ST. For example, in winter, the e‐folding depth of |Ro| is
~200 m in ST, while it can reach ~300 m in LS.

In Figure 7, we show the probability density functions (PDFs) of the submesoscale Ro in the two regions. For
the near‐surface Ro in region ST, it shows a strong asymmetry in winter, which has a long tail for large posi-
tive values with a skewness of 0.7 (Figure 7a). This phenomenon is similar to previous submesoscale model-
ing studies and may be ascribed to the combined effect of centrifugal instability and ageostrophic advection
that has restricted the large negative vorticities (Klein et al., 2008; Mensa et al., 2013; Zhong & Bracco, 2013).
However, in summer and at the 200‐m depth (irrespective of winter or summer), such vortical asymmetry
becomes insignificant corresponding to the greatly reduced Ro (Figures 7a and 7b). In contrast to the ST
region, Ro in LS displays nearly symmetric distribution in both winter and summer and at both surface
and 200 m (Figures 7c and 7d). The probability density for both large positive and negative Ro (with |Ro|>
1) is 1 to 2 orders larger than that in region ST. Although |Ro| generally decreases with depth, the large values
are still prevalent at 200‐m depth below the mixed layer (Figure 7d). Another notable difference compared
with the region ST is that, near the surface, Ro in the LS region shows nearly the same PDFs in summer and
winter (in agreement with Figures 4 and 5), while at 200‐mdepth, the probability density of large |Ro| is even
higher in summer than in winter. It should be noted that although there are more Ro < −1 values in region
LS compared with region ST, its cumulative proportion is less than 1.3%, suggesting that Ro =−1 is indeed a
strong lower bound for the anticyclonic vorticities. Furthermore, as will be discussed in detail in section 4.2,
the Ro < −1 values are mainly confined within small areas in the lee of islands, and they cannot migrate far
away from the islands. This phenomenon is similar to the recent simulations of topographic wakes

Figure 5. Distribution of (a) mean surface submesoscale |Ro| and (b) mean submesoscale |w|at 50‐mdepth in the northeastern SCS in winter. The black line denotes
the axis of Kuroshio represented by the SSH contour with the maximum current velocity. (c) and (d) are the same as (a) and (b), respectively, but for summer.
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(Srinivasan et al., 2019), and it helps support the notion that centrifugal instability is an efficient way to
dissipate the Ro < −1 relative vorticities.

All the above‐described contrasting characteristics of submesoscales between regions ST and LS suggest that
their generation mechanisms may differ a lot in these two regions. For the former region, the generation of
submesoscales may be closely associated with the mixed‐layer processes, while for the latter, the mixed‐layer
processes should not be dominant, and the islands topography may play an important role. In the following
section, we will explore in detail the generation mechanisms of submesoscales in the two regions.

4. Generation Mechanisms
4.1. Roles of MLD and Mesoscale Strain

To obtain physical insights into the generations of submesoscales in the NE‐SCS, we first examine the geo-
graphic distribution of MLD and mesoscale strain rate (MSR) in different seasons (Figure 8), which are
widely thought as two important factors modulating the sumesoscale generations (e.g., McWilliams,
2016). For the former, it determines to a large degree the amount of available potential energy that can be
released through mixed‐layer instability (Callies et al., 2015; Qiu et al., 2014), while for the latter, it is a
metric for the strength of horizontal shear and deformation of mesoscale currents that can intensify the pre-
existing fronts through frontogenesis (Capet et al., 2008a; Lapeyre et al., 2006). Here, MLD is defined as the
depth where potential density exceeds the surface density by 0.03 kg/m3, and MSR is calculated asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∂um
∂x − ∂vm

∂y

� �2
þ ∂um

∂y þ ∂vm
∂x

� �2
r

, where u!m denotes the mesoscale velocity obtained using a 15‐ to 120‐day

Figure 6. Region‐averaged profiles of the climatologically mean submesoscale |Ro| plotted as a function of month in region (a) ST and (b) LS. The black line denotes
the region‐averagedMLD. The white lines in (a) and (b) denote the |Ro| contours of 0.1 and 0.2, respectively. (c) and (d) are the same as (a) and (b), respectively, but
for the submesoscale |w|. The white lines in (c) and (d) denote the|w|contours of 5 and 10 m/day, respectively.
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band‐pass filter. It can be clearly seen that the MLD in both the regions (ST and LS) has a noticeable season-
ality with the value in winter more than triple that in summer (50–70 m vs. 10–20 m; Figures 8a and 8c). Due
to the convergence of near‐surface water, the winter‐time MLD is deepened within the anticyclonic
Kuroshio loop, especially in the region ST. In contrast to MLD, the winter enhancement of upper‐ocean
MSR can only be found in the region ST, and this seasonality is insignificant in the region LS (Figures 8b
and 8d). It should be noted that the strong MSR tends to occur at the periphery of Kuroshio loop (mesoscale
eddies) and around the islands in regions ST and LS, respectively. This geographic distribution of MSR is
generally in agreement with that of the submesoscale |Ro| and |w| (recall Figures 4 and 5). The above results
suggest that the mixed layer and mesoscale strain are of equal importance for the generations of submesos-
cales in region ST, while the latter may play a more important role in region LS.

In order to further explore the roles of MLD and MSR in the submesoscale variations, we compare the
region‐averaged time series of MLD and surface MSR with the strength of submesoscales in Figure 9.
Because the submesoscales are characterized by both strong relative vorticity and vertical velocity, here,
we use the time series of surface |Ro| multiplied by |w| at 50 m as the metric of the strength of submesoscales
and define its normalized time series as the submesoscale index (SMI; the normalization is through first
removing the time average and then dividing by the standard deviation). However, it should be noted that
the conclusion does not change if |Ro|2 or w2 is used as the SMI. Indeed, in region ST, we can see good cor-
respondence among the three time series with the correlation coefficient (r) between (SMI, MLD) and
between (SMI, MSR) reaching 0.44 and 0.70, respectively (Figure 9a). For the time series of SMI and
MLD, their correspondence mainly occurs at the annual cycle, as both show high values in winter and
low values in summer. It is noticeable that the annual cycle of MLD leads that of SMI, and their r value could
reach 0.60 when the former leads the latter by 5 weeks. This time lag is likely due to that the generations of
submesoscales cause strong restratification in the mixed layer and therefore shoal the MLD in late winter
(du Plessis et al., 2017; Su et al., 2018). The time lag can also be ascribed to the other factors or processes such
as MSR and baroclinic frontal arrest that potentially modulate the submesoscale generations (Brannigan

Figure 7. Probability density distribution of the submesoscale Ro at (a) 2.5‐ and (b) 200‐mdepth in region ST. The blue and red lines denote the results in winter and
summer, respectively. (c) and (d) are the same as (a) and (b), respectively, but for the results in region LS.
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et al., 2015; McWilliams & Molemaker, 2011). In addition to the annual cycle, the SMI and MSR also have a
good correspondence at the intraseasonal time scale (with periods of 60–90 days), especially in winter. The
winter enhancement of intraseasonal MSR is partially associated with the active anticyclonic and cyclonic
mesoscale eddy pairs generated by the Kuroshio loop, which is demonstrated to be mainly occur in winter
(Zhang et al., 2017). Different from the region ST, the SMI in region LS shows a good correlation only
with the MSR (r = 0.72), and its correlation with MLD is insignificant (r = −0.09; Figure 9b). The
correspondence between SMI and MSR mainly occurs at intraseasonal time scale with periods of 60–120
days, and it does not display a clear seasonal modulation. The strong intraseasonal oscillation of MSR can
be explained by the westward propagating mesoscale eddies generated in the North Pacific Subtropical
Countercurrent region (Qiu, 1999), which interact with the Kuroshio and the islands when they arrive at
the LS (Figures 10 and S2; Lien et al., 2014; Zhang, Zhao, et al., 2015). Overall, the correlation analysis in
Figure 9 confirms the potential roles played by MLD and MSR (MSR) in the submesoscale generations in
region ST (LS) as argued in the previous paragraph.

If the SMI in region ST is compared with the product of MLD and MSR, we find that these two time series
become better correlated with the correlation coefficient as high as 0.76 (Figure 11a). This result indicates
that the submesoscales in region ST are most likely generated by mixed‐layer baroclinic instability (or
mixed‐layer instability; Callies et al., 2016). For the deep mixed layer in winter, it provides more space to
store the available potential energy that can be released to feed baroclinic instability. With respect to the
mesoscale strain, it can strengthen the front through frontogenesis and thus increase ∣∇hρ∣ (where ρ is the
sea water density). Indeed, good correlations can be found between MSR and mesoscale frontogenesis ten-
dency (F) and between F and ∣∇hρ∣, with their correlation coefficients reaching 0.72 and 0.91, respectively

(Figure 11b). Here, F is defined as F =Qs ⋅ ∇hρwithQs ¼ − ∂ρ
∂x∇hum−

∂ρ
∂y∇hvm, and it represents the strength

of frontognesis by mesoscale horizontal advection (Capet et al., 2008a; Gula et al., 2014). Given that the
potential energy per unit depth of a front scales with |ρ′|2 and |ρ′|2 itself scales with Lf

2 ⋅ |∇hρ|
2 (where Lf

is horizontal scale of the front; see Vallis, 2006), it is therefore the combination of MLD andMSR that finally
determines the total amount of available potential energy and the strength of mixed‐layer instability
temporally.

Figure 8. Same as Figure 5 except that shadings in (a) and (c) and (b) and (d) denote MLD and surface MSR, respectively.
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Figure 9. Time series of the weekly SMI (red) and surface MSR (blue) and MLD (green) averaged over (a) region ST and (b) region LS. Correlation coefficients
between the different time series are marked in left bottom of the figure. The 95% confidence level of the correlations is 0.19 computed using Monte Carlo
method. Note that all the time series have been normalized by subtracting the mean and then being divided by the standard deviation.

Figure 10. Surface MSR (shading) and sea level anomaly (contours) simulated by the 1/30° OFESmodel in the Luzon Strait and western Pacific. The pink and blue
contours denote the positive and negative sea level anomalies, respectively, with a contour interval of 3 cm. The date is marked on the left bottom corner of each
panel.
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Figure 11. (a) Time series of the weekly SMI (red) and MLDmultiplied by surface MSR (green) averaged over region ST. The time series have been normalized by
subtracting the mean and then being divided by the standard deviation. Correlation coefficient between the two time series is marked in left bottom of the figure.
The 95% confidence level of the correlations is 0.19 computed using Monte Carlo method. (b) Same as (a) except that the red, blue, and green lines denote surface
|∇ρ| and MSR and frontogenesis tendency (F), respectively.

Figure 12. Same as Figure 5 except that shadings in (a) and (c) and (b) and (d) denote depth‐averaged BC and BT between 0 and 100 m, respectively.
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According to the baroclinic instability theory in Eady's (1949) model (Callies et al., 2015), the wavelength (λ)

and growth rate (Δt−1) of the most unstable waves scale with NH
f and fΛ

N , respectively (whereN is stratification

in the mixed layer, H is MLD, f is the Coriolis parameter, and Λ is geostrophic velocity shear in vertical). If

the thermal wind balance is considered, Δt−1 will scale with g∣∇hρ∣
ρ0N

. As a result, |u| and |w| of the most unstable

wave should scale with λ⋅Δt−1 ¼ gH∣∇hρ∣
ρ0f

and H⋅Δt−1 ¼ gH∣∇hρ∣
ρ0N

, respectively. Given that the ∣∇hρ∣ is closely

related to MSR (Figure 11b), the above theoretical analysis explains why the strength of submesoscales
(i.e., SMI) in region ST is largely determined by the product of MLD and MSR. In the above theoretical fra-
mework, we argue that it is the mixed‐layer instability that finally energized the submesoscales throughout
the mixed layer, and the role of mesoscale strain‐driven frontogenesis is to strengthen the fronts and thus
increase available potential energy. One supporting argument is that compared to the mixed‐layer instabil-
ity, the submesoscales generated through frontogenesis alone are strongly surface trapped and cannot pene-
trate below the base of mixed layer as found here (Figure 6; Callies et al., 2016; McWilliams, 2017). However,
we are unable to rule out the possibility that some submesoscales, especially those near the surface, are
directly induced by frontogenesis. Actually, mixed‐layer instability and strain‐induced frontogenesis usually
co‐occur in the real ocean, and they are difficult to be cleanly separated based on the data (McWilliams &
Molemaker, 2011; McWilliams, 2016; Srinivasan et al., 2017).

4.2. Energetics Analysis

The results in Figures 9–11 indicate that generations of submesoscales in regions ST and LS are associated
withmixed‐layer baroclinic instability andmesoscale current‐islands interaction, respectively. Here, genera-
tion mechanisms of the submesoscales are further examined based on the submesoscale energetics analysis.
When external forcing is not taken into account, the baroclinic conversion (BC) and barotropic conversion
(BT) terms from mesoscale currents are two primary sources for the submesoscale KE (Capet et al., 2008b).
Here, the BC and BT terms are defined as

BC ¼ −gρ′w′ ; (1)

BT ¼ −ρ0 u′v′
∂u
∂y

þ u′u′
∂u
∂x

þ u′v′
∂v
∂x

þ v′v′
∂v
∂y

� �
; (2)

where the prime denotes the submesoscale anomaly (obtained by 15‐day high‐pass filter) and the overbar
denotes the 15‐day runningmean. From the upper 100‐m‐averaged energy conversion terms, we can see that
in winter, BC is predominantly positive in region ST (Figure 12a), and the large values are in good agreement
with the distribution of MSR (Figure 8b). In summer, although BC in region ST still shows positive values, it
is 1 order of magnitude smaller than that in winter (Figure 12c). In contrast to region ST, BC in region LS is
overall positive (negative) in the northern (southern) part in winter, and it is dominated by large negative
values in summer. With regard to the BT term, it does not show a significant seasonality like the BC (i.e.,
comparable magnitude in winter and summer). Geographically, BT shows strong positive values and weak
negative values in regions LS and ST, respectively (Figures 12b and 12d). The large‐value BTs mainly occur
in the lee side of the islands, which are consistent with the distribution of MSR (Figures 8b and 8d) and the
submesoscale |Ro| (Figures 5a and 5c) and |w| (Figures 5b and 5d). Compared to the BC and BT, the vertical
shear production term (VSP for short),

VSP ¼ −ρ0 u′w′
∂u
∂z

þ v′w′
∂v
∂z

� �
; (3)

is 1 order smaller, and therefore, it plays a minor in the submesoscale generations (Figure S3).

The preceding analysis suggests that the BC (BT) term serves as the dominant submesoscale KE source in
region ST (LS). In order to demonstrate this point further, we compare the area‐averaged BC and BT with
SMI in each region (Figure 13). Indeed, SMI in region ST is found to be highly correlated with BC with r
reaching 0.74. For the area‐averaged BT in region ST, on the other hand, it is negative most of the time,
and its correlation with the SMI is negative (r = −0.31). In region LS, the situation is reversed. The SMI
has a strong correlation with the BT (r= 0.75) but a weak correlation with the BC (0.19). Physically, the posi-
tive BT and BC in the submesoscale KE budget mean that the submesoscales drain energy from the
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mesoscale KE and the submesoscale available potential energy, respectively. For positive BT, it is primarily
associated with barotropic instability of the horizontally sheared flow. With respect to positive BC
(corresponding to positive vertical buoyancy flux), its effect is slumping of submesoscale fronts and
restratification of the mixed layer, which can be caused by both mixed‐layer baroclinic instability and
frontogenesis (McWilliams, 2016). However, because the secondary circulation of strain‐induced
frontogenesis is strongly surface trapped, we believe the mixed‐layer instability play a more leading role
in producing the positive BC (Callies et al., 2016). Additionally, through examining the wave number
spectrum of BC in region ST, we find that in winter, it has an energy peak at around 20–30 km
(Figure S4). This energy‐containing scale roughly agrees with the most unstable wavelength of mixed‐
layer baroclinic instability in region ST (i.e., 23 ± 5 km), which lends further evidence for the mixed‐layer
instability mechanism that energizes submesoscales as argued above. We need to note that even though

the SMI in region LS shows relatively weak correlation with BC, it does
not mean that the mixed‐layer instability plays no role. Actually, the
area‐averaged BC in region LS is still positive in winter, but its
contribution is only half of the BT term (see Table 1).

The energetics analysis shown in Figures 12 and 13 demonstrates that
mixed‐layer instability and barotropic instability are the dominant gen-
eration mechanisms of submesoscales in regions ST and LS, respectively.
For the mixed‐layer instability in region ST, it is enhanced in winter espe-
cially in the periphery of mesoscale eddies and the Kuroshio loop due to
the combined effect of deep MLD and strong MSR. For the barotropic
instability in region LS, it is closely associated with the horizontally
sheared flows resulting from the current‐islands interactions that have
strong MSR by nature. The bottom and lateral boundary drags play a fun-
damental role in generating the strong shear flows, that is, the current
velocity is very weak near the islands and sea bottom but strong away

Figure 13. (a) Time series of the weekly SMI (red) and depth‐averaged BC (blue) and BT (cyan) averaged over region ST.
For a better comparison, the BC and BT were normalized by dividing the mean BC, and the SMI was normalized by
dividing the mean value of itself. Correlation coefficients between the different time series are marked in left bottom of the
figure. The 95% confidence level of the correlations is 0.19 computed using Monte Carlo method. (b) is the same as (a)
except that it shows the results in region LS and that the lines denoting BC and BT have interchanged the colors.

Table 1
Terms in the Submesoscale KE Budget Analysis in Regions ST and LS in
Different Seasons

Region (season) BC BT ADV PW DIS
DIS/ (BC +
BT) (%)

ST (Win.) 7.86 −2.43 1.04 1.65 8.12 150
ST (Sum.) 0.98 −0.87 0.59 2.96 3.66 3,300
LS (Win.) 10.51 21.87 −4.86 −3.19 24.33 75
LS (Sum.) −0.99 20.58 −3.75 −8.79 7.05 36

Note. Abbreviations of the terms are the same with equation (3), and their
values have a unit of 10−6 Wm−3. The rightmost column denotes the
ratio between DIS and BC + BT. Note that since the submesoscales in
region ST are very weak in summer, the large DIS/(BC + BT) in the sec-
ond column does not make much sense.

10.1029/2019JC015404Journal of Geophysical Research: Oceans

ZHANG ET AL. 14 of 21



from them (Dong et al., 2018; Srinivasan et al., 2019). Due to the strong barotropic instability, the
submesoscale eddies quickly grow in the lee of islands, and then they migrate fast downstream by the
background current advection (see the example in Figure 14). From vertical structure of the islands wakes
in Figure 14 (middle and right columns), one can see that the generated eddies have a diameter of 30–40
km, and they are sometimes subsurface intensified with a core at around 100‐m depth. This result
suggests that the Kuroshio/eddies‐islands interactions in the LS may be an important generation sources
for the submesoscale coherent vortices that have been observed in many regions of the world oceans (e.g.,
McWilliams, 1985; Pelland et al., 2013; Zhang, Li, et al., 2015; Zhang et al., 2019; Li et al., 2017) but are
rarely reported in the NE‐SCS. Generations of submesoscale coherent vortices in the lee of topography
has recently been demonstrated by the high‐resolution idealized model simulation (Srinivasan et al.,
2019). The submesoscale generations due to mean current‐island interaction have also been recently
observed in the wake of Palau (e.g., St. Laurent et al., 2019; Merrifield et al., 2019). Previous studies have
argued that down‐front wind can strengthen the fronts through nonlinear Ekaman transport and therefore
may provide favorable conditions for submesoscale generations (Thomas et al., 2008; Thomas & Lee, 2005).
However, after comparing the wind velocity along the mesoscale fronts (in down‐front direction) with the
SMI, we find insignificant correlations between them in nearly the whole study region (figure not shown).

Figure 14. (a) Horizontal distribution of the simulated surface relative vorticity (normalized by f) on 1 February 2001. Black lines are the SSH contours that roughly
indicate the intensity and direction of currents. (b) Depth‐distance distribution of the simulated relative vorticity along the green line in (a) with the distance
number starting from eastern end of the line. Black and green lines in (b) denote isopycnals and zero vorticity contour, respectively. (c) Same as (b) but for the
normal velocity perpendicular to the section with positive values directing to the right. (d)–(f) and (g)–(i) are the same as (a)–(c), except that they are results on 2 and
3 February 2001, respectively.
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This result suggests that the direct wind forcing may play a minor role in the submesoscale generations as
compared with the baroclinic and barotopic instabilities in the NE‐SCS of our interest.

After quantifying the energy conversion terms in region ST, we find that in winter, although the area‐
averaged BT is negative that means an inverse KE cascade, the sum of BC and BT is still positive, and its mag-
nitude is more than twice as large as BT itself (5.43 × 10−6 vs. −2.43 × 10−6 Wm−3; see Table 1). In a steady
state (neglecting the time derivative term), the submesoscale KE budget is as follows

DIS ¼ BCþ BTþ ADVþ PW; (4)

where ADV ¼ −∇⋅ v!mKE
� 	

is the advection of KE (KE = (u′2+v′2)/2), PW ¼ −∇h⋅v′p′ is the divergence of
perturbative pressure work, and DIS denotes the total of the dissipation terms (Zhang et al., 2016). Due to
that ADV and PW are also positive (but with smaller magnitudes than BC+BT), the DIS term in equation (4)
has to be positive in order to keep the balance (DIS was 150% of BC + BT; see Table 1). With regard to region
LS, although the terms ADV and PW are negative, their magnitudes are much smaller than the KE source
term BT + BC (note that BT is much larger than BC). As a result, to keep the KE balance, the DIS term
has to account for 75% (36%) of the BC + BT in winter (summer). The above energy budget analysis means
that in a steady state, the submesoscale KE in both regions has to be dissipated maybe by smaller‐scale pro-
cesses, which highlights the potential importance of forward KE cascade.

Previous studies have suggested that the centrifugal instability and symmetric instability, which directly
transfer the submesoscale KE downward to turbulence, are two important routes for the dissipation of sub-
mesoscales (Gula et al., 2016; McWilliams, 2016; Thomas et al., 2013). For the occurrence of centrifugal
instability, the criterion is that the absolute vorticity (i.e., ζ+f) is negative in the northern hemisphere; while
for the symmetric instability, its occurrence requires negative Ertel potential vorticity (PV) but positive abso-
lute vorticity (Thomas et al., 2013). Here, the Ertel PV is defined as

Figure 15. Same as Figure 4 except that shadings in (a) and (c) and (b) and (d) denote the occurrence frequency (OF) of centrifugal instability and symmetric
instability at the 22.5‐m depth, respectively (i.e., the percentage of time that satisfy the criterion of instability). Note that the color bar is in logarithmic scale
(log10). The 0.1 OF contour is indicated by the blue solid line.
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QErtel ¼ ω!a⋅∇b ¼ −
∂v
∂z

þ ∂w
∂y

� �
∂b
∂x

þ ∂u
∂z

−
∂w
∂x

� �
∂b
∂y

þ f þ ζð Þ ∂b
∂z

; (5)

where b = − gρ/ρ0 is the buoyancy. A key signature of symmetric instability is the reduction of PV by the
vertical shear. That is, the first and second terms in equation (5), which are often termed the baroclinic com-
ponents of PV. In contrast, centrifugal instability can occur simply as a result of the barotropic shear. In the
work that follows, we quantify the occurrence frequency of both centrifugal and symmetric instabilities,
where we assume the latter occurs when the Ri is less than unity but larger than a quarter (Bachman
et al., 2017). The occurrence of centrifugal instability is simply the usual criterion, ζ+f < 0. In Figure 15,
we calculate and show the occurrence frequency of centrifugal and symmetric instabilities in the NE‐SCS
upper mixed layer based on their respective criteria described above (only show results at 22.5 m, but it
has a similar pattern at other depths). It is found that the centrifugal instability primarily occurs in region
LT, and its occurrence frequency can reach ~10% in the lee side of the islands in both winter and summer
(Figures 15a and 15c). In contrast, the symmetric instability rarely occurs in the NE‐SCS, and only in some
small areas in the lee of islands in winter can its occurrence frequency reach ~1% (Figures 15b and 15d). The
above results suggest that in region LS, the centrifugal instability may provide an important route for the
submesoscale dissipation; while in region ST, neither of centrifugal and symmetric instabilities are found
important, and the submesoscale KE is most possibly dissipated through parameterized viscosity in the
model. It should be noted that because the effective horizontal resolution of the model is only 17 km, the
high lateral buoyancy gradients (lateral velocity shear) associated with symmetric (centrifugal) instability
may not be properly represented. So whether the conclusions regarding the occurrence frequency of sym-
metric and centrigual instabilities can represent the reality should be verified using even higher‐resolution
observations and numerical simulations in the future.

5. Summary and Discussion

Over the past several decades, the multiscale oceanic dynamical processes, including both the geostrophi-
cally balanced large‐scale and mesoscale currents and the unbalanced internal waves and turbulent mixing,
have been extensively studied in the SCS. However, the submesoscales that connect the balanced and unba-
lanced motions remain to a large degree unexplored due to the difficulty in observations, which has become
the major knowledge gap in studying the energy cascade among the multiscale processes in the SCS. Based
on the state‐of‐the‐art 1/30° OFES simulation, we have in this work investigated the spatiotemporal charac-
teristics and generation mechanisms of the submesoscales in the NE‐SCS. After obtaining the submesoscale
currents using a 15‐day high‐pass filter (similar for a 80‐km space filter), the regions ST and LS are identified
as two hot spots of submesoscales that show large Ro and strong vertical velocities with magnitudes of O(1)
andO(10–100 m/day), respectively. Further analysis shows that the submesoscales in these two regions have
quite different characteristics and generation mechanisms.

Phenomenologically, the submesoscales in region ST primarily occur in winter and along the periphery of
mesoscale eddies (and also Kuroshio loop) where MSR is enhanced. The submesoscales in region LS, on
the other hand, does not display a significant seasonality and is mainly located in the lee of islands.
Another notable difference between the two regions is that the submesoscales in LS are much stronger than
that in ST both in terms of the strength (|Ro| and |w|) and the penetration depth. Statistically, the submesos-
cales in region ST have good correlations with both MLD and MSR, while it shows a significant correlation
only with MSR in region LS.

Corresponding to the different spatiotemporal characteristics, the generation mechanisms of submesoscales
are also different in the two regions. For the submesoscales in region ST, their generation is found to be clo-
sely associated with the mixed‐layer baroclinic instability. Because that it is the combination of MLD and
∣∇hρ∣ that determines the amount of available potential energy feeding the mixed‐layer instability and that
∣∇hρ∣ is strongly modulated by the MSR through buoyancy advection and frontogenesis, it explains why the
SMI is highly correlated with the product of MLD and MSR. This result is actually consistent with the exist-
ing submesoscale parameterization that the submesoscale vertical buoyancy flux scales with MLD2 ⋅ |∇hρ|

2

(Fox‐Kemper et al., 2008). The conclusion that submesoscales in region ST are generated through mixed‐
layer instability is also demonstrated by the strong (weak) BC in winter (summer) based on the energetics
analysis. It should be noted that the seasonality of submesoscales in region ST (i.e., stronger in winter and
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weaker in summer) is essentially not determined by the state of the Kuroshio but by the total available poten-
tial energy stored in the mixed layer. Although the Kuroshio loop tends to occur in winter (not always) that
can indeed strengthen the MSR in region ST, it is an unstable state and is usually terminated by eddy shed-
ding (Nan et al., 2011; Zhang et al., 2017). A good example to demonstrate the indeterministic role of
Kuroshio is that even after the Kuroshio eddy shedding (Kuroshio returns to its usual gap‐leaping state),
the submesoscales are still very active in region ST in winter (Figure S5).

With respect to region LS, generations of submesoscales are found to be connected to the current‐islands
interactions that result in strong MSR in the lee of islands. The large MSR here is not only attributed to
Kuroshio‐islands interaction but also associated with the westward propagating mesoscale eddies from the
open Pacific, which impinge on theKuroshio and islands in the LS. As a result of the Kuroshio/eddies‐islands
interactions, the MSR, and thus the SMI, does not have a significant seasonality but shows prominent intra-
seasonal variabilities with periods of 60–120 days (Zhang, Zhao, et al., 2015). Dynamically, growth of subme-
soscales in region LS is mainly through barotropic instability that extracts KE from the background current
(i.e., the BT term). The horizontally sheared flows responsible for the barotropic instability, in essence, are set
up by the lateral and bottom boundary drags when the strong currents of Kuroshio and mesoscale eddies
encounter the islands (Dong et al., 2007, 2018; Srinivasan et al., 2019). As a result, temporal variation of
the associated MSR is strongly modulated by the background KE here (r = 0.79). Although the BC in region
LS is very small in summer, its meanmagnitude in winter is nearly half of the BT, suggesting that the mixed‐
layer instability or frontogenesis also provides nonnegligible amount of KE for the wintertime submesos-
cales. Given that the MSR is found to have a good correlation with the ∣∇hρ∣ (r = 0.45), it may play an active
role in the above processes through strengthening the front. In addition to the Kuroshio/eddies‐islands inter-
actions, in realistic LS, the strong internal waves generated by the complicated topography may also influ-
ence the generation and evolution of submesoscales. However, because the present OFES is a hydrostatic
model without tidal forcing, it has eliminated the occurrence of internal tides and internal solitary waves.
Interaction between internal waves and submesoscales in the LS is an interesting topic that need further
study with specially designed observations and simulations in the future.

Previous studies in the North Pacific open ocean have suggested that, after generations, the submesoscales
tend to transfer their KE inversely to the larger scale (corresponding to a negative BT) under influence of
the Earth's rotation (Qiu et al., 2014; Sasaki et al., 2014, 2017). Based on the bulk energetics analysis for
the submesoscales, however, we find in this study that the inverse KE cascade is far from enough to explain
the fate of submesoscale energy. To keep a balanced state, the submesoscale KE obtained from BC or BT has
to be dissipated by smaller‐scale processes (i.e., a forward cascade). This dissipation term would account for
150% of the BC + BT in region ST in winter and 75% and 36% in region LS in winter and summer, respec-
tively. By examining the criteria of centrifugal and symmetric instabilities, it is further found that in region
LS, the centrifugal instability has a high occurrence frequency both in winter and summer; while in region
ST, neither of the instabilities are found active. Therefore, the centrifugal instability may provide an impor-
tant route for the forward energy transfer from submesoscales to microscale dissipations in region LS, while
in region ST, the dissipation of submesoscales may be ascribed to other unresolved processes in the model.
By examining the PDF of Riwithin the mixed layer, we found that even in winter, the cumulative proportion
of 0.25 < Ri < 1 is only 4% (9%) in region ST (LS) (Figure S6). This low proportion may be caused by the fact
that the present 1/30° OFES model can poorly resolve the strong vertical shears associated with symmetric
instability (Bachman et al., 2017). In order to quantify the role of symmetric instability in the submesoscale
dissipation, even higher‐resolution numerical simulations and observations are needed in the future (effec-
tive resolution higher than 1 km).

Finally, we acknowledge that the results in this study are primarily qualitative and far from quantitative as
the analysis relied on the 1/30° OFES simulation, which only partially resolves the submesoscales (Sasaki
et al., 2017). While improving the model resolution in future will certainly depict more details of the subme-
soscales, we do not think it will substantially change the present conclusions because the upper mixed‐layer
KE spectrum has a slope of k−2 and the submesoscale KE dramatically drops with decreasing horizontal
scale (Qiu et al., 2014). For example, based on a higher‐resolution simulation (1.5 km in horizontal) in the
southwestern tropical Pacific, the study of Srinivasan et al. (2017) also found BC and BT as the primary sub-
mesoscale KE sources in the regions far from and near islands, respectively, which is similar to the present
conclusion. As a pilot study for a planned submesoscale observational research, themodel‐based results here
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can provide a useful guidance for the design of future observational experiments. It will be important for
future observations to improve understanding of submesoscale dynamics in the SCS (i.e., the roles of
Kuroshio intrusion and mesoscale eddies in fueling the submesoscales) and to provide in situ data to quan-
tify the capability of OGCMs in better resolving the submesoscales.
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