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China Sea in winter
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As one of the important submesoscale instabilities, symmetric instability (SI)

widely exists in the ocean surface mixed layer (SML), which enhances the

vertical material transport in the SML and also the exchanges between the SML

and the ocean interior. Due to the small spatial scales of SI, O (10 m–1 km),

which are not resolved by most current ocean models, the application of SI

parameterization is an alternative choice in the coming decades to include the

SI effects in ocean models and improve the model performance. In this study,

we evaluate the impacts of SI in a realistic configuration with the SI

parameterization scheme applied in the Xisha-Zhongsha waters, South China

Sea in winter by using the Coastal and Regional Ocean Community Model

(CROCO) version of the Regional Ocean Modeling System. Compared to the

SI-lacking case, the SI energy source, the geostrophic shear production, is

increased and elimination of anticyclonic potential vorticity is revealed in the

SI-parameterized case. According to the energy analysis, multi-scale

interactions are also influenced by the SI. The effective wind energy input is

reduced, and the potential energy release in the SML is suppressed. Moreover,

the SI schememakes the SML depth shallower and closer to the reanalysis one.

This work demonstrates a good performance of the SI scheme applied in

regional models in representing SI effects.

KEYWORDS

submesoscale, symmetric instability, parameterization, regional models, South China
Sea, oceanic mixed layer, potential vorticity
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fmars.2022.985605/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.985605/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.985605/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.985605/full
https://www.frontiersin.org/articles/10.3389/fmars.2022.985605/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2022.985605&domain=pdf&date_stamp=2022-10-03
mailto:zhangxiaojiang19@nudt.edu.cn
mailto:wanghuizan17@nudt.edu.cn
https://doi.org/10.3389/fmars.2022.985605
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2022.985605
https://www.frontiersin.org/journals/marine-science


Jiang et al. 10.3389/fmars.2022.985605
1 Introduction

Submesoscale processes are widely existing dynamic

processes in the ocean surface mixed layer (SML), whose

temporal and spatial scales are generally O(1 km) and O(1

day). As the intermediate between meso- and micro-scales,

they not only play an important role in the energy cascade

(Gula et al., 2016; Zhang et al., 2016; Huang et al., 2020; Cao

et al., 2021), but also are an important carrier of the ocean heat

and material transport (Su et al., 2018; Su et al., 2020), which

exert an important impact on the marine ecological

environment (McWilliams, 2016). Based on a high-resolution

numerical model, Capet et al. (2008) quantitatively reveal the

significance of submesoscale processes to the ocean forward

energy cascades. From the viewpoint of energy cascade,

submesoscale turbulence seamlessly links mesoscales and small

scales and hence closes the oceanic energy pathway from the

forcing to dissipative scales (McWilliams, 2016).

Mixed layer instability (MLI) and symmetric instability (SI)

are considered to be two main dynamic instability mechanisms

driving submesoscale processes in the SML (Jing et al., 2021). It

is found that MLI mainly transports energy inversely to meso-

and large-scales by extracting background potential energy

(Dong et al., 2020b), while SI feeds on the geostrophic shear

and is undoubtedly a key process to answer the forward energy

cascade in the ocean (D’Asaro et al., 2011; Thomas et al., 2013;

Luo et al., 2020; Jing et al., 2021). SI can be regarded as a

combined effect of gravitational instability and inertial

instability. Although the SI disturbance can obtain energy

from both background kinetic energy (KE) and potential

energy, the theoretical results show that the energy conversion

reaches the strongest when the instability disturbance mainly

moves along the slantwise isopycnals. As a result, the energy

source of the SI is mainly the vertical shear of the background

geostrophic shear production (GSP) according to Haine and

Marshall (1998). Based on the analysis of glider observation data

in the Atlantic, it is found that the frequency of SI in winter is

significantly higher than that in other seasons (Thompson et al.,

2016). The analysis of long-term mooring data in the Pacific and

Atlantic oceans shows that the proportion of SI occurrence in

winter can reach or even exceed 40% of the observation period

(Buckingham et al., 2019; Zhang et al., 2021).

Based on a global MITgcmmodel with a 1/48° resolution, the

maximum spatial scale of SI in the SML is only 10m ~ 1km (Dong

et al., 2021a). According to Moore’s law, the time when global

models begin to resolve SI is at least in the 2070s, thus it is crucial

to conduct research in the SI parameterization to improve ocean

model simulation capability in the coming decades. Based on a

series of achievements made by Taylor and Ferrari (2010) and

Thomas et al. (2013) using the Large Eddy Simulation, Bachman

et al. (2017; hereinafter B17) proposed a parameterization scheme
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for the forced SI in the SML for the first time. Then, the

performance of the SI scheme was evaluated in the Coastal and

Regional Ocean Community Model (CROCO) by Dong et al.

(2021b, hereinafter D21) using an idealized frontal model,

demonstrating the capability of the scheme in representing the

SI effects in terms of energy budget, mixed layer thickness,

potential vorticity and tracer redistribution.

However, different from an idealized simulation, a real-

ocean simulation is complicated due to interactions between

the ocean and atmosphere, and the multi-scale dynamic

processes. The performance of the SI scheme needs further to

be evaluated in a real regional ocean.

The South China Sea (SCS) is a dynamically important

marginal sea of the Northwest Pacific, which has abundant

and active multi-scale dynamic processes [see reviews in Sun

et al. (2022) and Zhang et al. (2017)], including basin-scale

circulation, mesoscale eddies, submesoscale processes, internal

waves and mixing (Liu and Lozovatsky, 2012; Yang et al., 2017).

The Xisha-Zhongsha waters are a region with drastic

topographic changes in the central part of the SCS (see section

2.3 for details). At the same time, it is affected by the strong

disturbance of the Pacific Ocean penetrating the Kuroshio and

Luzon Strait into the SCS (Hu et al., 2001; Qu et al., 2004;

Zhuang et al., 2010; Zheng et al., 2011; Xie et al., 2016; Zhang

et al., 2017; Zheng et al., 2019). In addition, there is a seasonal

reversal of the East Asian monsoon (Ho et al., 2000; Hu et al.,

2000; Li et al., 2015; Li et al., 2016; Cao et al., 2017). These

dynamic conditions are conducive to the generation of

submesoscale processes (Zhang et al., 2020; Cao et al., 2022).

Therefore, this study carries out implementation research of

the SI parameterization in the Xisha-Zhongsha waters and the

effects of SI in the region are evaluated. The rest of the paper is

organized as follows: Section 2 presents the theory of the SI

parameterization, the datasets and the model configurations.

Section 3 analyzes the performance of the SI parameterization

scheme in energetics, mixed layer depth and potential vorticity.

Discussion and conclusions are given in Section 4.
2 Symmetric instability
parameterization, observations and
model setup

2.1 Symmetric instability
parameterization

The SI parameterization scheme parameterizes SI by

introducing the influence of SI on the geostrophic shear

production and tracer redistribution and mixing in the SML.

This section briefly describes the theory of the SI scheme, and

more details are referred to B17 and D21.
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In the SML, the Ertel potential vorticity (PV) is

q = f k +∇� vð Þ ·∇b (1)

Here, f is the planetary vorticity, ∇ is the three-dimensional

gradient operator, v is the three-dimensional velocity field, b=-gr/r0
is buoyancy, g is the gravitational acceleration, r0= 1025 kg · m-3 is

the background seawater density. Generally speaking, the occurrence

of SI requires the PV to be negative (northern hemisphere), it is more

convenient to use a bulk formula to determine the SI layer as the

depth where PV becomes positive (B17),

fqbulk = f fDb + 〈 z 〉Db + Du 〈 ∂ b
∂ y 〉−Dv 〈

∂ b
∂ x 〉

� �
> 0 (2)

Among them, z is the vertical relative vorticity, D indicates

the difference between the surface value and the value of a given

depth, and the angle brackets indicate the average value over the

corresponding depth range. For a high-resolution model such as

the one used in this study, the vertical relative vorticity is

comparable to the planetary vorticity, so the influence of

vertical relative vorticity needs to be considered (Dong

et al., 2021b).

According to LES results, the negative PV layer can be

divided into two layers: a convective instability dominant layer

with a thickness of h, and a SI dominant layer below with a

thickness of H-h, satisfying (Thomas et al., 2013)

h
H

� �4

−c3 1 −
h
H

� �3 w3
*

U3 +
u2*
U2 cosqw

" #2

= 0 (3)

In addition, the sustaining of SI requires negative PV forcing

at the sea surface. The negative PV injection in the SML

(Thomas, 2005) includes two sources: the buoyancy flux due

to the exchange of sea surface heat and freshwater, i.e.,

B0 = BT + BS = ga Qnet _ heat

r0Cp
+ gb(E − P)S (4)

and the Ekman buoyancy flux driven by winds along a front,

EBF =
tw � k
r0f

·∇hb (5)

Here, a (unit: ° C−1) is the coefficient of thermal expansion,

Qnet_heat (unit: W·m−2) is the net surface heat flux (the ocean heat

loss when Qnet_heat>0),Cp = 3800 J · kg−1° C−1 is the specific heat

capacity of seawater, b (unit: PSU−1) is the saline contraction

coefficient, and E and P (unit: m · s−1) are the freshwater exchange

caused by evaporation and precipitation, respectively. S is the sea

surface salinity, and tw is the sea surface wind stress. The energy

source GSP of SI is parameterized as

GSP =

0, z = 0

EBF + B0Þ z+H
H − B0

z+h
h , −h < z < 0

�
EBF + B0Þ z+H

H ,−H < z < −h
�

0, z < −H

8>>>>><
>>>>>:

(6)
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The vertical viscosity coefficient can be further obtained

from GSP,

nSI =
f 2

∇hbj j2 GSP (7)

and the vertical diffusion coefficient in z-coordinate system is

expressed as (Redi, 1982; Anderson, 2009; Bachman et al., 2017;

Dong et al., 2021b),

kSI =
GSP
f 2 min 1,Ribð Þ
b2x + b2y + b2z

b2y + b2z −bxby −bxbz

−bxby b2x + b2z −bybz

−bxbz −bybz b2x + b2y

2
664

3
775 (8)

Based on these equations, the SI scheme can be easily

implemented in an ocean model (D21).

Note that specific conditions are required for the scheme to

be activated, as shown in Supplementary Figure 1, when the

conditions for the SI scheme are not met, the model follows its

defaul t turbulence c losure [such as the K-Profi l e

Parameterization, KPP (Large et al., 1994) in this study]. The

SI scheme can also be used in various ocean models together

with other widely used turbulent closures, such as the Mellor-

Yamada (Mellor and Yamada, 1982) and Generic Length Scale

(Umlauf and Burchard, 2003).
2.2 Observational and reanalysis data

To validate the model, we used data on sea surface

temperature (SST) from Optimum Interpolation Sea Surface

Temperature-v2.1 (OISST) in January from 2017 to 2020. It is

produced at the National Oceanic and Atmospheric

Administration (NOAA), and has a spatial grid resolution of

0.25° and a temporal resolution of 1 day. It incorporates

observations from different platforms (satellites, ships, buoys

and Argo floats) into a regular global grid, and is interpolated to

fill gaps on the grid. Satellite and ship observations are

referenced to buoys to compensate for platform differences

and sensor biases (Huang et al., 2021).

Since the observations (such as Argo program) in Xisha-

Zhongsha waters are coarse, the daily MLD data from the global

1/12° reanalysis products of the Hybrid Coordinate Ocean Model

(HYCOM) are used instead. Because the HYCOM reanalysis

assimilates multiple observations, including satellite SST, and

different kinds of in situ T–S profiles, it is demonstrated to

perform well in the SCS through comparison with independent

in situ data (Park and Farmer, 2013; Zhang et al., 2013).
2.3 Model setup

In this work, the Coastal and Regional Ocean COmmunity

model (CROCO) is used to carry out numerical simulation
frontiersin.org
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research in Xisha-Zhongsha waters. CROCO is a new oceanic

modeling system built upon ROMS_AGRIF (Jullien et al., 2019)

and the non-hydrostatic kernel. However, the hydrostatic

approximation is applied in this work, since the non-hydrostatic

effect can be negligible for the spatial resolution ~1km in this work

(Mahadevan, 2006). An important advantage of CROCO is to

solve fine scale problems, especially in coastal areas, and their

interaction with larger scales. The model adopts the vertical model

that varies with the terrain s coordinates, higher vertical

resolution can be obtained in shallow water areas and areas

with complex bathymetry. The model uses orthogonal

curvilinear coordinates in the horizontal direction to increase

the horizontal resolution of irregular coastal geometric areas.

Selecting a resolution that can resolve the MLI but cannot

resolve SI can maximize the effect of the SI parameterization

scheme. The horizontal resolution of 1km is selected for two

reasons. First, according to the estimation of Dong et al. (2020a),

the wavelength of MLI in the SCS in winter is more than 30 km,

so 1km horizontal grid spacing can resolve most MLI. Second, the

maximum wavelength of SI in the SML is generally below 1 km

(Dong et al., 2021a), and the 1 km grid spacing cannot resolve SI.

The Xisha-Zhongsha waters are constructed according to the

method of one-way offline nesting (Mason et al., 2010). The

parent domain, named R5, has a range of 9°~25°N, 105°~128°E

with a horizontal resolution of ~5km and a temporal resolution of

1day. The nested grid, named R1, is 14°~18°N, 111°~117°E whose

horizontal and temporal resolutions are ~1km and ~6hours,

respectively. (Figure 1). R5 and R1 have 32 layers vertically,

with more layers concentrated near the surface. The topography

is provided by NOAA with a spatial resolution of 2’. We used data

for model setup on potential temperature, salinity, currents and

sea surface height obtained from the HYCOM reanalysis data for
Frontiers in Marine Science 04
the period of 2008 to 2020. The horizontal resolution is 1/12°, and

there are 40 layers (from 2008 to 2012) and 41 layers (from 2013

to 2020) vertically. The atmospheric forcing data of the model are

from the National Centers for Environmental Prediction (NCEP)

Climate Forecast System Reanalysis (CFSR) for the period of 2008

to 2010 and its second edition, Climate Forecast System Version 2

(CFSV2) for the period of 2011 to 2020. The spatial resolutions of

the two versions are 0.312°×0.312° and 0.205°×0.204°,

respectively, and temporal resolution is both 6 hours, including

air temperature at 2m height above ground, specific humidity,

precipitation, wind speed at 10m height above ground, long and

short wave flux, etc. The simulation includes tidal forcing, which is

particularly critical in the SCS where tides play a key role in many

aspects of regional dynamics (Wang et al., 2017; Lin et al., 2020;

Yan et al., 2020). The tidal data used in this study are from

TPXO8. The tidal data of the model is derived from TPXO8 with a

1/30° horizontal resolution, including eight main tidal

components: M2, S2, K1, O1, N2, P1, K2 and Q1.

For R5, the initial field and open boundary are from the

HYCOM reanalysis data, while the surface fluxes are derived

from CFSR. In order to obtain the relatively stable initial field for

R1, R5 is simulated for 11 years, from January 1, 2008 to January

31, 2020 (the KE and potential energy of R5 reach stability

quickly after several months; not shown). Based on the R5 results

R1 is simulated for approximately 4 years, from January 1, 2016

to January 31, 2020. Two contrast cases are carried out to

highlight the SI effects from the SI scheme. One uses the KPP

scheme, named R1_ NOSI. The other one applies the SI scheme

together with the KPP, i.e., R1_SI. Considering that SI is more

active in winter (Dong et al., 2021a), only results in January from

2017 to 2020 are analyzed here. Details of the model setup are

shown in Table 1.
FIGURE 1

Topography of simulated area (unit: m). The black and blue lines denote the parent and nested domains, R5 and R1, respectively.
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2.4 Model validation

Since the nested high-resolution simulation is carried out on

the basis of R5 results, it is necessary to verify the performance of

R5 simulation. Here, the SST and circulation pattern averaged in

January are investigated and compared with observations and

reanalysis data. The SST from R5 decreases from southeast to

northwest, which is basically consistent with the distribution of

OISST (Figures 2A, B). In terms of the circulation, the surface,

middle and deep layers of R5 show cyclonic, anticyclonic and

cyclonic patterns, respectively (Figures 2C, D), which resembles

the HYCOM reanalysis result. The sandwichlike inflow–

outflow–inflow pattern is also consistent with previous studies

arguing the three-layer alternating rotation structure of the SCS

circulation (Wyrtki, 1961; Tian et al., 2006; Liu et al., 2008;

Wang et al., 2011; Lan et al., 2013).

As for R1, the submesoscale process caused by MLI and

frontogenesis are resolved, although the resolution cannot

directly resolve SI. Taking a snapshot on January 8th, 2018 as

an instance, the distribution of temperature and horizontal

gradient of density at the depth of 5m from R1_NOSI

simulation (Figures 3A, B) shows that frontal processes are

active in R1, and eddies with a horizontal radius of O (10~

100) km are also observed. Further, according to the distribution

of the Rossby number (the vertical relative vorticity normalized

by the local planetary vorticity, z) at the depth of 5m (Figure 3C),

dynamic processes with Rossby number of about 1 are widely

observed in the upper layer. The Rossby number even reaches

larger than 2 in areas with complex background dynamic

processes, such as the sea area around the Xisha Islands with

sharp frontal and topographic changes. The density horizontal

gradient (∣∇rh∣) presents a good correlation with the Rossby

number. Areas with strong Rossby number and active

submesoscale processes are generally accompanied by strong

fronts. In addition, the strong Rossby number in the upper layer

usually indicates strong vertical velocities. According to the

vertical velocity at 20m (Figure 3D), it can be seen that the
Frontiers in Marine Science 05
vertical velocity can reach 100 meters day-1. The above

phenomena and characteristics are consistent with the law of

submesoscale processes obtained from observations (Zhong

et al., 2017; Zhang et al., 2021).
2.5 Definition and distribution
characteristics of symmetric instability
activity

The activity of forced SI in the simulation domain can be

firstly investigated based on the criterion:fq<0,B0>0, and EBF>0.

Based on the 6-hourly output of snapshots in R1_NOSI, the

probability distribution of SI activity in January of each year is

shown (Figure 4). Overall, high probabilities of SI are observed

in Xisha-Zhongsha waters during this period, with values

generally larger than 10% in most regions (even larger than

30% in some regions). It is worth mentioning that SI activity

always has a high probability near the Xisha Islands with

complex topography, which should be a result of strong

submesoscale fronts (cf. Figure 3) due to current-topography

interactions (Dewar et al., 2015; Molemaker et al., 2015; Gula

et al., 2016). Here, the effect of SI will be highlighted by

comparing regions with SI in R1_SI to that in R1_NOSI.
3 Effects of symmetric instability

3.1 Effects on energetics

This section mainly assesses the effect of the SI scheme on

GSP, the effective input of wind energy and the rate of the energy

release of larger scale APE to the submesoscale via

buoyancy production.

The contribution of SI to the forward ocean energy cascade

is non-negligible because the KE extracted by SI from

geostrophic shear is transferred to smaller scales (Taylor and
TABLE 1 Model configurations of the different cases.

Case

Parameter R5 R1_NOSI R1_SI

Simulation time 2008.01~2020.01 2016.01~2020.01 2017/18/19/20.01*

Horizontal resolution 1/20° 1/100° 1/100°

Initial field HYCOM R5 R5

Boundary field HYCOM R5 R5

Turbulent closure KPP KPP SI

Tidal field TPXO8 TPXO8 TPXO8

Topographic field ETOPO2 ETOPO2 ETOPO2

Forcing field CFSR CFSR CFSR

Vertical layers 32 32 32
*January in 2017, 2018, 2019 and 2020.
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Ferrari, 2010; D’Asaro et al., 2011; Buckingham et al., 2019; Yu

et al., 2019). Therefore, the effect of SI on GSP can be highlighted

by comparing GSP in these two cases. Combined with the

thermal wind balance (fk x ǝug/ǝz=∇hbb), GSP can be

calculated by

GSP = n
∂ bb
∂ x

� �2

+
∂ bb
∂ y

� �2� �
(1)

where v is the vertical viscosity coefficient from the model

output, and bb is the background component of buoyancy [c.f.

Equation (12) for details]. Using the horizontal background

buoyancy gradient to diagnose the flow field based on

geostrophic balance can eliminate the interference of internal

tide to a certain extent. Figure 5 shows the vertical profiles of

GSP for the two cases in January. The calculated GSP is nearly

zero below the SML but positive in the SML, implying frontal

geostrophic shear energy is consumed. However, the magnitude

of GSP from R1_SI is 2-3 times that of R1_NOSI in the SML

(within about 30 meters, see the section 3.2 for details),

indicating that the dissipation of geostrophic shear is enhanced

by SI and roughly agrees with the result in an idealized frontal

experiment (Dong et al., 2021b). This GSP enhancement is a
Frontiers in Marine Science 06
result of the greater viscosity due to SI parameterization scheme.

These results indicate that the SI parameterization scheme can

enhance the dissipation of geostrophic KE and transport energy

towards a smaller scale but above the scale of Kolmogorov

dissipation (Su et al., 2016). In other words, SI promotes the

forward cascade of energy and the SI scheme mimic this

behavior successfully. It is worth noting that the depth

corresponding to the peak value moves up by approximately

3m compared with R1_NOSI in each year. We can find that the

GSP in R1_SI is greater than that in R1_NOSI at any time if we

integrate the GSP in the upper 50m in each year (Figure 6). Note

that there is a good correspondence between the trends of the

GSP difference (magenta line) and GSP itself (R1_SI in red and

R1_NOSI in blue), which is understandable because the stronger

the vertical shear of the geostrophic current at the front in

R1_NOSI, the more of GSP is extracted from the nearby SI,

causing the greater GSP in R1_SI at the same time.

Due to the change of geostrophic currents by SI, the effective

input of wind work is speculated to be modulated. The effect of

SI on the wind work input can be calculated by

DP = tw · us½ �SI− tw · us½ �NOSI (2)
A B

DC

FIGURE 2

The monthly average SST in R5 of (A) the result of our model, (B) the OISST, and the monthly average circulation of 0m, 1000m and 2000m
horizontal layers of (C) the result of our model, (D) the result of HYCOM reanalysis data. Both velocity arrows at 1000m depth and 2000m
depth are magnified by 5 times. The monthly average refers to the monthly average in January from 2017 to 2020.
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where, tw and us is the sea surface wind stress and velocity

respectively. Figure 7 shows the time series of the wind work

input (R1_SI in red and R1_NOSI in blue) and the difference

(orange line) in January for each year. Qualitatively, there is a

good relationship between DP and P (the orange line trend is

almost the opposite of the blue line trend), that is, when the wind

work is greater, the effect of the SI scheme on wind work

weakening is more significant. This is because when the wind

blows in the direction of geostrophic current (down-front

winds), the SI at around fronts weakens the fronts, and the

geostrophic current ug is weakened, causing a decrease in the

value of us. As shown in Figure 7, the stronger the ug at the front,

the more significant the effect of the SI scheme on GSP

dissipation. This process eventually leads to a reduction of the

usable wind work (i.e., the rate of geostrophic component of KE

increase in coherent motions due to down-front winds) done on

fronts under forced SI. Quantitatively, the average ΔP account

for 5.9%, 7.9%, 6.2% and 4.8% of the averaged wind work input

in R1_NOSI from 2017 to January 2019, respectively (even up to

15% at certain times).

The conversion of APE to KE in the SML is mainly

associated with MLI in the simulation. To assess it, the spatial

scale of MLI LMLI is determined by (Dong et al., 2020a),

LMLI = 6R = 6
NMLHML

f
(3)

Here, R is the baroclinic Rossby deformation radius in the

SML, NML and HML are the averaged buoyancy frequency and

mixed layer depth (MLD) over the domain. LMLI is calculated as
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about 30km, which is taken as the cut-off scale to decompose the

velocity and buoyancy fields by spatially filtering into

background (large- and mesoscale) and submesoscale

components:

u = ub + u0

w = wb + w0

b = bb + b0

8>><
>>: (4)

The rate of the energy release of larger scale APE to the

submesoscale via buoyancy production can be evaluated by

PK = w0b0 (5)

The overline here represents spatio-temporally averaging.

The domain vertical profiles of PK with or without the SI

parameterization scheme are shown in Figure 8. PK

approaches zero near the sea surface and increases first and

then decreases with the increase of depth. Different from GSP

that is mainly intensified in the SML at the jet, PK tends to

energize the whole mixed layer and reaches its maximum in the

middle of the mixed layer, which is consistent with the theory of

Fox-Kemper et al. (2008) and Cao et al. (2021). However, SI

changes the PK peak value and the corresponding depth. In

R1_NOSI, the peak value of PK is at a water depth of 10~20m

while 10~15m in R1_SI, that is, the depth of the peak value has

moved up by approximately 5m. This phenomenon may covary

with the mixed layer restratification caused by SI (it will be

discussed further in Section 4.1). The peak value of PK is

suppressed by about half as the SI effects are included. In brief,
A B

DC

FIGURE 3

Snapshots of (A) the horizontal temperature at 5m water depth, (B) the horizontal gradient of density at 5m water depth, (C) the vertical relative
vorticity at 5m water depth, and (D) the vertical velocity at 20m water depth of R1 at 18:00 on January 8th, 2018.
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FIGURE 4

Probability distribution of SI activity in January (A) 2017, (B) 2018, (C) 2019 and (D) 2020. Inside the blue rectangle are the Xisha Islands. SI,
symmetric instability.
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PK tends to be weakened after the SI parameterization scheme is

applied. The vertical integral of PK over 0~30m is also weakened

(Figure 9). Note that the weakening degree of PK seems to be

dependent on PK itself (the magenta line trend is opposite to the

blue line trend). The larger the value of PK is, the more

significant the inhibition effect of the SI parameterization

seems to be, even exceeding 50% around the peak value. It can

be concluded that the SI parameterization scheme inhibits the

buoyancy production. This inhibition may be a result of the

background KE dissipation by SI. As the background KE at

fronts is decreased due to SI growing, fronts tend to be

weakened, and the APE is potentially decreased and converted

to background KE via geostrophic adjustment. The weakened

fronts are speculated to suppress PK. The effect suggests an

interaction between SI andMLI or frontogenesis, which is still an

open question and will not be discussed in the work.
3.2 Mixed layer depth and sea surface
temperature

According to D21, SI tends to restratify the mixed layer and

then shoal the MLD. The dynamic mechanisms for this

phenomenon are as follows: before SI occurs, the original

isopycnals are generally inclined and PV is negative. To

restore PV to a neutral state (i.e., PV = 0) and reach marginal

SI stability, the local water masses overturn and mix until the

isopycnals become flat at the fronts. Therefore, the mixed layer is

restratified (Bachman and Taylor, 2014; Bachman et al., 2017).

Figure 10A shows the MLD difference of the two cases at the
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same time as Figure 3. The MLD is determined with a threshold

potential density value of 0.03 kg m-3 (de Boyer Montégut et al.,

2004). According to Figures 10A, C, it can be seen that the area

of the shoaled MLD has a good relationship with the SI activity

region with shoaling magnitudes up to 5 m.

We compare the performance of the two cases in simulating

the MLD with the MLD derived from HYCOM reanalysis.

Figure 11 shows the MLD time series of the two cases

(R1_NOSI in bule and R1_SI in red, respectively) in January

for each year, and the reanalysis MLD (green line) in the

corresponding month. Overall, R1_SI is closer to the observed

MLD than R1_NOSI, indicating an improvement of the MLD

simulation due to the SI scheme. To more specifically quantify

the improvement, we introduce a root mean square error

(RMSE) metric. RMSE is a measure to evaluate how close the

model’s MLD is to the reanalysis one and is defined as:

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
on

i=1 MLDobs,i −MLDmodel,i

� 
2
n

s
(1)

whereMLDmodel andMLDobs are the model’s MLD (R1_NOSI or

R1_SI) and the reanalysis one, respectively; n is the total number

of the days in corresponding month. The results illustrate that SI

parameterization reduces the RMSE of MLD by 14.32%, 12.47%,

22.83% and 21.52% (Supplementary Figure 2).

The shoal ing of the MLD suggests that the SI

parameterization scheme well represents the restratification

effect of SI. The magenta line in Figure 11 shows the

proportion of the MLD reduction of R1_SI relative to

R1_NOSI. Within 20 days after the application of SI
A B DC

FIGURE 5

The domain-averaged vertical profile of GSP in January (A) 2017, (B) 2018, (C) 2019, (D) 2020. GSP, geostrophic shear production.
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FIGURE 6

The time series of the GSP and GSP difference of two cases in the upper 50 m in January (A) 2017, (B) 2018, (C) 2019, (D) 2020. GSP,
geostrophic shear production.
A B DC

FIGURE 7

The time series of the wind work input P and ΔP of two cases in SI activity region in January (A) 2017, (B) 2018, (C)2019, (D) 2020.
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parameterization scheme, the reduced proportion increases

almost linearly with time, and tends to be dynamic stable after

20 days, with values between 10~15%.

The restratification of the SML caused by SI makes the

originally inclined isopycnals tend to be horizontal, so that

the seawater with relatively lower temperature and higher

density sinks, and then the sea surface temperature potentially

rises. Taking the snapshot at the same time as Figure 3

as an example, Figure 10B shows the SST differences. It can
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be seen that the areas where SST increases are mostly

concentrated in the SI activity region (Figure 10C), and the

anomalies in some regions can even exceed 0.5°C. In addition,

the average SST difference in January from 2017 to 2020 is

shown in Figure 12. Although most of the differences are within

the range of 0.1°C, the SST of R1_SI is relatively higher than

R1_NOSI. Since any assimilation based on observations is not

implemented, the SST is different from observations in fine

patterns (not shown). Therefore, here only shows the indirect
A B DC

FIGURE 8

The domain-averaged vertical profiles of PK in January, (A) 2017, (B) 2018, (C) 2019, (D) 2020. PK, the rate of the energy release of larger scale
APE to the submesoscale via buoyancy production.
A B DC

FIGURE 9

The time series of the PK and PK difference of two cases in the upper 30 m in January (A) 2017, (B) 2018, (C) 2019, (D) 2020. PK, the rate of the
energy release of larger scale APE to the submesoscale via buoyancy production.
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impact of SI on SST, rather than emphasizing the improvement

of simulated SST.
3.3 Ertel potential vorticity analysis

A direct impact from SI is the ability to reduce negative PV

and restore PV to a neutral state. PV can be further assessed for
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examining specific impacts of SI on PV in the stratified and

rotational flows. According to Cao and Jing (2022), we assume

that the large-scale mean flows are dominant in geostrophic

balance and the horizontal gradients of vertical velocity are

negligible. On basis of Equation (1), PV can be further

decomposed into two components ash

q = f + zð Þbz + k � uzð Þ∇h b (1)
A

B

C

FIGURE 10

(A) MLD difference (SI-NOSI), (B) SST difference (SI-NOSI) of the two cases and (C) distribution of SI activity (Filled in yellow for SI activity and
blue for SI inactivity) at the same time as Figure 3.
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where (f + z)bz is the vertical vorticity component, qvert, and (k x

uz)∇h b is the baroclinic component, qbc. As in Equation (14), both

the vorticity and the baroclinicity play important roles in

stimulating instability at the front with strong strain. Taking a

snapshot of PV distribution at the same time as Figure 3 as an

instance (Figure 13), the two components of PV in the two cases

are compared at depths of 5 m (representing the SML). The vertical

vorticity component, qvert, tends to be the positive dominant

constituent for PV in most of the regions, while is nearly zero

near the fronts, indicative of reduced PV for ongoing instabilities.

On the contrary, the baroclinic component, qbc, exhibits strong

negative filamentous structures in the fronts, which is favorable for

SI events. There is a correspondence between this pattern and

horizontal density gradient in Figure 3B, which arises from

submesoscale frontogenesis (Cao and Jing, 2022). Therefore, in

the SML, the instability near the fronts is mainly modulated by the

negative PV from the baroclinic component, while PV in other

regions is dominated by the vertical vorticity component. The

above leads to that there are alternating patterns of positive and

negative PV values in the SML, and the negative PVmainly exits in

the region with large horizontal density gradient.

Through the comparison of Figures 13A,D, it can be found

the magnitude of the positive PV is increased near the fronts and

islands. Moreover, compared with R1_NOSI, the region of

negative qbc in R1_SI is noticeably reduced. The patterns

representing negative qbc also become much more fragmented

and closer to zero (Figure 13E), as SI is expected to bring up

stratified thermocline waters to oppose surface forcing and

approach marginal stability for SI—zero PV. The S1 is selected

for analyzing the vertical distribution of Ertel PV in the

Discussion Section. Overall, the SI scheme changes the PV

through elevating positive qvert and eliminating negative qbc.
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According to the calculated time series of the probability of

negative PV and the probability difference in the upper 5m in

January from the two cases (Figure 14), it can be seen that the

negative PV probability is mostly within 2%-10% in R1_NOSI

(blue line), and reduced by 10%~50% relative to R1_NOSI in

most of the time. We note that the trend of the negative PV

probability difference resembles the one of the negative PV, and

the time period in which the SI parameterization scheme greatly

eliminates the negative PV corresponds to the time period in

which the probability of the negative PV in R1_NOSI is high.

The SI scheme can eliminate nearly half of the negative PV In

other words, it implies that the ability of the SI scheme to

eliminate negative PV seems to be positively related to the

probability of negative PV itself in SML. When the probability

of negative PV is at its maximum in the current month, the SI

scheme can eliminate nearly half of the negative PV when the

probability of negative PV reaches its maximum.
4 Discussion and conclusions

4.1 Discussion

4.1.1 Effects around islands
In this work, we find that SI are more active at the Xisha

islands with complex topography than the open water (cf.

Figure 3 and Supplementary Figure 3). Therefore, we further

select the Xisha islands region and an open water region in R1

(Supplementary Figure 3) and carry out a comparative analysis.

It is found that the domain-averaged vertical profile of GSP in

the Xisha domain is 6-7 times higher than that of the open water

region (Supplementary Figure 4). In terms of the negative PV
A B DC

FIGURE 11

The time series of the domain-averaged MLD from the simulations (blue and red line for R1_NOSI and R1_SI, respectively) and the proportion of
the MLD difference (magenta line) to the one from R1_NOSI in January (A) 2017, (B) 2018, (C) 2019, (D) 2020. The concurrent MLD from the
reanalysis is shown as the green line.
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FIGURE 12

SST difference (SI-NOSI) in January (A) 2017, (B) 2018, (C) 2019, (D) 2020.
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probability (Supplementary Figure 5), compared to the result of

R1_NOSI, a remarkable reduction in the negative PV in the

Xisha domain is observed (Supplementary Figure 5A), while it is

almost unchanged in the open water (Supplementary Figure 5B).

It indicates that the effects of the SI scheme are more noticeable

around islands. This may be due to the current-topography

interactions stimulate negative PV, providing favorable

conditions for the SI activity.
4.1.2 Discussion on PK, PV and disturbance of
internal tides

Although the MLD covaries with PK, this correlation doesn’t

seem to be the only reason for the SML restratification. The SML

restratification is induced by SI as well in two ways: the upward

buoyancy flux—PK—shoals the SML, and SI tends to flatten

isopycnals to reduce negative PV, leading to SML restratification

(Dong et al., 2021b; Jing et al., 2021). We can see that the SI

scheme tends to inhibits PK (Figures 8, 9) moderately—in other

words—we surely overestimate the impact of energy conversion

of the APE stored in the fronts when SI is not considered.

However, the MLD is still much shallower in general (Figure 11)

when SI is parameterized. The total changes may be attributed to

the fact that the influence of SML restratification induced by SI
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as parameterized exceeds that of suppression of PK caused by SI.

Furthermore, the MLD is reduced by about 15% in R1_SI, which

may bring up the dynamic instability mechanisms in the SML to

a shallower depth, eventually leading to the shallower depth of

the peaks of GSP and PK vertical profile (Figures 5, 8). In

addition, although PK is suppressed, it is unexpected that there is

a little more submesoscale component of KE in R1_SI (not

shown), indicating that the impact of SI on the model may be

more systematic and complex, and the reasons for it need to be

further studied.

Further insight into the vertical profiles of Ertel PV is

conducive to understanding the impacts of the SI scheme on

negative PV (the S1 marked in Figure 13A). The S1 crosses the

mesoscale cyclonic eddy and exhibits negative PV within the

mixed layer (Supplementary Figure 6). The negative qvert only

exits in the middle and base of the mixed layer, because the

deepened pycnocline in the eddy core largely strengths the qvert
by the intensification of density stratification. Notice that in

most regions, the qbc acts to balance the qvert field, and the

negative q is mainly contributed by qbc. The PV with opposite

signs to the Coriolis frequency for flows is favorable for the

development of SI that can drive large vertical motions,

ultimately leading to restratification through enhanced mixing.

Then the effect of the SI scheme is presented by comparing the
A B

D E F

C

FIGURE 13

Comparison of the near-surface (at 5m water depth) Ertel PV q and its sub-components in different cases. The panels (A–F) show snapshots
in R1_NOSI (R1_SI) at the same time as Figure 3. The panels (A, D) are the vertical vorticity component of Ertel PV. The panels (B, E) are the
baroclinic component of Ertel PV. The panels (C, F) are the Ertel PV. The S1 is selected for analyzing the vertical distribution of Ertel PV. PV,
potential vorticity.
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two cases. The SI scheme increases the vertical vorticity

component of PV and shallows the MLD (highlighted by the

blue solid rectangles in Supplementary Figures 6A, D), while

restore the baroclinic component of PV to a neutral state

(highlighted by the blue solid rectangles in Supplementary

Figures 6B, E). This further confirms the conclusions in

Section 3.3. However, it seems that the role of the SI scheme

in weakening the negative baroclinic component of PV is not

limited to the SML, which needs more specific research in

the future.

In addition, taking GSP as an instance, we also compare

whether the SI parameterization effects are affected by the

internal tides signal. In order to remove the internal tides

signals, a 2-day low-pass filter (fourth-order Butterworth) was

therefore applied to the time series, according to Zhang et al.

(2021). Supplementary Figure 7 shows time series of GSP with

and without filtering. It indicates that the internal tides seem to

only have a subtle impact on the results but do not change the

conclusions in Section 3.1. This may be because the main effects
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of SI parameterization are in the SML, while the influence of

internal tides is mainly below the mixed layer. The stratification

in the mixed layer is weak, so the impact of internal tides is

relatively moderate. Besides, according to Thomas et al. (2016),

although the energetics of SI interacting with inertial motions is

transient, the average within inertial periods can be ignored.

4.1.3 Discussion on realistic implementation
In this study, we mainly focus on the impacts of SI in a

regional model, but the limitation of the scheme should be

noted. One of the prerequisites for activating the SI scheme is

that both B0 and EBF are positive (Supplementary Figure 1),

implying not all forced SI is parameterized (the forced SI only

requires B0 + EBF> 0). Hence, it may underestimate the SI

impacts. According to the result from an idealized frontal

experiment (Dong et al., 2021b), SI can occur at the front with

a strong positive EBF when B0 is negative. If a more general

scheme of SI is adopted, the effects of SI is expected to be

amplified. In addition, we only analyse the SI effect in January
A

B

D

C

FIGURE 14

The time series of negative PV probability (blue and red line for R1_NOSI and R1_SI, respectively) and its difference (SI-NOSI, magenta line) in
the upper 5m of two cases in January (A) 2017, (B) 2018, (C) 2019, (D) 2020. PV, potential vorticity.
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and its seasonality is not evaluated. However, since we know that

SI is one of the important submesoscale instabilities, according

to the research results of Cao et al. (2022) on the submesoscale

seasonality in the SCS, the submesoscale processes in the middle

ocean basin (which partially coincides with the R1 region in this

study) are seasonal and more active in winter, which is mainly

due to the winter wind shear and frontal effect. Another more

direct evidence is the SI events assessed by Dong et al. (2021a),

the relative likelihood of SI events is correspondingly high in

winter. In addition, compared with other seasons, the SCS has

deeper MLD and weaker stratification in winter. Heat loss of

seawater also tends to occur (i.e., B0 <0). All above are conducive

to the occurrence of SI events in winter, implying that the effects

of SI in other seasons is more moderate than that in winter.

The effect of SI parameterization depends on the ability of the

model to resolve mesoscale and submesoscale fronts. However,

most of the widely used regional models are only mesoscale

resolving (dx = 10 km) at present. For these models, it is necessary

to firstly extend the coarse resolution to the fine resolution

th rough some me thod s , and then app l y th e S I

parameterization. According to (1), (5), and (6), SI

parameterization depends on the horizontal density gradient,

while coarser models have weaker gradients than finer. According

to Fox-Kemper et al. (2011), a rescaling can be done with some

confidence based on an analysis of the horizontal wavenumber

spectrum of near-surface density variance. That is, the coarse-

resolution models need to be added a scaling factor Ds/Lf to
improve weaker density gradients (Dsis the local coarse model

gridscale dimension and Lf is an estimate of the typical local width

of mixed layer fronts), and a mixing timescale T to handle

behavior near the equator. The specific resolution to be

expanded depends on the scale of the local MLI.
4.2 Conclusion

In this work, the SI scheme proposed by B17 is applied in the

CROCO with a realistic configuration alongside the KPP scheme

in Xisha-Zhongsha waters, probability of SI activity in most

region exceeds 10% and is even over 40% in some region in

January. The model simulations with SI parameterization

applied shows that the SI parameterization makes marked

impacts on real simulation in winter.

In energetics, the application of SI parameterization has

increased GSP more than doubled, successfully expressing the

extraction effect of SI on GSP and reflecting the forward energy

cascade of SI. It moderately reduces the wind work further by

weakened geostrophic current. The PK is reassessed when

considering SI and we find the SI scheme also suppresses

approximately half of the energy conversion of larger scale

APE to the submesoscale. The reasons for this mechanism

need further study in the future.
Frontiers in Marine Science 17
The SI scheme has remarkably improved the simulation of

MLD, making it shallower by 10%~15% through restratifying,

and more similar to the observation. Compared with the case

without SI, the RMSE between the MLD depth obtained by

mode simulation and the reanalysis one is reduced by 12% ~

25%. The effect on MLD further caused an increase within 1°C in

SST, which reaches the same magnitude order as the average SST

anomaly in this region. Another indirect effect of restratification

of mixed layer is that the depth of the peak value of GSP and PK

in vertical profiles is reduced by 3 ~ 5m.

By Ertel PV analysis, we find that in the SML, the instability

near the fronts is mainly modulated by the negative PV from the

baroclinic component, while the PV in other regions is

dominated by the vertical vorticity component. The SI scheme

changes the PV through elevating positive qvert and eliminating

negative qbc, leading to reducing the probability of the negative

PV by 10%~ 50% in the SML. In addition, the effects of SI

around islands are more significant than that in open water

region, indicating the importance of SI scheme in

complex topography.

This work here demonstrates that the SI scheme has a good

performance in representing the SI effect in valuable tool that

covers the impact of SI in realistic simulation. According to the

theory of Fox-Kemper et al. (2011), the SI scheme may be able to

applied in the current widely used (mesoscale resolving) models.

However, the tracers of nutrients have not been released in this

model, so the impact of the SI scheme on nutrients exchanges

between the SML and the ocean interior in the realistic model

has not been studied. In addition, when we assess the impact of

SI on wind work, the influence of sea surface roughness is not

considered in the model. Overall, further studies of higher-

resolution simulation and field observations are required to

solve the above problems.
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