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Abstract

Submesoscale activity in the upper ocean has received intense studies through simulations and observations in
the last decade, but in the eddy-active South China Sea (SCS) the fine-scale dynamical processes of submesoscale
behaviors and their  potential  impacts have not been well  understood. This study focuses on the elongated
filaments of an eddy field in the northern SCS and investigates submesoscale-enhanced vertical motions and the
underlying mechanism using satellite-derived observations and a high-resolution (~500 m) simulation. The
satellite images show that the elongated highly productive stripes with a typical lateral scale of ~25 km and
associated filaments are frequently observed at the periphery of mesoscale eddies. The diagnostic results based
on the 500 m-resolution realistic simulation indicate that these submesoscale filaments are characterized by
cross-filament vertical secondary circulations with an increased vertical velocity reaching O(100 m/d) due to
submesoscale instabilities. The vertical advections of secondary circulations drive a restratified vertical buoyancy
flux  along filament  zones  and induce a  vertical  heat  flux  up to  110 W/m2.  This  result  implies  a  significant
submesoscale-enhanced vertical exchange between the ocean surface and interior in the filaments. Frontogenesis
that  acts  to  sharpen  the  lateral  buoyancy  gradients  is  detected  to  be  conducive  to  driving  submesoscale
instabilities and enhancing secondary circulations through increasing the filament baroclinicity. The further
analysis indicates that the filament frontogenesis detected in this study is not only derived from mesoscale
straining of the eddy, but also effectively induced by the subsequent submesoscale straining due to ageostrophic
convergence. In this context, these submesoscale filaments and associated frontogenetic processes can provide a
potential interpretation for the vertical nutrient supply for phytoplankton growth in the high-productive stripes
within the mesoscale eddy, as well as enhanced vertical heat transport.
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1  Introduction
Mesoscale eddies with a typical horizontal scale of approxim-

ately 100 km greatly contribute to the transports of heat, mass,
and biogeochemical tracers in the open ocean (Bryden and
Brady, 1989; Chelton et al., 2011a; Dong et al., 2014; Zhang et al.,
2014; McGillicuddy, 2016). However, the upwelling induced by
mesoscale eddies may only account for 20%–30% of new produc-
tion (Martin, 2003; McGillicuddy et al., 2003). Meanwhile,
submesoscale-induced vertical advection is considered as an im-
portant process that fills the gap in vertical transport (Lévy et al.,
2001; Omand et al., 2015; Mahadevan, 2016). Submesoscale mo-
tions characterized by O(1) Rossby and Richardson numbers can
induce large vertical velocities, which can be one order of mag-
nitude greater than that of mesoscale eddies, thereby efficiently
enhancing vertical exchanges in the upper ocean (Klein and
Lapeyre, 2009; Klymak et al., 2016; Su et al., 2020).

Submesoscale activities are ubiquitous in the eddy-active
northern South China Sea (SCS), shown by recent simulations
and observations (Dong and Zhong, 2020; Lin et al., 2020; Zheng
et al., 2020). In this region, most of the eddies travel southwest-
ward along the continental slope with a propagation speed close
to that of baroclinic Rossby waves, before they die near the Xisha
Islands (Wang et al., 2008; Chen et al., 2011; Nan et al., 2011).
These energetic eddies provide favorable conditions for the oc-
currence of submesoscale behavior (Lapeyre and Klein, 2006;
Dong and Zhong, 2018; Zhang et al., 2020). Submesoscale-per-
mitting observations and simulations suggest that the vertical
transport induced by submesoscale ageostrophic processes is at
least one order of magnitude larger than mesoscale eddies in
winter (Zhong et al., 2017). Moreover, in-situ microstructure ob-
servations show that the elevated turbulent dissipation rate at the
eddy periphery is closely connected with the enhancement of  
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submesoscale activities (Yang et al., 2017). Also, energy budget
analyses indicate that the submesoscale motion may be a domin-
ant dissipation mechanism in anticyclonic eddies (Zhang et al.,
2016; Yang et al., 2019).

At the periphery of mesoscale eddies, elongated filaments
and density fronts in 10 km wide are common features at the
submesoscale, which can be frequently detected from satellite
images (Munk et al., 2000; Klein et al., 2011; Zhang and Qiu,
2020) and in-situ observations (Read et al., 2007; Adams et al.,
2017; Tang et al., 2021; Tarry et al., 2021). With different water
properties, the Kuroshio intrusion water and local water in the
northern SCS likely be advected and elongated at the eddy peri-
phery by eddy current, providing a favorable condition to the
generation of filaments. Fine-scale in-situ observations in the
SCS show that the plankton biomass can be significantly in-
creased in these regions (Guo et al., 2017; Li et al., 2017; Li et al.,
2021). The submesoscale processes at filaments are considered
to substantially contribute the vertical transport within the north-
ern SCS eddies (Zhong et al., 2017). However, the dynamical pro-
cesses of these submesoscale activities and their potential mech-
anisms driving enahnced vertical transport have not been well
understood in the SCS.

In this study, we focus on elongated filaments in the meso-
scale eddy and examine submesoscale-enhanced vertical mo-
tions and underlying mechanism, using high-resolution (~1 km)
satellite observations and a 500 m-resolution numerical simula-
tion. Section 2 describes the satellite data, model setup, and dia-
gnostic methods. The submesoscale features within the eddy
field is detailed in Section 3. Section 4 examines the enhanced

vertical secondary circulation associated with frontal submeso-
scale instabilities. As an important mechanism for the filament
(Lapeyre and Klein, 2006; Gula et al., 2014), the potential fronto-
genetic mechanism is further analyzed in Section 5. Finally, Sec-
tion 6 is the summary.

2  Data and methods

2.1  Satellite data

EKE = u
ga + vga(

uga, vga
)

Daily sea level anomaly (SLA) and geostrophic velocity anom-
aly data are used in this study, which are obtained from the
Delayed-Time Reference Series product provided by Archiving,
Validation, and Interpretation of Satellite Oceanographic data
(AVISO). Spatial band-pass filtering with a cutoff period of
30–120 d is utilized to minimize the noise of mesoscale eddies
(Chelton et al., 2011b; Qiu and Chen, 2010). The climatological
winter eddy kinetic energy (  with the geostrophic

velocity anomaly ) is obtained from 1993 to 2020 to eval-

uate the mesoscale variability in the northern SCS (Fig. 1a).
The trajectories of mesoscale eddies migrating from the west

of the Luzon Strait to the eastern Hainan Island in the winters
from 1993 to 2020 are obtained from the Mesoscale Eddy Traject-
ories Atlas product (META3.1exp Delayed-Time allsat version).
This multi-mission altimetry-derived eddy trajectory dataset is
produced by the Ssalto/Duacs and distributed by AVISO+ with
support from the Centre National d’Etudes Spatiales, in collabor-
ation with the Mediterranean Institute for Advanced Studies (ht-
tps://doi.org/10.24400/527896/a01-2021.001). The anticyclonic
and cyclonic eddies in this dataset are detected by searching
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Fig. 1.   Climatological map of eddy kinetic energy (shading) and the trajectory of mesoscale eddies (color lines) in winter (December,
January, February) from 1993 to 2020 in the South China Sea (a); satellite-observed chlorophyll (Chl) concentrations for the AE1 on
December 4, 2013 (b) and the AE2 on November 8, 2015 (c). The data in the shelf (<500 m) have been removed. The red, green, and
blue bold lines in a show the eddy case trajectory of AE1, AE2 and simulated eddy SE, respectively. Purple contours denote the sea
level anomaly and vectors show the geostrophic velocity anomaly. AE1, AE2: anticyclonic eddies.
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closed contours in agreement with the defined criteria around
each local maximum and minimum of SLA field (Mason et al., 2014).
The trajectories and characteristics (e.g., amplitudes, radii, and
speeds) of eddies are further estimated after performing the eddy
detection on several consecutive days.

Fine-resolution satellite images of the chlorophyll (Chl) con-
centration and sea surface temperature are derived from Suomi-
NPP Visible Infrared Imaging Radiometer Suite and Terra/Aqua
Moderate Resolution Imaging Spectroradiometer sensors. With a
spatial resolution of approximately 1 km, the ungridded Level-2
product provided by the NASA Goddard Space Flight Center is
used in this study. However, the quality of the satellite images for
filaments is always poor because of the corruption of large cloud
coverage in the northern SCS. Thus, we synthesize satellite im-
ages over 1 d using the inverse distance-weighted method to
maximize the available coverage. Consequently, several
submesoscale filaments are observed within the two anticyclonic
eddies (Figs 1b, c ).

2.2  High-resolution simulation

θs =  θb = 

The model used in this study is the Regional Oceanic Model-
ing System (ROMS), which has been widely used in oceanic stud-
ies (Shchepetkin and McWilliams, 2005). To examine the
submesoscale features at the periphery of eddies, a nesting ap-
proach is adopted with successive horizontal grid nesting refine-
ments from a parent grid with a resolution of ∆x≈7.5 km
(ROMS0) to refined child grids with resolutions of ∆x≈1.5 km
(ROMS1) and ∆x≈500 m (ROMS2). The nesting approach is an
online, one-way nesting from coarser to finer models, without
feedback from the child solution to the parent model (Penven
et al., 2006). The bottom topographies for both parent and child
domains are constructed from the General Bathymetric Chart of
the Oceans dataset, which is comprised of a 30 arc-sec (~1 km)
gridded global relief data produced by the British Oceanographic
Data Center (BODC). Utilizing terrain-following S-coordinates,
the same vertical grids for all simulations are 60 σ-levels, which
are concentrated near the surface and bottom with parameters

 and , respectively. The vertical subgrid boundary-
layer mixing is parameterized using a K-profile parameterization
(KPP), which is widely used in ocean models (Large et al., 1994).
The boundary and initial information for the parent domain are
derived from the monthly climatology of the Simple Ocean Data
Assimilation reanalysis dataset (Carton and Giese, 2008), which
is distributed by the Asia-Pacific Data-Research Center (APDRC).
The parent and child simulations are forced by the climatologic-
al surface atmospheric forcing, including wind stress, heat and
freshwater fluxes, and lateral oceanic forcing. The daily climato-
logical wind field is derived by averaging daily surface wind of the
Quick Scatterometer dataset from September 1999 to October
2009 (Risien and Chelton, 2008), which has a spatial resolution of
0.25°×0.25°. The heat and freshwater atmospheric forcing data
are provided by the monthly climatology of the International
Comprehensive Ocean-Atmosphere Data Set at a coarse resolu-
tion of 1°×1° (da Silva et al., 1994; Woodruff et al., 2011), as dis-
tributed by the APDRC. More details regarding the model setup
can be found in the model description by Jing et al. (2021).

The parent model ROMS0 covering the Northwest Pacific (not
shown) is spun up for a 20-year period, and then run for an addi-
tional two years with a daily output. The ROMS1 model encom-
passing the SCS region (2°–25°N, 102°–127°E) and the ROMS2
model covering the northern SCS (15°–24°N, 109°–121°E) are suc-
cessively nested with boundary conditions interpolated from the
ROMS0 in the last two years, as shown in Fig. 2. The modeling

results (e.g., regional circulation, thermohaline structure, mixed
layer depth (MLD), and energy level of mesoscale eddies) have
been validated against satellite measurements, reanalysis data-
sets, and available historical in-situ observations in the SCS (Jing
et al., 2021). Comparisons between multiple platforms show that
the simulations are sufficiently accurate to characterize the cli-
matological conditions of the SCS upper ocean. The results of the
ROMS1 and ROMS2 models have some difference from the ob-
servations because of the climatological forcing and one-way
nesting. The ROMS2 model exhibits active submesoscale vorti-
city filaments on a lateral scale of approximately 25 km at the sur-
face.

2.3  Dynamical diagnostics for submesoscale filament

M = |∇hb|

∇h =

(
∂

∂x
,
∂

∂y

)
b = −gρ/ρ

g ρ ρ

ζ = vx − uy δ = ux + vy u
v
u = (u, v,w) b

u = ū + u′
 b = b̄+ b′

L = πNH
√
+ Ri−

/
f ≈  km

N =
√
bz =

√
− (g/ρ) ∂ρ/ ∂z ≈ × − s−

H ≈ m Ri = 
f = 4.7× 10− s−

Qt = ρcp ⟨w′T′⟩ cp
⟨ ⟩

VBF = ⟨w′b′⟩

Frontal sharpness is a quantitative indicator of a filament with
a much stronger lateral buoyancy gradient than the ambient re-
gion, and is represented by  (Gula et al., 2014), where

 is the lateral gradient and  is the

buoyancy, in which  is the gravity,  is the density, and  is the
reference density. The vertical stretching and horizontal conver-
gence in the filaments are shown by the vertical relative vorticity

 and divergence  respectively, where  and
 are the zonal and meridional velocities. The total flow

 and buoyancy  are decomposed into the back-
ground and submesoscale component by a spatial average as

 and . The average scale is estimated by
the wavelength corresponding to the fastest-growing mode of the
mixed layer instability  (Stone,
1966; Boccaletti et al., 2007), where the region-averaged buoy-
ancy frequency ,
the MLD is , balanced Richardson number , and
the Coriolis frequency is  in the study region,
which correspond to the lateral scale of filaments. The vertical
heat flux induced by submesoscale processes is estimated using

, where the sea water specific heat capacity  is a
constant (3 850 J/(kg·°C)) and  denotes a regional average. The
vertical buoyancy flux  is estimated to show the
tendency of restratification in the filament.
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Ro = ζ/fFig. 2.   Snapshot of surface Rossby number ( ) in the nes-
ted  South  China  Sea  winter  simulations.  The  resolution  of
ROMS1 is 1.5 km. The boundary of the second nested domain
with ∆x=500 m is delineated by a black box.
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Elongated buoyancy filaments can be super-exponentially
sharpened by strain-induced frontogenesis (McWilliams et al.,
2009a). The horizontal strain rate is defined as follows:

St =
√

St2n + St2s =
√
(ux − vy)


+ (uy + vx)


, (1)

Stn Sts

θp = arctan (Sts/Stn) /

where the normal strain  and shear strain  denote the hori-
zontal expansion and shear rate, respectively. The maximum
stretching direction of the deformed flow is denoted by the direc-
tion of the principal strain axis:  (Gula
et al., 2014). The angle between the principal axis of strong strain
and the filamentary axis is smaller than π/4 during the strain-in-
duced frontogenesis.

Fadv

Frontogenesis can be driven by large- and mesoscale strain
(Spall, 1995; McWilliams et al., 2009b) and boundary-layer turbu-
lence (Gula et al., 2014; McWilliams et al., 2015). The horizontal
advection of mesoscale and large-scale flows is expected to initi-
ate the frontogenesis process (Capet et al., 2008; Shakespeare and
Taylor, 2013). This effect can be diagnosed by advective fronto-
genetic tendency  (Hoskins, 1982):

D
Dt

|∇hb| ≈ Fadv = (−bx∇hu− by∇hv) · ∇hb. (2)

b′

Considering the vertical mixing in the mixed layer (ML), the
filament frontogenesis at a later stage can be induced by turbu-
lent vertical momentum mixing through cross-filament second-
ary circulations, referred to the turbulence thermal wind balance
(Gula et al., 2014; Sullivan and McWilliams, 2018). According to
the ageostrophic secondary circulation and frontogenetic tend-
ency (SCFT) theoretical framework (McWilliams, 2017), the
terms contributing to the frontogenesis associated with the local
buoyancy anomaly  can be evaluated as

F =


D(∇b′)

Dt
= Fg + Fa + Fα + Fκv , (3)

where

Fg = ∇hb
′ · J[∇hψg, b

′] (4)

ψg ug = − ∂yψg vg = ∂xψg b′ = f ∂zψg

J [p, q]= ∂xp ∂yq− ∂yp ∂xq

is the geostrophic self-straining tendency term with the geo-
strophic stream function  ( , , )
and the horizontal Jacobian operator .
The frontogenetic rate related to ageostrophic buoyancy advec-
tion of secondary circulations is

Fa = Fu + Fw = −[∇hb
′ · ∇h]ua · ∇b′ − N̄∇hw

′ · ∇hb
′, (5)

Fu Fw

N̄ = ∂zb̄
ua = (ua,w′)

ua

ug

where  and  are the two ageostrophic horizontal strain terms
associated with horizontal and vertical advection, respectively.
The mean stratification frequency is defined as , and

 refers to the submesoscale ageostrophic velocity.
The local ageostrophic horizontal velocity  can be derived from
the submesoscale horizontal velocity by subtracting the local
geostrophic velocity . The term implicating the frontogenetic
effect of external deformation can be expressed as

Fα = α
[
( ∂xb

′)
 −

(
∂yb

′)] . (6)

αThe external strain  is the mesoscale horizontal strain rate,

which has a typical magnitude of 10−5 s−1 in mesoscale eddies
(McWilliams, 2017). The effect of the boundary-layer vertical
buoyancy mixing is as follows:

Fκv = [∇hb
′ · ∇h] ∂z (κv ∂zb′) , (7)

κvwhere  is the turbulent vertical mixing coefficient from the KPP
scheme (Large et al., 1994).

qf < 

Ertel potential vorticity (PV) denoting flow stability is another
widely discussed feature for a front or filament. Under the sur-
face forcing and vertical momentum mixing, PV is prone to reach
negative ( ) at the surface. When this occurs, the ocean can
become susceptible to several submesoscale instabilities and en-
hanced turbulence (Boccaletti et al., 2007; Taylor and Ferrari,
2009; Thomas et al., 2013). For filaments, the PV is defined by the
Ertel PV (Hoskins, 1974),

q = ω·∇b = (fk̂+∇×u)·∇b = qv+qh ≈ (f+ζ)N+ωh ·∇hb, (8)

ω (f+ ζ)

ωh =
(
vz −wy,wx − uz

)
k̂

qv qh qv

qh

qh qv

where the absolute vorticity  is composed of the vertical 
and horizontal components  and  is the
vertical unit vector. The Ertel PV can be decomposed into vertic-
al  and horizontal components .  is associated with the ver-
tical component of the absolute vorticity and the stratification.
And  is attributable to the lateral buoyancy gradients and ver-
tical shear, that is, the horizontal baroclinicity. In the northern
hemisphere,  is always negative to compensate . The baro-
clinic component may be non-negligible and cause a negative PV
at filaments where baroclinicity is enhanced.

3  Submesoscale filaments at the eddy periphery

3.1  Satellite-observed filaments
Using high-resolution ocean color maps, narrow stripes with

a width of ~25 km have been observed within two anticyclonic
eddies AE1 (December 4, 2013) and AE2 (November 8, 2015),
providing observation evidence for active submesoscale behavi-
ors within the eddy field (Figs 1b, c). The stripes are highly pro-
ductive in the oligotrophic SCS, having a much higher Chl con-
centration (approximately 0.1 mg/m3) than surrounding areas.
Meanwhile, the cold and warm waters outside the eddy are likely
to be stirred and elongated horizontally by the eddy advection,
and form filaments and fronts at the eddy periphery (Fig. 3 and
vectors in Fig. 1b). The filaments and fronts are roughly aligned
with these highly productive stripes. This spatial consistency sug-
gests that the increased surface Chl concentration is dynamically
associated with frontal processes.

Rd ≈  km

The lateral length scale of the filament that is much smaller
than the first baroclinic Rossby radius of deformation describing
the horizontal scales of geostrophic processes ( ;
Chelton et al., 1998) indicates that the filaments favor to depart-
ing from the geostrophic balance and inducing ageostrophic mo-
tions. The increased horizontal temperature gradient with a sur-
face temperature difference of 0.1–0.5°C at the edges of filaments
suggests that the filaments are conducive to frontal instabilities.
Because the satellite images show only surface signals, a typical
anticyclonic eddy SE similar to the observed eddies is selected to
further investigate the submesoscale motions and potential dy-
namical mechanism in these filaments.

3.2  Submesoscale filaments in the simulations
The observed eddy and associated filaments are roughly re-
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Ro

produced by the simulation, as shown in Fig. 4. Thermal fila-
ments around the eddy have a similar temperature difference
between the filament and ambient regions (~0.5°C), and a simil-
ar lateral scale of 10–30 km (Fig. 4a). These filaments have a
mean lateral temperature gradient of approximately 0.03°C/km
at the surface, and can affect through the ML (Fig. 4b). The ML-
averaged frontal sharpness is increased to 1×10−13 s−4 in these re-
gions, showing a large lateral buoyancy gradient in the filament
zones (Fig. 4c). The increased relative vorticity normalized by f
(i.e., ) indicates a departure from balanced geostrophic dy-
namics.

The surface snapshots of dynamic parameters show that
elongated filaments with large lateral buoyancy gradients are act-
ive at the eddy periphery (Fig. 5). The lateral stretch and shear of

St

δ/ f

Ro

the flows increase the horizontal straining  to >1×10−4 s−1 in the
vicinity of the filaments, tending to induce frontogenesis pro-
cesses. Additionally, the negative normalized divergence 
shows a surface convergence along the filaments zone and a peak
downwelling flow beneath it. Increased by the vortex stretching,
positive  with a maximum exceeding 5 indicates that ageo-
strophic motions associated with submesoscale behaviors are
active in the filaments.

4  Vertical exchanges associated with secondary circulations
qThe stability of filamentary flows is showed by the Ertel PV 

at a magnified segment of the strongest filament (Fig. 6). The Er-
tel PV is reduced to negative along the filament under the effect
of surface cooling and strong northeast wind. The enhanced lat-
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eral buoyancy gradients are favorable to reduce the Ertel PV in
the filamentary zones by increasing the absolute value of hori-
zontal component  which is negative definite in the northern
hemisphere. It indicates that the increased baroclinicity of fila-
mentary flows always reduces the Ertel PV under the assump-
tions of geostrophic and hydrostatic balance and is conducive to
frontal instability such as symmetric instability. As shown in Fig. 6d,
the symmetric instability with a length scale of 0.1–2.1 km (Bach-
man et al., 2017, Eq. (1)) is prone to occur in the filament, indic-
ated by negative PV and  from 0.25 to 0.95. Meanwhile, the
mixed layer instability ranging from 2.4 km to 5.5 km (Fox-Kem-
per et al., 2008, Eq. (2)) may also be present in the vicinity of the
filament with . The active submesoscale instabilities would
enhance the submesoscale flows and elevate local mixing in the
filaments with a release of the geostrophic energy (Taylor and
Ferrari, 2009; D’Asaro et al., 2011; Thomas et al., 2013).

u′
c v′c

v′c

w′

To distinguish the submesoscale flow from the geostrophic
flow, the flow is decomposed into a mesoscale component and a
submesoscale perturbation component (Fig. 7). The submeso-
scale along-filament flows  and cross-filament flows  are
about 0.1 m/s around the filament in the upper 40 m, which is
one order of magnitude weaker than the velocity of quasi-geo-
strophic mesoscale flow (~1 m/s). However, submesoscale cross-
filament flows  induce a surface convergence at the axis of the
filament and form two vertical secondary circulations with large
submesoscale vertical flows , shown by the vectors in Fig. 7c.
The lateral lengths of secondary circulations are approximately
5 km and 10 km, respectively. The vertical pattern of this

submesoscale flow field averaged along the filament is similar to
the theoretical patterns of typical cold filaments given by McWil-
liams (2017). The weaker lateral buoyancy gradient and vortex
stretching associated with deepened MLD induce an asymmetry
of secondary circulations with the wider upwelling regions on the
side near the eddy center.

w′

w

The vertical flows are significantly energized in the filament
by the submesoscale processes, shown by the submesoscale ver-
tical velocity  at the depth of 40 m (Fig. 7a). The submesoscale
vertical flows are roughly confined in the ML and peaks at a
depth of ~40 m. A strong submesoscale downwelling is induced
at the axis of the filament with wider upwellings on its light sides.
The instantaneous values of the downward and upward vertical
velocities reach 160 m/d and 70 m/d, respectively. In contrast,
the mesoscale vertical velocity  only reaches ~20 m/d and is
one order of magnitude smaller than the submesoscale vertical
velocity (Fig. 7b).

Qt

Qt

Qt

In response to these enhanced vertical advections of second-
ary circulations, a positive VBF is induced in the filament (Fig. 8b).
Positive VBF peaking in the ML indicates that the secondary cir-
culations tend to redistribute the ML buoyancy budget and re-
stratify the ML (Fig. 8d), corresponding to the injection of surface
low PV water in Fig. 6c. Meanwhile, a vertical heat flux  is signi-
ficantly enhanced in the filament. The filament-averaged 
reaches as high as 110 W/m2 in the ML (Figs 8a, c), which is simil-
ar to the global estimation by Su et al. (2018). The enhanced 
acting to reduce the surface cooling is comparable with the sur-
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Qnetface heat flux  which is approximately −100 W/m2. It suggests
that even the weak filament in this case can induce a large vertic-
al heat transport by the secondary circulations, at least instantan-
eously.

5  Frontogenetic intensification in the filament
The along-filament principal strain axis and the surface con-

vergence suggest that the filament is stretched along the frontal
direction and compressed in the perpendicular direction (Fig. 9).

2
2
.8

Cross-filament distance/km

F
il

am
en

ta
ry

 a
v
er

ag
e

Ri

qh/(10−8 s−3)

qv/(10−8 s−3)

q/(10−8 s−3)

−18

−12

−6

0  

6  

D
ep

th
/m

120

90

60

30

0  

22.9

22.35
24

22.8

22.3

22.7
22.7

22.5 22.6

−2
−10 −5 0 5 10−10 −5 0 5 10

−1

0

1

2

−2

−1

0

1

20.4 N/m2

Distance/km

Cross-filament distance/km

Distance/km

q
/(

1
0

−8
 s

−3
)

D
is

ta
n
ce

/k
m

Q
n
et

/(
W

·m
−2

)
q
/(

1
0

−8
 s

−3
)

D
is

ta
n
ce

/k
m

 0

0 20 40 60 80 100 120  0  20  40  60 80  100  120

40

20

60

80

 0

40

20

60

80

−160

−120

−80

−40

0

dc

ba

 

q

.<Ri<. Ri>

Fig. 6.   Surface heat flux Qnet (shading) with surface wind stress (vectors) (a); snapshot (b) and vertical section (c) of Ertel potential
vorticity (PV) ; filament-averaged profiles of the Ertel PV terms and Richardson number Ri (d). The cross-filament transects (shown
at an interval of 30 transects) is represented by cross-filament lines in a. The filament axis is defined by the strongest frontal sharpness.
Thin gray contours show the fields of frontal sharpness >1×10−13 s−4. The isopycnal surfaces are shown by black contours (kg/m3) and
the mixed layer depth is denoted by the gray line in c. The segments of  and  are shown in dark green and green,
respectively.

−160

−80

0

80

160

V
er

ti
ca

l 
v
el

o
ci

ty
/(

m
·d

−1
)

Cross-filament distance/km

−0.2

−10 −5 0 5 10

−10 −5 0 5 10

−0.1

0

0.1

0.2

H
o

ri
zo

n
ta

l 
v

el
o

ci
ty

/(
m

m
·s

−1
)

Cross-filament distance/km

120

90

60

30

0

22.9

23.5

2
2
.5

22
.72
2
.6

22.78

2
2
.7

8

−0.2

−0.1

0

0.1

0.2

40 m

 0

20

40

60

80

−120

−80

−40

0

40

80

120
0.1 m/s 1 m/s

40 m

Distance/km

u′c=0.2 m/s u′ =100 m/d

Distance/km

D
is

ta
n
ce

/k
m

 0
 0 20 40 60 80 100 120  0 20 40 60 80 100 120

20

40

60

80

D
is

ta
n
ce

/k
m

−120

−80

−40

0

40

w
′/(

m
·d

−1
)

u
′ c/(

m
·s

−1
)

80

120

d
u′c/(m·s−1)

v′c/(m·s−1)

w′c/(m·d−1)

c

ba

22.8

23

w
/(

m
·d

−1
)

D
ep

th
/m

 

w′ w
u′
c

v′c w′

Fig. 7.   Submesoscale vertical velocity  (a) and mesoscale vertical velocity  (b) at a depth of 40 m; vertical section of submesoscale
along-filament velocity  averaged along the filament (c); submesoscale velocity profiles averaged over the mixed layer depth (MLD)
in the filamentary region (d). Vectors in a and b denote the surface submesoscale and mesoscale flow, respectively. Gray contours
show the potential density at an interval of 0.1 kg/m3. Black contours show the isopycnal surfaces and the gray line denotes the MLD.
Vectors at the section show the cross-filament  and vertical velocities  at submesoscale.

48 Zheng Ruixi et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 7, P. 42–53  



Fadv

The strong strain rate and frontal sharpness indicate that strain-
induced frontogenesis is responsible for the sharpened filament.
Positive frontogenetic tendency  indicates that the filament
tends to be sharpened by the frontogenesis through the increas-
ing of lateral buoyancy gradient and baroclinicity. With the PV
destruction induced by the increased filamentary baroclinicity
(Fig. 6), the filament stability is effectively broken down by fron-

togenesis in conjunction with atmospheric forcing, providing fa-
vorable conditions for the enhancement of submesoscale in-
stabilities and secondary circulations.

FadvAs shown in Fig. 9c, the pattern of  with the convergence-
induced pattern of filaments described in Gula et al. (2014) sug-
gests that the cross-filament convergence may play an important
role in the filamentary intensification, although the signal on the
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right side is weak because of weak surface straining and lateral
gradients. The straining fields induced by the submesoscale flows

 and mesoscale flows  are shown in Fig. 10. The shear and
stretch of the westward quasi-geostrophic flows are weak in the
vicinity of the filament, shown by a small strain rate . In con-
trast, the strain rate  induced by the weak submesoscale flows
is significantly enhanced to 1.5×10−4 s−1 and is one order of mag-
nitude larger than the . The dominant  indicates that the
contribution of submesoscale flows may be non-negligible for
the frontogenesis in this case.
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According to the SCFT theoretical framework, the contribu-
tions of different frontogenetic processes for the filament fronto-
genesis are shown in Fig. 11. The deformation of the ageostroph-
ic horizontal flow associated with the secondary circulations in-
duces a strongly positive frontogenetic tendency  (~5×10−17 s−5)
in the filament, contributing approximately 60% of the positive
total frontogenetic tendency  in this case. This positive tend-
ency is partly balanced by the negative term  induced by the
vertical advection. The enhanced vertical advection tends to
weaken the lateral buoyancy gradients, agreeing with the tend-
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ency of ML restratification. However, the total effect of these two
terms, that is,  is larger than the terms related to other pro-
cesses. The effect of ageostrophic secondary circulations acts as a
primary influence on the buoyancy-gradient frontogenetic tend-
ency in this study. Meanwhile, the external deformation term 
associated with mesoscale flows has an overall positive contribu-
tion in the filament, but is one times smaller than the  in the
present case. It indicates that the frontogenesis induced by meso-
scale flows is still effective in sharpening submesoscale buoy-
ancy gradients. The terms of geostrophic self-straining  and
vertical mixing  have relatively small contributions to the total
frontogenetic tendency in this case.

6  Summary
Using high-resolution satellite observations and numerical

simulations, this study focuses on the elongated filaments at the
periphery of mesoscale eddy and examines the enhanced vertic-
al motions associated with submesoscale instabilities and their
underlying frontogenesis mechanism. Both the observations and
high-resolution simulations indicate that the elongated stripes
within the range of ~25 km are common features within SCS ed-
dies. Narrow filaments and fronts are induced with large lateral
buoyancy gradient at the edge of stripes. The flows at most of
submesoscale filaments have a departure from the geostrophic
balance.

Strain-induced frontogenesis is detected to rapidly enhance
the lateral buoyancy gradient of the filament and reduce the PV
in conjunction with atmospheric forcing, setting the precondi-
tion for submesoscale instabilities (Fig. 12). The further diagnost-
ic results indicate that the straining associated with submeso-
scale flows has a comparable contribution to the growth of the fil-
amentary baroclinicity than the mesoscale straining. Based on
the SCFT theoretical framework, the contribution of each term
for the total frontogenetic tendency is analyzed. The results in-
dicate that the straining of secondary circulations is the largest
contributor to the frontogenesis in this case. The straining of
ageostrophic horizontal advection primarily induces the fronto-
genesis by the surface convergence associated with secondary
circulations, while the ageostrophic vertical advection tends to
arrest the frontogenesis with a restratification. Meanwhile, the
external straining term associated with mesoscale flows is still ef-
fective in sharpening submesoscale buoyancy gradients but has a
much weaker contribution than the secondary circulation in this
study. Following the frontogenesis driven by both the lateral
strain of eddy flows and boundary-layer turbulence, the fila-
ments will become more prone to ageostrophic dynamics and

thus include more rapidly growing frontal instabilities that can
enhance vertical exchanges (McWilliams, 2017; Sullivan and
McWilliams, 2018).

The vertical secondary circulations generated by mesoscale
straining are found to be enhanced by the frontogenesis and as-
sociated submesoscale instabilities along the filament zone with
O(1) Rossby number and increased vertical velocity of up to
100 m/d. The results show that the vertical heat transport is in-
creased to 110 W/m2 in the filament. The positive vertical buoy-
ancy flux in the ML indicates a tendency of the ML restratifica-
tion induced by the secondary circulations. Enhanced vertical
heat and buoyancy transports imply that the vertical exchange of
tracers is efficiently enhanced by the secondary circulations with-
in the eddy field. Meanwhile, submesoscale upwellings (~ 70 m/d)
favors to drawn eutrophic water from the thermocline to the sur-
face in days which is of the same order of magnitude as the
growth and uptake rates of phytoplankton (Mahadevan, 2016).
Therefore, this frontogenetic mechanism and submesoscale-en-
hanced vertical velocities can provide a possible dynamical ex-
planation for the observed high Chl concentrations around the
filament within eddies of the SCS. With a filament strength as
large as the previous observations (Hosegood et al., 2013;
Thompson et al., 2016) and stimulations (Brannigan et al., 2015;
Dauhajre et al., 2017) in zones without strong large-scale cur-
rents, this mechanism of filament frontogenesis may can be ap-
plied to other oceans.
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