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Highlights: 28 

• A spiral filament with high chlorophyll-a and low-temperature in an anticyclone 29 

was observed using remote sensing and shipboard data;  30 

• The filament was associated with strong vertical velocity, producing a 31 

significant secondary circulation, and enhanced turbulent KE dissipation rates;  32 

• The enhanced turbulent KE dissipation rates within filament were mainly 33 

controlled via centrifugal and symmetric instabilities.  34 



Abstract 35 

The ocean surface mixed layer represents a critical interface linking the ocean and 36 

atmosphere. The physical processes determining the surface mixed layer properties and 37 

mediate atmosphere-ocean exchange. Submesoscale processes play a key role in cross-38 

scale oceanic energy transformation and the determination of surface mixed-layer 39 

properties, including the enhancement of vertical nutrient transport, leading to 40 

increased primary productivity. Herein, we presented observations of the spiral 41 

chlorophyll-a filament and its influence on turbulence within an anticyclonic eddy in 42 

the western South China Sea during August 2021. The filament had a negative Ertel 43 

potential vorticity associated with strong upwelled/downward currents (approximately 44 

20-40 m/day). Across-filament sections of the in-situ profiles showed turbulent 45 

dissipation rates enhanced in the filament. We suggested this enhancement values can 46 

be attributed to submesoscale processes, which accounted for 25% of the total 47 

parameterized turbulent dissipation rates. The present parametrized submesoscale 48 

turbulent scheme overestimated the in-situ values. The filament transferred kinetic 49 

energy upward to anticyclonic eddy via barotropic instability and gained energy from 50 

the anticyclonic eddy via baroclinic instability. After kinetic energy budget diagnostic, 51 

we suggested besides symmetric instability, centrifugal instability and mixed layer 52 

baroclinic instability should also be included in the turbulence scheme to overcome the 53 

overestimation. The observed dual energy transfers between the anticyclonic eddy and 54 

filament, and the observed high turbulent energy dissipation within the filament, 55 

emphasized the need for these processes to be accurately parameterized regional and 56 

climate models.  57 

Keywords: barotropic instability; filament; turbulence; surface mixed layer; South 58 

China Sea  59 

________________________ 60 

ADCP: acoustic doppler current profiler; AE: anticyclonic eddy; AVISO: Archiving, Validation, and 61 

Interpretation of Satellite Oceanographic; BFLUX: buoyancy flux; CI: centrifugal instability; CTD: 62 

conductivity-temperature-depth; ECMRWF: European Center for Medium-Range Weather 63 

Forecasts; ERA5: ECMWF Reanalysis v5; GI: gravitational instability; GSP: geostrophic shear 64 

production; HSR: horizontal shear production; KE: kinetic energy; MLI: multi-layer baroclinic 65 

instability; MVP: moving vessel profiler; PV: potential vorticity; SCS: South China Sea; SI: 66 



symmetric instability; SLA: sea level anomaly; SML: Surface mixed layer; VMP: vertical 67 

microstructure profiler; COARE: coupled ocean–atmosphere response experiment 68 

1 Introduction 69 

In this study, we presented novel observations of a surface mixed layer from the 70 

South China Sea (SCS), the largest semi-enclosed marginal sea in the Western Pacific 71 

Ocean. The upper layer of the SCS experiences cyclonic circulation in winter and 72 

anticyclonic currents in summer as a consequence of monsoon (Chu et al., 1999). The 73 

western SCS has a western boundary current, zonal offshore jet, and a double gyre or 74 

eddy pair in summer (Fang et al., 2002; Hu et al., 2011; Zu et al., 2020). It has been 75 

suggested that the jet and dipole are influenced by southwesterly winds (Xu et al., 76 

2008), the balance of topography and wind stress (Gan and Qu, 2008), or barotropic 77 

Rossby wave adjustment (Bayler and Liu, 2008). Consequently, the western SCS is a 78 

rich zone for multi-scale oceanic motions. 79 

Submesoscale processes (Rossby number, 𝑅𝑜 ≈ 1 ), such as filaments, 80 

submesoscale eddies, and submesoscale fronts, are parts of the energy cascade from 81 

mesoscale eddies to smaller-scale motions (e.g., D’Asaro et al., 2011). Filaments result 82 

from stirring and straining of mesoscale eddies (Gula et al., 2014), and appear as 83 

circular, eddy core, cat’s-eye, and spiral patterns (e.g., Ni et al., 2021; Zhang and Qiu, 84 

2020). These filaments have an enhanced vertical velocity (O (10 -100) m/day; Capet 85 

et al., 2008; Ruiz et al., 2019), introduce nutrient-rich deeper water into the surface 86 

mixed layer (SML), and influence the primary production (Lehahn et al., 2007) and sea 87 

surface temperature through vertical heat transport (Su et al., 2020). Consequently, 88 

within cold or warm filaments, the submesoscale process modulates the air-sea heat 89 

fluxes (Song et al., 2022), influencing climate variability (Wang et al., 2022). 90 

Therefore, the characterization of these features is of great interest. 91 

Submesoscale currents can be triggered by symmetric instability (SI), mixed-layer 92 

baroclinic instability (MLI), centrifugal instability (CI), and frontogenesis processes 93 

(McWilliams, 2016). The SI is a two-dimensional roll that occurs in strongly velocity-94 



sheared environments (Stone, 1972; Emanuel, 1979). CI is one of the barotropic 95 

instabilities induced by the curvature of streamlines and can induce strong vertical 96 

velocity (Mcwilliams, 2016), whereas MLI decreases the isopycnal slope and converts 97 

horizontal buoyancy gradients into vertical stratification (i.e., restratification; Boccalett 98 

et al., 2006; Gula et al. 2022). Submesoscale processes were found to transfer kinetic 99 

energy (KE) to smaller scales via SI and transfer energy to mesoscale processes via MLI 100 

(Fox-Kemper et al., 2008; Dong et al., 2021; Jing et al., 2021). Within a mesoscale 101 

eddy, submesoscale processes can develop on the eddy edge (Brannigan et al., 2017), 102 

as shown by drifting buoy in SCS (e.g., Qiu et al., 2022), resulting in the transfer of 103 

energy at the edge of the mesoscale eddy (e.g., Legg et al., 1988; Thomas et al., 2013；104 

Brannigan et al., 2017). Submesoscale instability at eddy edges have been intensively 105 

studied in the SCS (Qiu et al., 2019; Lin et al., 2020; Qiu et al., 2022). These include 106 

frontogenesis (Zhong et al., 2017; Dong and Zhong, 2018), MLI (Huang et al., 2020; 107 

Zhang et al., 2021; Tang et al., 2023), and SI (Dong et al., 2022). Enhanced turbulent 108 

dissipation rates have been observed at the edges of mesoscale eddies (Yang et al., 109 

2017, 2019; Qi et al., 2020).  110 

 Inward spiral structures have been observed using satellite images traced by a 111 

high chlorophyll-a concentration belt (Zhang and Qiu, 2020). This type of filament is 112 

entrained from the outside towards the eddy centre, and may be generated by a vortex 113 

Rossby wave analogous to an atmospheric cyclone (Montgomery and Enagonio,1998; 114 

Möller and Montgomery, 1999, 2000), or by a strong vertical velocity or mixing. The 115 

different structures are related to the eddy life stage, strength, and background flow 116 

field (Melander et al., 1987; Zhang and Qiu,2020; Qiu et al., 2022b). Two-dimensional 117 

surface structures of spiral filaments are evident in satellite images and drifter tracks; 118 

however, the details of the three-dimensional fine structure and the related energy 119 

transfers are still unclear owing to the sparsity of in situ measurements.  120 

Herein, we reported a novel set of observations of the fine structure of a spiral 121 

filament within an anticyclonic eddy (AE) and estimated the energy transfer. We found 122 

the filament is associated with strong vertical velocities and high turbulent dissipation 123 



rates. It gains energy from mesoscale eddies via barotropic instability and transfers 124 

energy upward to the mesoscale eddy via CI. The application of a turbulent 125 

parameterization scheme to the observations shows that the high turbulent dissipation 126 

rates coinciding with the filament implies that they are a result of submesoscale 127 

processes rather than air-sea buoyancy loss. 128 

 129 

2 Data and methods 130 

2.1 Data Sources 131 

Between August 10th and 25th, 2021, an R/V cruise were emplaced by 132 

“Xiangyanghong 3” in the western South China Sea (WSCS), within the zone 111.5-133 

113.5oE and 11.5-13.5oN. Turbulence profiles were measured at six stations (black dots 134 

in Fig. 1b), using a vertical microstructure profiler (VMP-2000). The instrument 135 

provides a velocity shear microstructure from which the profiles of the turbulent 136 

dissipation rate are calculated. The VMP acquired shear signals at a sampling frequency 137 

of 512 Hz via two probes equipped with shear sensors, and temperature and salinity 138 

data were collected at 64 Hz using an SBE conductivity temperature system (Fer et al., 139 

2014). The instrument fell freely to the expected depth at a speed of 0.75 m/s, during 140 

which time the shear data were transmitted through the winch cable. The velocity 141 

microstructure data were combined with the Nasmyth spectrum to calculate 142 

instantaneous estimates of the dissipation for each probe, and the results from the two 143 

probes were compared to ensure the reliability of the turbulence observations (Wolk et 144 

al., 2002). 145 

An AML oceanographic moving vessel profiler 300 (MVP300) consists of an 146 

electric winch system, a PC control unit, a towed vehicle that is equipped with 147 

conductivity-temperature-depth (CTD) sensors (https://geo-148 

matching.com/uploads/default/m/v/mvp-data-sheet-211005-0.pdf ). It has been used to 149 

collect high-resolution temperature, salinity, and depth profile by CTD, while the 150 

voyage was underway at a mean speed of 6 knot from August 18th to August 22nd. The 151 

https://geo-matching.com/uploads/default/m/v/mvp-data-sheet-211005-0.pdf
https://geo-matching.com/uploads/default/m/v/mvp-data-sheet-211005-0.pdf


MVP300 fell freely at approximately 2 m/s from surface to 200 m depth and returned 152 

to the surface via winch. The CTD sensors on the MVP300 may be affected by 153 

conductivity time lag, thermal mass, the speed of probe, and so on (L’Hégaret et al., 154 

2023). We used the downward temperature and salinity profiles with a horizontal 155 

resolution of 1~ 2 km, which is sufficiently fine enough to identify submesoscale 156 

processes. Before the cruise, we have calibrated the temperature and conductivity 157 

sensors on MVP300 in national center of ocean standards and metrology (NCOSM), 158 

China, which acts as the WMO-IOC Regional Marine Instrument Center for the Asia-159 

Pacific from 2012 and mainly takes charge of national ocean standardization, metrology 160 

and quality supervision. After calibration, the accuracies of temperature and 161 

conductivity are 0.003°C and 0.003 mS/cm, respectively. As a successful underway 162 

measurement, the MVP300 has captured submesoscale processes in many previous 163 

studies (e.g., Taylor et al., 2018; Shao et al., 2019; Song et al., 2022). 164 

A vessel-mounted acoustic doppler current profiler (ADCP) was used to measure 165 

the current velocity profiles. The 300 kHz ADCP provides current velocities with a 2-166 

m vertical resolution over a depth range of 580 m. Weather information was collected 167 

using a XZC6-1 marine automatic weather instrument installed at the height of 18 m 168 

from the sea surface, which provided air temperature, humidity, wind velocity, and air 169 

pressure with temporal resolution of 1-min. The wind speed at a height of 10 m was 170 

derived using the coupled ocean–atmosphere response experiment (COARE 3.0) 171 

algorithm, which was determined by the logarithmic profiles 172 

( https://www.pmel.noaa.gov/ocs/flux-documentation ). 173 

https://www.pmel.noaa.gov/ocs/flux-documentation


 174 

Figure 1. (a) Topography of the South China Sea. (b) Observation sites superimposed sea level 175 

anomaly (unit: cm). The black dots are the observation stations of VMP, the blue lines are the ship 176 

track, and the green lines superimposed the blue lines are the underway MVP tracks. Transections 177 

of P1, P2, P3, P4 and P5 are from west to the east.  178 

 179 

Daily sea level anomaly (SLA) data with a spatial resolution of 0.25° from the 180 

Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO) project 181 

were used to identify mesoscale eddies. AVISO integrates several satellite products 182 

including JASON-1, TOPEX/Poseidon, ERS-1/ERS-2.  183 

The European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis 184 

v5 (ERA5) provides information on the evaporation, precipitation, short-wave 185 

radiation, long-wave radiation, effective wave height, and mean wave period, which 186 

were used to parameterize the turbulent dissipation rates. We selected the voyage time 187 

spanning from August 10th to 25th, 2021. The spatial resolution of the data was 0.25o, 188 

except for waves, which had a resolution of 0.5o; and the temporal resolution was 1 189 

hour. We gridded the above data to a horizontal resolution of 2 km and vertical 190 

resolution of 2 m. 191 

We used the level-2 chlorophyll-a products from visible and infrared 192 

imager/radiometer suite (VIIRS) onboard the Suomi-NPP satellite. The spatial 193 

resolution of these data is approximately 0.75 km × 0.75 km, and the temporal 194 

resolution has a range of several hours. We mapped the valid data points onto a 1 km × 195 

1 km grid using the inverse distance weighting interpolation method. 196 



2.2 Surface Turbulence Parameterization Scheme 197 

Turbulence in the ocean SML can be generated by three processes: waves and 198 

wind, buoyancy loss, and submesoscale motions. Following Buckingham et al. (2019), 199 

we assumed the total turbulent dissipation rate, 𝜀𝛴 , is a superposition of three 200 

contributions, 201 

 𝜀𝛴 = 𝜀𝑠𝑤 + 𝜀𝑏 + 𝜀𝑠𝑚 ,                            (1) 202 

where 𝜀𝑠𝑤 , 𝜀𝑏, and 𝜀𝑠𝑚  are the generated turbulence induced by waves and wind, 203 

buoyancy loss and submesoscale, respectively.  204 

2.2.1 Parameterized turbulence due to surface buoyancy fluxes 205 

 The turbulent dissipation rate owing to buoyant forced convection is 206 

parameterized as a function of depth 𝑧, 207 

𝜀𝑏 = {
𝐵𝑜(

𝑧+ℎ

ℎ
),   𝐵𝑜 > 0 𝑎𝑛𝑑 0 < |𝑧| ≤ ℎ,

0,         𝐵𝑜 ≤ 0 𝑜𝑟 |𝑧| > ℎ.
           (2) 208 

Here, ℎ is the depth of forced convection at the ocean surface. When the water depth 209 

was greater than ℎ, the turbulence generated by the surface buoyancy flux was ignored. 210 

The buoyancy fluxes, 𝐵𝑜 , was related to air-sea heat and freshwater fluxes 211 

(Jensen,2016). The latent and sensible heat fluxes were calculated with the COARE 3.0 212 

algorithm using the in-situ air temperature, humidity, and wind speed. 213 

Convective layer depth ℎ is expressed as follows (Taylor and Ferrari, 2010): 214 

{
 
 

 
 
𝑧′
4
− 𝑐3(1 − 𝑧′)3 [

𝐵𝑜𝐻

|
∇ℎ𝑏

𝑓
|
3

𝐻3
+

|𝝉| cos𝜃

𝜌𝑜

|
∇ℎ𝑏

𝑓
|
2

𝐻2
]

2

= 0,

𝑧′ =
ℎ

𝐻
.

        (3) 215 

𝐻 is the depth of the mixed layer at which the temperature exceeds 0.5 C 
o  compared 216 

to the density at 10-m depth. The buoyancy, 𝑏 = 𝑔(1 − 𝜌/𝜌𝑜), is calculated based on 217 

the density 𝜌 and the reference density (𝜌𝑜 = 1025 kg/𝑚
3), and ∇ℎ𝑏 is the average 218 

buoyancy gradient within 20 m. 𝑐 =13.9 is the empirical coefficient, and 𝑓 is the 219 

Coriolis parameter. The geostrophic component of the wind, |𝜏| cos 𝜃, is determined 220 

by wind stress 𝝉 and angle 𝜃 of the wind relative to the geostrophic velocity direction. 221 

 222 



2.2.2 Parameterized turbulence due to waves and wind  223 

The effects of waves and wind on turbulence occurs through wave breaking and 224 

current shear (Buckingham et al., 2019). Taking the Langmuir turbulence into account, 225 

the turbulence parameterization of the ocean surface can be derived (Belcher et al., 226 

2012). The ocean was then divided into three layers using transition depth 𝑧𝐿 and 𝐻. 227 

In the outermost layers of the ocean (0 < |𝑧| ≤ |𝑧𝐿|), waves dominate; in the second 228 

layer (|𝑧𝐿| < |𝑧| ≤ 𝐻), Langmuir turbulence is the primary contributing factor on the 229 

turbulent dissipation rate. When the depth is greater than 𝐻, the effects of waves and 230 

wind are ignored, and the corresponding turbulent dissipation rate is considered to be 231 

zero.  232 

𝜀𝑠𝑤 =

{
 

 0.03𝑢𝑤
2 𝐻𝑠

𝑧2
𝑔𝑇

2𝜋
,         0 < |𝑧| ≤ |𝑧𝐿|

0.23
𝑢𝑤
2 𝑢𝑠

|𝑧|
(1 − 0.6

𝑧

ℎ
),   |𝑧𝐿| < |𝑧| ≤ 𝐻

0,              |𝑧| > 𝐻,

              (4) 233 

where 𝑢𝑤 is the waterside friction velocity, 𝐻𝑠 is the significant wave height, 𝑇 is 234 

the average period of the wave, and 𝑢𝑠 =
𝑢𝑤

𝐿𝑎2
 is the surface Stokes drift velocity. To 235 

simplify the calculation of Stokes drift velocity, the turbulent Langmuir number 𝐿𝑎 =236 

√
𝑢𝑤

𝑢𝑠
= 0.3 is utilized (McWilliams et al., 1997). 𝑧𝐿 is calculated as follows, 237 

𝑧𝐿 =
5

6
𝐻 [1 − √1 +

36

115

𝐻𝑠

𝐻

1

𝑢𝑠

𝑔𝑇

2𝜋
].                   (5) 238 

 239 

2.2.3 Parameterized turbulence due to submesoscale instability  240 

As mentioned in Buckingham et al. (2019), the turbulence induced by submesoscale 241 

instability is mainly related to Ekman induced fluxes and buoyancy fluxes , and is 242 

parameterized as: 243 

𝜀𝑠𝑚 =

{
 

 (𝐵𝑒 + 𝐵𝑜) (
𝑧+𝐻

𝐻
) − 𝐵𝑜 (

𝑧+ℎ

ℎ
) ,   0 < |𝑧| ≤ ℎ 𝑎𝑛𝑑 𝐵𝑜 + 𝐵𝑒 > 0

(𝐵𝑒 + 𝐵𝑜) (
𝑧+𝐻

𝐻
) ,             ℎ < |𝑧| ≤ 𝐻 𝑎𝑛𝑑 𝐵𝑜 + 𝐵𝑒 > 0

0,                     |𝑧| > 𝐻 𝑜𝑟 𝐵𝑜 + 𝐵𝑒 < 0.

   (6) 244 

The calculation of buoyancy flux driven by Ekman transport 𝐵𝑒 is as follows,  245 

𝐵𝑒 = (
𝝉×𝒇

𝜌𝑜𝑓2
) ∙ ∇ℎ𝑏.                        (7) 246 



2.3 Calculation of vertical velocity 247 

Submesoscale processes easily produce a secondary circulation, causing strong 248 

vertical velocities, and affecting the local circulation structure (Ruiz et al., 2019; Xuan 249 

et al., 2021). As the vertical velocity is quite small in the ocean, it’s difficult to be 250 

measured directly. The distribution of vertical velocities can be calculated using density 251 

conservation equation (Yu et al., 2019; Qiu et al., 2020) and quasi-geostrophic Omega 252 

equation (Martin and Richards, 2001). The former method is as follows,  253 

∂ρ

∂t
+ 𝑢

𝜕𝜌

𝜕𝑥
+ 𝑣

𝜕𝜌

𝜕𝑦
+ 𝑤

𝜕𝜌

𝜕𝑧
= 0,                    (8) 254 

𝑤 = −
(
𝜕𝜌

𝜕𝑡
+𝑢

𝜕𝜌

𝜕𝑥
+𝑣

𝜕𝜌

𝜕𝑥
)

𝜕𝜌

𝜕𝑧

,                         (9) 255 

where 𝑢 and 𝑣 were provided by ADCP, 𝜌 was measured by MVP300. Here, we 256 

assumed the water density to be constant, i.e., 
∂ρ

∂t
= 0. 

𝜕𝜌

𝜕𝑥
≈
𝛥𝜌

𝛥𝑥
 and 

∂ρ

∂y
≈
Δρ

Δy
 were 257 

derived by using central finite difference method. 258 

The vertical velocity from quasi-geostrophic omega equation (Martin and Richards, 259 

2001; Hu et al., 2011) is as follows: 260 

𝑓2
𝜕2𝑤

𝜕𝑧2
+ 𝑁2 (

𝜕2

𝜕𝑥2
+

𝜕2

𝜕𝑦2
)𝑤 = ∇ℎ𝑄,               (10a) 261 

𝑄 = [2𝑓 (
𝜕𝑣𝑔

𝜕𝑥

𝜕𝑢𝑔

𝜕𝑧
+
𝜕𝑣𝑔

𝜕𝑦

𝜕𝑣𝑔

𝜕𝑧
) , −2𝑓 (

𝜕𝑢𝑔

𝜕𝑥

𝜕𝑢𝑔

𝜕𝑧
+
𝜕𝑢𝑔

𝜕𝑦

𝜕𝑣𝑔

𝜕𝑧
)],     (10b) 262 

where 𝑓 is the Coriolis parameter, 𝑁2 is the buoyancy frequency, and 𝑢𝑔 and 𝑣𝑔 263 

are geostrophic velocities. 264 

 265 

3 Results 266 

3.1 The appearance of filament within anticyclonic eddy 267 

We used a winding-angle algorithm (Chaigneau et al., 2008) to identify the position 268 

and range of the mesoscale eddy. The local maximum SLA value within a range of 269 

1o×1o was taken as the eddy center. The outermost closed streamline was the eddy edge. 270 



This method was widely used to identify mesoscale eddy in SCS (Chen et al., 2011; 271 

Qiu et al., 2022). The AE was centered at (111.5oE, 10.9oN) with a radius of 272 

approximately 200 km. A high chlorophyll-a concentration belt, which was taken as 273 

“filament” in the AE (Fig. 2) appeared on August 16th, 20th, 21st, and 22nd. The high 274 

chlorophyll-a values are usually associated with typically upwelling bands in which 275 

nutrients are transported to the surface (Brannigan, 2016; Zheng and Jing, 2022). 276 

Subsurface maximum chlorophyll-a were significant in summer in SCS, and the 277 

upwelling could bring high chlorophyll-a water to surface (Chen et al., 2022). The eddy 278 

filament had the maximum chlorophyll-a concentration on August 20th. Areas of high 279 

chlorophyll concentration (tens of kilometers) may be thicker than upwelling band 280 

filaments (several kilometers) because of the temporal accumulation of net productivity 281 

(Brannigan, 2016).  282 

 283 

Figure 2. Distribution of chlorophyll-a concentrations (mg/m3) on August 16th, 20th, 21st, and 284 

22nd, 2021. The red (blue) pentagram and the red (blue) isoclines represent the center and edge of 285 

the anticyclonic eddy (cyclonic eddy), respectively. The black lines in (b), (c), and (d) are the 286 

tracks of MVP. P1, P2, and P3 observations were conducted on August 19th and 20th. P4 and P5 287 



observations were conducted on August 21st and 22nd. The blue vectors are the geostrophic 288 

velocity. 289 

   290 

The zonal mean relative vorticity within the anticyclone is shown in Figure 3 to 291 

depict the evolution of the AE. The absolute value of relative velocity achieved a stable 292 

value of 9 × 10−6 s−1  from August 15th to 22nd, when the filament appeared on 293 

satellite images. From August 23rd to 30th, the filament may also exist, but there were 294 

no chlorophyll-a data in this region due to cloud contamination. The results indicated 295 

that the strong rotation velocity during AE matured stage may induce the formation of 296 

eddy filament. By tracking the mean axis of high chlorophyll-a values, we found the 297 

eddy filament shifted approximately 17 km distance at a speed of 
𝜋

8
 rad/day or 0.5 m/s 298 

at the eddy edge from August 16th to August 22nd. Zhang and Qiu (2018; 2020) 299 

suggested that the spiral structure of chlorophyll-a may be related to vortex Rossby 300 

waves. Although the presence and propagation of vortex Rossby wave cannot be 301 

supported by the present observation, it deserves future study in the dynamic 302 

relationship between evolution of spiral structure and vortex Rossby wave. 303 

 304 

Figure 3. (a) Absolute value of relative vorticity (|𝜁|) of the anticyclonic eddy from August 1st, 305 

2021 to 22nd, 2021. The thick line segment represents the time when the eddy filament existed on 306 



satellite images. (b) The shift of the eddy filament zone. The dots and lines in (b) are the positions 307 

and mean positions of chlorophyll-a bands (> 1.4 mg/m3) on August 16th (blue) and 20th (red).  308 

 309 

3.2 Three-dimensional structure of the filament 310 

The cross-sectional temperature, salinity, and velocity were measured using MVP 311 

and ADCP from August 18th to 22nd, corresponding to the mature stage of the AE. 312 

Profiles of P1, P2, and P3 were extracted for analysis, as shown in Figure 4. The results 313 

showed that high-salt, low-temperature, and high-density waters were uplifted 314 

significantly at a narrow zone (dashed lines in Figure 4), which was named as cold 315 

filament in the following and just in the north of chlorophyll-a filament. The cold and 316 

high-density filament (potential density > 21 kg/m3) had a width of 4 km.  317 

 Figure 4d showed the distributions of vertical velocity. Both the two methods 318 

supported that a significant secondary current appeared with an upwelling velocity in 319 

south of the cold filament, and a downwelling velocity to north of the cold filament. 320 

The maximum vertical velocity achieved 80 m/day (5 m/day) in the continuity equation 321 

(omega equation) method. It confirmed the filament was associated with strong vertical 322 

velocity. Note that the vertical velocity from continuity equation is much larger than 323 

that from Omega equation. Omega equation is based on balanced motion, and the 324 

vertical velocity is an adjustment of quasi-geostrophic motion, while the continuity 325 

equation includes many ageostrophic unbalanced motions and may induce large vertical 326 

velocity. This was consistent with results from Lin et al (2020), who showed a big 327 

difference between the raw vertical velocity and smoothed vertical velocity. 328 

 329 



 330 

Figure 4. Distributions of (a) temperature (℃), (b) salinity (psu), (c) density (kg/m3), and vertical 331 

velocity (m/s) derived from (d) continuity equation and (e) omega equation at sections P1, P2, and 332 

P3. The dashed lines are the position of the cold filament.  333 

 334 

The average horizontal velocities within the upper 20 m in the five MVP sections are 335 

shown in Figure 5. In the cold filament zone, high velocity shear occurred. Neglecting 336 

zonal variations, convergence and divergence can be displayed using the meridional 337 

velocity gradient (𝜕𝑣/𝜕𝑦; Fig. 5c). The convergence (divergence) in Fig. 5a could 338 

explain the downwelling (upwelling) in the north (south) of the filament (Fig. 4d), and 339 

the density fronts with negative(positive) density gradient (Fig.5c) in the north(south) 340 

of this filament. 341 

 342 



 343 

Figure 5. Vertical mean (a) velocity, (b)zonal mean velocity, (c) meridional divergence (𝜕𝑣/𝜕𝑦) 344 

and (d) density gradient at 0~20 m. The dashed boxes are the locations of submesoscale filaments. 345 

The pink area in (c) represents convergence with negative divergence value, while the blue area 346 

represents divergence with positive divergence value. The background color in (a) is the sea level 347 

anomaly. Black, red, green, blue, and canyon lines are values at sections of P1, P2, P3, P4, and P5, 348 

respectively. 349 

 350 

Submesoscale instability plays an important role in energy balance. The buoyancy 351 

frequency (𝑁2 = −
1

𝜌

𝜕𝜌

𝜕𝑧
= 𝑏𝑧) and Ertel PV are shown in Figure 6. When 𝑁2 < 0, 352 

high-density seawater rises above low-density seawater triggering gravitational 353 

instability (GI); in our observation, the observation sites of 𝑁2 > 0 were popular in 354 

the three sections, indicating that most regions were not influenced by GI. The Ertel PV 355 

is defined as, 𝑞 = (𝑓�⃗� + 𝜀 ) ∙ ∇𝑏 (Hoskins, 1974). Instability occurs when q and f have 356 

opposing signs, that is, 𝑓𝑞 < 0. For barotropic flows, CI satisfies when 𝑓𝜁𝑎𝑏𝑠𝑁
2 < 0 357 

and 𝑁2 > 0, where 𝜁𝑎𝑏𝑠 = 𝑓 + 𝜁  is the absolute vorticity (Thomas et al., 2013). Ertel 358 

PV can be divided into a horizontal component, 𝑞𝑏 = (
𝜕𝑢

𝜕𝑧
)
𝜕𝑏

𝜕𝑦
 , and a vertical 359 

component, 𝑞𝑣 = (𝑓 −
𝜕𝑢

𝜕𝑦
)
𝜕𝑏

𝜕𝑧
.  SI obeys the conditions 𝑞 < 0  and 𝑞𝑣 > 0 . Note 360 

that f𝜁𝑎𝑏𝑠𝑁
2 < 0 appeared in the filament (the dashed box in Fig. 6d-6f), which was 361 

attributed to CI.  362 

 363 



 364 

Figure 6. Vertical distribution of buoyancy frequency (𝑁2, a~c), Ertel PV (d~f) and instability 365 

division (g~i) for the three sections of P1, P2, and P3. The dashed boxes indicate the positions of 366 

the cold filament. Green, yellow and brown in (g-i) represent the centrifugal instability (CI), 367 

centrifugal or symmetric instability (CI&SI), and symmetric instability (SI). The grey dots in (a) 368 

are positions of A1, A2 and A3 sites. 369 

 370 

Following Dong et al. (2022), submesoscale instabilities could be classified as GI, 371 

SI, and CI under the following conditions: (a) CI: ζ < −f, 𝑏𝑧 > 0, and 𝑞𝑏 > 0; (b) 372 

CI&SI: ζ < −f, 𝑏𝑧 > 0, and 𝑞𝑏 < 0; (c) SI: ζ > −f, 𝑏𝑧 > 0, and 𝑞𝑏 < 0; (d) SI&GI: 373 

ζ > −f , 𝑏𝑧 < 0 , and 𝑞𝑏 < 0 ; and (e) GI: ζ > −f , 𝑏𝑧 < 0 , and 𝑞𝑏𝑐 > 0 . Figures 374 

6g~6i show that mixed instability of CI&SI was the most prominent (50%) in this 375 

filament, followed by CI (30%).  376 

 377 

3.3 Enhanced turbulence associated with the submesoscale filament 378 

Figure 7 shows the vertical distribution of the measured turbulent dissipation rate 379 

(background color), estimated wind-wave forced turbulent dissipation rate 𝜀𝑠𝑤, and the 380 

submesoscale forced turbulence, 𝜀𝑠𝑚. In the upper 10 m, the in-situ ε in the filament 381 

stations (A3) was one order of magnitude larger than that in other regions of the 382 



anticyclone. At the depth of 10-20 m, the estimated submesoscale forced turbulent 383 

dissipation rate, 𝜀𝑠𝑚, was one order of magnitude larger than the estimated wind and 384 

wave-forced turbulent dissipation rates.  385 

 386 

 387 

Figure 7. Vertical profiles of turbulent dissipation rates at sections of (a) P1 and (b) P4. The 388 

background color is the in-situ turbulent dissipation rate (ε, W/kg). Black lines are the wind-wave 389 

forced turbulent dissipation rates (𝜀𝑠𝑤, W/kg), and red lines are the submesoscale forced turbulent 390 

dissipation rate (𝜀𝑠𝑚 , W/kg). 391 

 392 

The vertical mean turbulent dissipation rate over depth range 10-20 m along the 393 

MVP300 sections is shown in Figures 8a-c. The total turbulent dissipation rate, 𝜀𝛴, had 394 

a similar pattern as 𝜀𝑠𝑤 . In the filament zone (dashed box), 𝜀𝑠𝑚  increased to a 395 

maximum value of 10-7.8 W/kg, and accounted for 20~30% of the total estimated 396 

turbulent dissipation rate. In contrast, the proportion dropped to zero in the non-397 

filamentous region (12oN-12.5oN). The estimated turbulent dissipation rate, 𝜀𝛴, was 398 

larger than the in-situ values, indicating that the turbulent parameterization scheme for 399 

submesoscale process had overestimated the turbulent dissipation rate.  400 

 401 



 402 

Figure 8. Estimated turbulent dissipation rate from parameterization scheme caused by 403 

submesoscale instability, 𝜀𝑠𝑚, wind-wave forced turbulence, 𝜀𝑠𝑤, and total turbulence 𝜀𝛴. The  404 

Vertical mean turbulent dissipation rates at a depth of 10~20 meters at sections P1, P2, and P3 are 405 

shown in (a), (b), and (c), respectively. The histogram is the contribution of 𝜀𝑠𝑚 and 𝜀𝑠𝑤 to the 406 

total turbulence 𝜀𝛴. (d) Scatter plots between synthetic turbulent dissipation rates (𝜀𝛴) and in situ 407 

turbulent dissipation rates (𝜀𝑜𝑏𝑠). Color dots represent observed depths. 408 

 409 

4 Discussion 410 

Submesoscale currents can be generated by SI, MLI, geostrophic straining-411 

frontogenesis, and turbulent thermal winds (McWilliams, 2016). SI usually transfers 412 

submesoscale energy to smaller or dissipate scale currents, whereas MLI easily transfers 413 

energy to larger-scale currents (Srinivasan et al., 2023). The SI-forced turbulent 414 

dissipation rate overestimated the in-situ value, which may affect the accuracy of air-415 



sea heat flux products. This overestimation may be induced by other submesoscale 416 

instabilities, such as CI and MLI. 417 

 418 

 419 

Figure 9. Spectrum analysis of P1 (red line), P2 (blue line) and P3 (green line) sections based on 420 

ADCP-measured velocity. The solid gray line is the standard line with slope 𝑘−3, and the dashed 421 

gray line is the standard line with slope 𝑘−2. The dashed black line serves as the dividing line of 422 

25 km between mesoscale and submesoscale motions. 423 

 424 

The energy exchange between the AE and filament can be quantified using the four-425 

box energy budget. Following Böning and Budich (1992), baroclinic energy conversion, 426 

BC, and barotropic energy conversion, BT, are calculated as follows: 427 

𝐵𝐶 = −
𝑔

𝜌(−
𝜕𝜌𝜃̅̅̅̅̅

𝜕𝑧
)
(𝑢′�̃�′̅̅ ̅̅ ̅̅ 𝜕�̅̃�

𝜕𝑥
+ 𝑣′�̃�′̅̅ ̅̅ ̅̅ 𝜕�̅̃�

𝜕𝑦
),                  (11) 428 

𝐵𝑇 = −(𝑢′𝑢′̅̅ ̅̅ ̅̅ ∂𝑢

∂x
+ 𝑢′𝑣′̅̅ ̅̅ ̅̅ (

∂�̅�

∂x
+
∂𝑢

∂y
) + 𝑣′𝑣′̅̅ ̅̅ ̅̅ ∂�̅�

∂y
).            (12) 429 

where (�̅�, �̅�) is the mesoscale velocity, and (𝑢′, 𝑣′) is the submesoscale velocity. To 430 

isolate the mesoscale and submesoscale processes, we analyzed the KE spectrum 431 

following Callies and Ferrari (2013), who suggested that the slopes of 𝑘−2 and 𝑘−3 432 

represented submesoscale and mesoscale motions, respectively. As shown in Figure 9, 433 

the KE spectrum parallel to the 𝑘−2(𝑘−3) line interacted at a wavelength of 25 km. 434 

Therefore, we defined horizontal scales smaller and larger than 25 km as submesoscale 435 

and mesoscale signals, respectively.  436 



Figure 10 shows the baroclinic (𝐵𝐶) and barotropic (𝐵𝑇) energy conversions 437 

between mesoscale eddies and submesoscale processes. In the cold filament (dashed 438 

box zone), the baroclinic energy conversion was positive (Figs. 10a, 10d and 10g), 439 

indicating mesoscale eddy transferred potential energy forward to the filament. The 440 

barotropic energy conversion was negative, transferring KE upward to a mesoscale 441 

eddy. The net energy conversion term was negative in the filament (Figs. 10c, 10f and 442 

10i), indicating an inverse energy cascade via barotropic instability. 443 

 444 

Figure 10. (a), (d) and (g) show the zonal distributions of the baroclinic instability energy 445 

conversion; (b), (e), and (h) are the zonal distributions of the barotropic instability energy 446 

conversion; (c), (f) and (i) are the net energy conversion. Top to bottom panels are values along 447 

P1, P2, and P3 transections, respectively. The black dotted frame indicates the position of the 448 

submesoscale cold filament. 449 

 450 

 We further examined the turbulent KE dissipation rates induced by cross-scale 451 

energy conversion, KE𝑐𝑠 , following Harrison and Robinson (1978) and Gula et al 452 

(2016), 453 



     
𝜕

𝜕𝑡
KE𝑐𝑠 =
 

−    𝑢′𝑗𝑢′𝑖̅̅ ̅̅ ̅̅ ̅ 𝜕𝑢𝑖̅̅ ̅
𝜕𝑥𝑗⏟      

𝑀𝐾𝐸→𝐸𝐾𝐸

+ 𝑤′𝑏′̅̅ ̅̅ ̅̅⏟
𝐸𝑃𝐸→𝐸𝐾𝐸

,                         (13) 454 

Here, primes are the disturbances, and overbars are the mean value. 𝑢𝑗  and 𝑢𝑖 are the 455 

velocities with 𝑗 = 1, 2, 3  and 𝑖 = 1, 2 . 𝐵𝐹𝐿𝑈𝑋 = 𝑤′𝑏′̅̅ ̅̅ ̅̅  is the turbulent KE 456 

dissipation rate due to the vertical buoyancy flux, representing energy rates induced by 457 

MLI. 𝑤′  and 𝑏′  are the extracted vertical velocity and buoyancy, respectively. 458 

𝐺𝑆𝑃 = −𝑢′𝑤′̅̅ ̅̅ ̅̅ ∙
𝜕𝑢𝑔

𝜕𝑧
 is given by geostrophic shear production, which presents the 459 

turbulent KE rates induced by SI (Bennetts and Hoskins, 1979), and is taken as the 460 

submesoscale generated turbulence in Buckingham et al (2019). We also calculated the 461 

energy conversion rate due to horizontal shear production term 𝐻𝑅𝑆 = −𝒖′𝑣′̅̅ ̅̅ ̅̅ 𝜕�̅�

𝜕𝑦
, 462 

representing the turbulent KE rate from CI.  463 

As shown in Figure 11, the net energy conversion rates from these three terms 464 

(𝐵𝐹𝐿𝑈𝑋 + 𝐺𝑆𝑃 + 𝐻𝑅𝑆 ) were positive, indicating the filament dissipated KE to 465 

smaller scales. During this process, HSR showed negative values at the filament in all 466 

the three transections (Figs. 11c, 11g and 11k), which suppressed the KE dissipation 467 

rates induced by GSP. In the former turbulence scheme (Buckingham et al., 2019), the 468 

turbulent dissipation rate induced by HSR was not taken into account and thus may 469 

cause the overestimation of in situ turbulent value.  470 

 471 

Figure 11. (a), (e), and (i) are the zonal distributions of buoyancy flux (BFLUX); (b), (f) and (j) 472 

are the zonal distributions of the GSP; (c), (g) and (k) are the HSR values; (d), (h) and (l) are the 473 

sum values of the former three terms. Top to bottom panels are values along P1, P2, and P3 474 



transections, respectively. The black dotted frame circles the position of the submesoscale 475 

filaments, and the real line is the zero line. 476 

 477 

A structural diagram of energy transfer of the eddy filament in the AE is shown 478 

in Figure 12. During the AE matured stage (Fig. 3), CI developed (Fig. 6). Both the 479 

HSR and barotropic energy conversion between the mesoscale and filament were 480 

negative, indicating that the CI process transferred KE to the AE because of strong 481 

horizontal velocity shear. The net energy fluxes of geostrophic vertical shear 482 

production and buoyancy fluxes were positive, representing that the filament 483 

withdrew KE from the anticyclone through baroclinic instability.  484 

It was suggested that submesoscale process transferred KE to smaller scales via SI 485 

and transferred energy to mesoscale processes via MLI by former studies (Fox-Kemper 486 

et al., 2008; Dong et al., 2021; Jing et al., 2021). The length scale that separates the bi-487 

directional KE transfers is controlled by the relative strengths of co-existing balanced 488 

and unbalanced motions (Qiu et al., 2022). In this study, we found MLI was positive in 489 

the filament zone at P2 section, indicating a different direction of KE cascade with 490 

former studies. Both the continuity equation and omega equation showed the same 491 

distribution of upward and downward motions across the filament, indicating the 492 

direction of MLI-forced KE cascade was reliable. We presented observational evidence 493 

for bi-directional KE transfers of MLI and SI at submesoscale. The magnitude of MLI 494 

may have some uncertainties: on the one hand, the calculation of vertical velocity and 495 

the spatial and temporal resolution of in situ data may bring some errors; on the other 496 

hand, the seasonality of submesoscale motion may be another mechanism for this 497 

different KE cascade (Rocha et al., 2016; Lin et al., 2020). Thus, the accuracy of energy 498 

fluxes needs to be improved by more fine and long-term observations in future study.  499 



 500 

Figure 12. Structural diagram of the energy transfers of the eddy filament in the AE. Upward 501 

(downward) arrows are used to represent upwelling (downwelling). 𝑈𝑟 represents outward 502 

movement of the filament; 𝑈𝑎 is the rotational translation velocity of the filament; 𝜀𝑠𝑤 and 𝜀𝑠𝑚 503 

are wind-wave forced turbulence and submesoscale forced turbulence, respectively; CI and SI 504 

represent centrifugal and symmetric instabilities; MLI represents mixed-layer baroclinic 505 

instability. BC and BT are the baroclinic and barotropic energy conversion.  506 

 507 

5 Conclusion 508 

In this study, we investigated the three-dimensional structure of an eddy filament 509 

within an AE using MVP300 and VMP measurements in the western SCS in August 510 

2021. The eddy filament with 4-km width was generated on August 15th, and rotated at 511 

an angular velocity of 
𝜋

8
 rad/day. The filament had high-salinity and low-temperature 512 

properties. And it had a strong secondary vertical current, which promoted the high 513 

chlorophyll-a concentrations belt.  514 

  Enhanced turbulent dissipation rate were observed within the filament. The 515 

turbulent dissipation rate parameterized by SI was higher than the in-situ value. Based 516 

on energy budget analysis of submesoscale instability, we found that the filament 517 



transferred KE to the mesoscale eddy via barotropic instability. Meanwhile, HRS was 518 

always negative, thus reduced the downward KE transfers. Types of submesoscale 519 

instability showed that CI rather than SI dominated the filament zone. Hence, we 520 

inferred the overestimation of turbulent dissipation rates was induced by CI. This study 521 

directs us a new turbulent scheme including CI is needed in future study. 522 
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