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ABSTRACT: Oceanic submesoscale flows are considered to be a crucial conduit for the downscale transfer of oceanic
mesoscale kinetic energy and upper-ocean material exchange, both laterally and vertically, but defining observations re-
vealing submesoscale dynamics and/or transport properties remain sparse. Here, we report on an elaborate observation of
a warm and fresh filament intruding into a cyclonic mesoscale eddy. By integrating cruise measurements, satellite observa-
tions, particle-tracking simulations, and the trajectory of a surface drifter, we show that the filament originated from an an-
ticyclonic eddy immediately to the west of the cyclonic eddy, and the evolution of the filament was mainly due to the
geostrophic flows associated with the eddy pair. Our observations reveal the mass exchange of the eddy pair and suggest
that submesoscale flows can degrade the coherence of mesoscale eddies, providing important implications for the transport
properties of mesoscale eddies. Vigorous submesoscale turbulence was found within the eddy core region, due to filamen-
tous intrusion and frontogenesis. Our findings have thus offered novel insights into the dynamics and transport properties
of oceanic submesoscale flows, which should be taken into account in their simulation and parameterization in ocean and
climate models.

SIGNIFICANCE STATEMENT: Mesoscale eddies, with a spatial scale from tens to hundreds of kilometers, are
ubiquitous in the global ocean. Carrying the largest proportion of oceanic kinetic energy, mesoscale eddies play a key
role in ocean dynamics and have important applications for marine biology. Although mesoscale eddies have been stud-
ied extensively over the past decades, there are two major issues that remain inconclusive: (i) How do mesoscale eddies
dissipate? (ii) Can eddies coherently trap waters when moving over a long distance? Recent studies, mostly through
computer simulations, suggest that oceanic submesoscale processes, with a typical scale of a few kilometers, are highly
relevant to the above two issues. This study presents a rare observation of a filament intruding into a cyclonic eddy.
Because of this filament intrusion, submesoscale activities are enhanced near the eddy core area, in contrast to previous
observations that normally suggest weaker submesoscale activities in the eddy core area than at eddy peripheries. Such
dedicated process-oriented observations provide unique opportunities for better understanding the dynamics and trans-
port properties of mesoscale eddies and submesoscale processes.

KEYWORDS: Eddies; Mesoscale processes; Transport; Turbulence

1. Introduction mean flow, and several other types of oceanic motions like in-
ternal gravity waves (Ferrari and Wunsch 2009; Gula et al.
2016; Lee and Niiler 1998; Meng et al. 2021).

Eddy-induced transport and its dynamics are typical out-
standing problems among the ones mentioned above. Based
on a reduced-gravity model with nonlinear quasigeostrophic
dynamics, Early et al. (2011) found that mesoscale eddies,
of which the outer edge was defined by zero relative vorticity
contour, managed to trap water mass propagating over
thousands of kilometers subject to a small amount of water
leakage. In line with this work, Zhang et al. (2014) globally
estimated the transport caused by mesoscale eddies that are
constrained by the outmost closed potential vorticity contours;
they found that eddy-induced volume transport is comparable to
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Mesoscale eddies are a prominent feature of the global
ocean circulation and play crucial roles in oceanic mass trans-
port, energy transfer, biogeochemical processes, and hence
the equilibrium of the ocean general circulation and the
global climate system (Chelton et al. 2007, 2011b; Ferrari and
Wunsch 2009; Klein and Lapeyre 2009; McGillicuddy et al.
1998; Wunsch and Ferrari 2004). Despite this well-recognized
significance, a number of fundamental issues related to meso-
scale eddies remain poorly understood, including their ener-
getics, predictability, and interactions with the topography,
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Previous estimates of eddy transports are further challenged
by updated understanding of the coherence of mesoscale eddies
with the aid of high-resolution numerical simulations and obser-
vations. Based on idealized eddy-resolving simulations (1/10°),
Liu et al. (2019) suggest that about half of the Eulerian eddies
(with lifespan > 30 days) have no coherent cores, which means
some half of the water initially within the eddies flows out as
they propagate westward. As numerical simulations start to
admit or even resolve submesoscale flows, the coherence of me-
soscale eddies is seen to be greatly degraded, indicating the
importance of submesoscale turbulence in affecting the mass
transport of mesoscale eddies (Sinha et al. 2019). Both numeri-
cal simulations and observations highlight the role of submeso-
scale turbulence in regulating the horizontal and/or vertical
transport of floating materials or tracers (Balwada et al. 2021;
Barkan et al. 2019; D’Asaro et al. 2018). Observations have re-
vealed that interactions of warm-core rings and the shelf break
can cause direct onshore intrusion in the form of finer-scale
structures and substantial mass leakage from the rings (Zhang
and Gawarkiewicz 2015). It is important to note, however, that
eddy-resolving observations remain rather challenging to imple-
ment, and to date most studies on the coherence of mesoscale
eddies and their finer-scale structures are based on numerical
simulations.

Oceanic energy cascade related to mesoscale eddies is another
important but unresolved issue. The World Ocean is a dynamical
system that gains mechanical energy from the atmosphere mainly
at the basin scale. This energy is eventually dissipated into heat
at the microscale. The dissipation of mesoscale eddies is an im-
portant component of the oceanic energy cascade, and is thus
crucial to the global ocean energy budget. However, the exact
routes and the underlying mechanisms, in particular the dissipa-
tion of mesoscale eddies, remain poorly understood (Ferrari and
Wunsch 2009). With the increasing capability of high-resolution
field observations (in particular through towed systems) and nu-
merical simulations, recent studies have shown that submesoscale
flows can provide a conduit for mesoscale eddies to transfer their
mechanical energy downscale and eventually be dissipated via
small-scale turbulence (Capet et al. 2008; McWilliams 2016;
Yang et al. 2017). Both field observations (Yang et al. 2017;
Zhong et al. 2017) and numerical simulations (de Marez et al.
2020; Schubert et al. 2020) indicate the existence of active sub-
mesoscale flows at the periphery of mesoscale eddies, where
submesoscale instabilities (e.g., mixed layer baroclinic instabil-
ities, symmetric instabilities) and strain-induced frontogenesis
are prone to develop (Buckingham et al. 2021; Dong et al. 2021,
2022; Fox-Kemper et al. 2008; Hoskins 1982; Taylor and Ferrari
2010; Thomas et al. 2013). However, the spatial and temporal
variabilities of submesoscale turbulence within mesoscale ed-
dies and the associated energy transfers remain elusive.

Submesoscale filaments have been increasingly resolved in
satellite observations (Choi et al. 2019; Hsu et al. 2020; Li et al.
2017) (particularly visible and infrared images) and in high-
resolution numerical simulations (Gula et al. 2014; Sullivan
and McWilliams 2017; Zheng and Jing 2022). Their field ob-
servations, however, are very difficult to implement, due to
their limited cross-frontal scales, their relatively fast evolving
nature and the spatial heterogeneity; hence it requires high
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resolution both in space and time to resolve submesoscale fila-
ments. Observations suggest that dense filaments (Bécognée et al.
2009; Li et al. 2017; Lin et al. 2023; Peng et al. 2020, 2021; von
Appen et al. 2018) appear to be more prevalent than light fila-
ments (Shi and Wang 2020; Zhang and Gawarkiewicz 2015), pre-
sumably due to the fact that they have a higher rate of
sharpening (McWilliams et al. 2009; Sullivan and McWilliams
2017). Additionally, the secondary circulation in the cross-front
plane tends to play a role in the frontolysis of light filaments
(McWilliams 2016). Observations show that submesoscale dense
filament has a convergent velocity field and hence gathers materi-
als at the surface frontal zone (von Appen et al. 2018), as antici-
pated by pervious numerical studies (McWilliams et al. 2009).
Process studies show that atmospheric forcing and the shear of
ageostrophic circulation can modulate upper-ocean mixing and
stratification of the submesoscale front (Johnson et al. 2020).
However, the structures, dynamics and transport properties of fil-
aments remain poorly understood.

In this study, we report on an elaborate observation of a
light filament intruding into a cyclonic mesoscale eddy, real-
ized by integrating observations using satellite remote sens-
ing, shipboard field campaign, and the trajectory of a surface
drifter. The paper is structured as follows. Section 2 describes
the field campaign and methods. Sections 3 and 4 present an
overview of the filament structure in both the horizontal and
vertical directions, followed by an analysis of the evolution of
the filament in section 5. Submesoscale features and momentum
balance within the cyclonic eddy are studied in sections 6 and 7.
Discussions and summaries are presented in sections 8 and 9.

2. Observations and methods
a. Field measurements

From 17 March to 17 April 2019, a cruise targeted at investi-
gating the physical-biogeochemical interactions within meso-
scale eddies was implemented with the R/V Tan Kah Kee in
the North Pacific Ocean subtropical countercurrent (STCC)
region. Towed measurements of the upper-ocean temperature,
salinity, and biogeochemical variables (e.g., chlorophyll and
dissolved oxygen) were conducted using a Moving Vessel Pro-
filer (MVP; AML Oceanographic). The horizontal spacing be-
tween two neighboring MVP profiles varies from 3.3 to 6.2 km,
depending on the ship speed, with an average of approximately
5 km. The upper-ocean horizontal velocities were recorded
continuously throughout the cruise using a shipboard acoustic
Doppler current profiler (ADCP). The ADCP velocity data
were collected from 9.7 to about 167.7 m with a vertical spac-
ing of 2 m and a horizontal spacing of about 300 m. In addition,
an underway thermosalinograph SBE21 (Sea-Bird Scientific)
was used to measure near-surface (~5 m) temperature and sa-
linity throughout the cruise. The sampling time interval of the
thermosalinograph SBE21 was 10 s (corresponding to a hori-
zontal spacing of about 50 m).

b. Eddy identification and tracking

We implement eddy detection and tracking following the
algorithms of Mason et al. (2014). Eddy boundary is defined
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as the contour of maximum azimuthally averaged geostrophic
velocity. Here we define the eddy center as the position of ex-
treme values of the sea level anomaly (SLA) within the eddy.

c¢. Calculation of the relative vorticity and stain rate

Assuming that the role of curvature is negligible and that
the velocity has no variations in the cross-sectional direction y,
the formulations of the relative vorticity and stain rate reduce
to

& =09vlox and (1)
2 2
strain = (a_u) + (a_v) , 2)
ox 0.

where u and v are the zonal and meridional velocity compo-
nents and x and y are the zonal and meridional directions,
respectively.

d. Lagrangian particle tracking experiment

The Lagrangian particle tracking simulations are con-
ducted using the OceanParcels package (Delandmeter and
van Sebille 2019; Lange and van Sebille 2017), which is
based on a fourth-order Runge-Kutta scheme to simulate
particle trajectories. Virtual passive particles are released in-
side selected regions, and then are allowed to freely evolve
under the advection of the altimeter-derived geostrophic cur-
rents. Diffusions (i.e., advections due to unresolved flows) are
not considered.

e. Calculation of the frontogenesis function

The frontogenesis function F is calculated using surface
geostrophic currents from gridded altimeter data and sea sur-
face density derived from Himawari-8 SST data (assuming a
constant salinity value of 35 g kg™ ') (Hoskins 1982; Mahadevan
2016):

_ _[oudp n dvdp\dp  [(dudp + dvap\dp )
axdx oxaylox \ayox ayay|ay’

where p is potential density. The velocity data are interpo-
lated onto the same grids as the density field in the
calculation.

f- The thermal wind balance

Both density data and velocity data are horizontally low-
pass filtered with a cutoff wavelength of ~10 km. Then the ve-
locity data are interpolated onto the same grids as the density
field. In this study we compare the vertical shear of meridional
velocities and the horizontal buoyancy gradient in the zonal
direction to check the validity of the thermal wind balance:

v _ g adp

az  fpyox’ ©

where g is the acceleration due to gravity, f is the Coriolis
parameter, and py is a reference density (1022 kg m ™).
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FIG. 1. Eddy activities in the study region and the evolution of the
observed eddy: (a) Root-mean-square sea level anomaly (SLA)
(cm) in the northwestern Pacific Ocean based on gridded altimeter
data from January 1993 to December 2019. Black thick circles indi-
cate the edge of the observed cyclonic eddy (CE) at the dates
when it was generated (east), observed (middle), and degenerated
(west). The green curve indicates the eddy trajectory. (b) Time
series of SLA (cm) in the center of CE. The magenta dashed line
indicates 5 Apr when the filamentous intrusion was observed
(shown in Fig. 2).

3. Filamentous intrusion

The STCC region is one of the most energetic areas in terms
of mesoscale eddy activities in the North Pacific Ocean (Qiu
1999). A series of mesoscale eddies (mostly cyclones) were
sampled during the field campaign. In this study, we focus on
the observation of a cyclonic eddy with the most intense field
measurements (hereinafter CE). Based on the result of eddy
identification and tracking procedures, CE first appeared at
18.3°N, 133.5°E on 9 February 2019 and disappeared at 19.5°N,
123°E on 20 June 2019 after interacting with the Kuroshio
(Fig. 1a). Field measurements of CE were conducted from
19 March to 14 April (in two separate stages, with stage 1 from
19 to 20 March and stage 2 from 28 March to 14 April). The
time series of SLA in the center of CE shows that it intensi-
fied (10 February—20 March), matured (20 March-18 May),
and decayed (19 May-20 June) (Fig. 1b). There is an anti-
cyclonic eddy (hereinafter AE) immediately to the west of
CE (Figs. 2a,b; see also Fig. S3 in the online supplemental
material with a different color map), thus forming an eddy pair,
which moved westward for months. Enhanced meridional
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FIG. 2. Sea surface temperature, salinity, currents, and SLA: (a) SST (°C) from MODIS Terra infrared imager on 5 Apr. Also shown
are shipboard-ADCP-measured near-surface (~10 m) velocities (arrows) along the ship track. The magenta dashed lines indicate the fila-
ment outline (visual identification combining SST and its gradient). (b) Geostrophic velocities estimated from the gridded altimeter data
(arrows) and the near-surface (~5 m) salinity (g kg™ ') from the underway SBE21 (colored). The magenta dashed lines indicate the fila-
ment outline as in (a). The ship path follows A - B - C - B — D. The black thick curves in (a) and (b) indicate the edge of CE. The
gray dots indicate the (along track) sampling points of the altimeter. (c) SLA (cm) from along-track and gridded altimeter data. Gray dots
indicate raw, along-track SLA, and the orange curve shows their low-pass filtered version (by removing instrumental white noises associ-
ated with surface waves); the green curve indicates the gridded SLA but interpolated onto along-track altimeter sampling points. The ma-

genta shading indicates the position of the filament.

velocities were found at the edge of CE. Strikingly, there was
a strong jet with a velocity exceeding 0.8 m s~ ! saddled
between the eddy pair, and relatively large gradients in both
temperature and salinity were present associated with this jet
(Figs. 2a,b).

During the cruise, a warm filament was observed to intrude
into CE from Moderate-Resolution Imaging Spectroradiome-
ter (MODIS) sea surface temperature (SST) data on 5 April
(Fig. 2a). The outline of the warm filament is depicted using
the MODIS SST image (bounded by magenta dashed lines in
Fig. 2a), and it is evident that the filament outline exactly
matches the low-salinity portions of the two transects
(AB and BC) with ship-based underway measurements (Fig. 2b).
This suggests that the intruded filament is relatively warm and
fresh, and hence of low density, in comparison with the ambi-
ent water. We thus call it a light filament. The near-surface
velocities from the shipboard ADCP show an intensified
northward flow at the western periphery of the filament but a
weakened northward flow at the eastern end (Fig. 2a). This
flow pattern associated with the filament seems to be in line
with the thermal wind balance, and the horizontal velocity
shear suggests it to be an anticyclonic-like filament. More-
over, SLA from the along-track altimetry shows evident ele-
vated sea level within the filament (the bump within the
magenta shading in Fig. 2c; ~17.1°-17.6°N), consistent with
its anticyclonic-like nature. By contrast, SLA from gridded
altimeter data shows almost no abnormal signal within the
filament, indicating the incapability of resolving submeso-
scale flows by the gridded product. Besides, the along-track
SLA also shows larger gradients than the gridded data. To
conclude, the manifestations associated with the filament dis-
cussed above (i.e., relatively high temperature, low salinity,
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high SLA, and flow pattern) all indicate the consistency be-
tween the remote sensing observations and near-surface field
measurements. In short, we observed a warm and fresh (and
thus light) anticyclonic-like filament intruding into a cyclonic
eddy.

4. Vertical structure

We now examine the vertical structure of the eddy pair
based on towed thermohaline measurements with the MVP
and underway velocity measurements with the shipboard
ADCP along a zonal section across CE and part of AE
(section AB-BD in Fig. 2b). The observed part of AE was
relatively warm and fresh, whereas the upwelled subsurface
cool and salty water occupied the core area of CE resulting in
mesoscale domed isopycnals interleaved with smaller-scale
vertical excursions (Figs. 3a—c; see also Fig. S4 in the online
supplemental material with a different color map). In particu-
lar, a finer-scale (submesoscale) pycnocline bump was ob-
served in the eddy center (~128.75°E); it corresponded well
with the cold patch just west of the filament (Fig. 2a). If the
density data are horizontally low-pass filtered with a cutoff
wavelength of 150 km (on scales above which the sea surface
height can be readily resolved by gridded altimeter data; Chelton
et al. 2011a; Ducet et al. 2000), the smoothed isopycnals corre-
spond well with the negative gridded SLA of CE in terms of the
location of the eddy center (Fig. 3d). This suggests that the
gridded altimeter data well captured the mesoscale structure of
CE. The vertically out-of-phase correspondence of SLA and
isopycnals, as well as the magnitude of their vertical elevation,
is a clear manifestation of the first baroclinic mode nature
of typical oceanic surface-intensified eddies. The sectional
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FIG. 3. Sectional distribution of measured variables along the zonal transect AB-BD: (a) conservative temperature
(°C), (b) absolute salinity (g kg™ '), (c) potential density anomaly (kg m~>; black contours indicate isopycnals from
22.2t023.21 kg m ™3, with an interval of 0.03 kg m ™), (d) low-pass-filtered potential density anomaly (kg m™~>) with a
cutoff horizontal wavelength of 150 km [the black dashed line indicates SLA but magnified by a factor of —100, and
black contours are the same as in (c)], and (e) meridional velocity (m s~ '). (f) A 7-S diagram,; the color of the dots in-
dicates data from the different positions as given in (a)—(d). In (a)—(e), black triangles indicate the eddy edges; colored
dots on the top axis indicate the positions: west of CE (blue), within CE (green), within the filament (magenta), and
east of CE (yellow); magenta lines indicate the outline of the filament; and white lines indicate the depth of the mixed
layer base (0.3 kg m ™~ greater than the density at 10-m depth). The distance coordinate and actual time (UTC) of the
observation are added above the top axis of (a) and (b), respectively.

distribution of meridional velocity shows intensified flows at
the eddy peripheries (Fig. 3e), accompanied by maximum tilts
of isopycnals and strong fronts (Fig. 3c), in accord with the
thermal wind balance.

In the eastern part of CE, the filament is characterized
by a wedge of water within the mixed layer featured with
high temperature, low salinity, and hence low density (bounded
by magenta lines in Figs. 3a—c). The depressed isopycnals of
the filament (Fig. 3¢c) also correspond well with its locally
elevated SLA (along-track altimetry observations shown
in Fig. 2¢) in the context of the first baroclinic mode. The
thermal wind balance suggests positive vertical shear of
meridional velocity on the western flank of the filament
and negative shear on the eastern flank, and given the
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background northward flow on the eastern side of CE, we
expect intensified (weakened) northward flow at the west-
ern (eastern) edge of the filament, which is confirmed by
the sectional velocity measurements (Fig. 3e). Assuming
that the filament transect is a triangle and given the mean
northward velocity of the filament transect v ~ 0.36 m s !,
the width of the filament near the surface W ~ 42 km, and
the depth of the filament H ~ 50 m, we can estimate a
northward volume transport of the warm and freshwater
0,~038Sv(1Sv=10°m?s").

Further inspection of Figs. 3a and 3b and the 7-§ diagram
(Fig. 3f) suggests that the filament has almost the same ther-
mohaline characteristics (i.e., warm and fresh) with AE (west
of the jet). Recalling the plane shape of the filament, this
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FIG. 4. (a)-(d) SST (°C) from Himawari-8 (colors) and (e)-(h) strain rate calculated from surface geostrophic veloc-
ity (colors) on 3—-6 Apr 2019 [5-h mean SST data are used in (a), and hourly mean data are used in (b)—(d)]. The black
thick curves in (a)-(d) indicate the eddy edge. The strain rate is normalized by the local planetary vorticity f. Also
shown in (e)—(h) are geostrophic velocity (arrows) and the outline of passive particles (magenta curves). The white
and gray curve in (e)—(h) indicates the pathway of a drifter (WMO: 2201552) on 1-9 Apr 2019 with white and gray de-
noting odd and even days, respectively. The orange dot in (e)—(h) marks the same time with SST images in (a)—(d).

thermohaline similarity inspires us to conjecture that the fila-
ment might originate from the neighboring AE.

5. Evolution of the filament

To backtrack the origin of the light filament, high-resolution
SST images from Himawari-§ are used to examine the fila-
ment’s evolution (Fig. 4). On 3 April, a portion of warm water
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intruded into CE directly from the west (Fig. 4a). Under the
southward advection due to the strong jet, the filament contin-
ued to intrude into CE, which was migrating southward. On
4 April, the main part of the filament became narrower moving
southeastward, and its tip was already entrained into the CE
core, rotating along with the mesoscale velocity field (Fig. 4b).
In the following two days, the tip of the filament intruded far-
ther into CE’s interior (Figs. 4c,d). The pattern of the filament
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frontogenesis function (kg m™® s~ 1) on 4-6 Apr 2019, respectively. The black thick curves indicate the eddy edge. The blue arrows indi-
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in SST image on 5 April was very similar to that from MODIS
(Fig. 2a). On 6 April, the western part of the filament (its base)
started to lose its coherent structure. These satellite observa-
tions seem to support our hypothesis that the filament origi-
nated from the neighboring anticyclonic eddy.

To further investigate the role of the background mesoscale
currents in the filament evolution, we conducted a Lagrangian
particle tracking experiment based on the altimeter-derived
geostrophic velocities. Virtual passive particles were released
inside the filament region (inside the magenta curve in Fig. 4e,
whose east and south boundaries are defined by SST fronts)
on 3 April, and then were allowed to freely evolve under the
advection of geostrophic currents (Figs. 4e-h). The evolution
of the released particles was similar to the evolution of the fil-
ament from SST images, except for some differences in the
tip. One can also see slightly enhanced mesoscale strain in the
filament region. This partially confirms that the evolution of
the filament was dominated by the mesoscale velocity field
and the filament should be a coherent structure.

Coincidently and luckily, there was also a drifter that
moved from outside the eddy pair into CE during the cruise
(Figs. 4e-h and Fig. S1 in the online supplemental material).
The drifter’s trajectory (white and gray curves) also reveals
the filament’s evolution. The drifter first moved along the
northern part of the jet on 1 April, and then somewhat unex-
pectedly moved across the western boundary of CE toward
the eddy center and along the northern boundary of the fila-
ment on 2 April. In the next few days (3-6 April), the drifter gen-
erally moved together with the filament under the background
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mesoscale velocity field. Except for 2 April, the trajectory of
the drifter was largely consistent with the filament evolution
due to mesoscale advection, as depicted above. The trajec-
tory of the drifter on 2 April was almost orthogonal to the
geostrophic velocity vectors (the trajectory also traversed the
material transport lines defined by the finite-time Lyapunov ex-
ponents; Fig. S2 in the online supplemental material), indicating
existence of finer-scale (submesoscale) flows that were unre-
solved by the gridded altimeter data. Indeed, such a trajectory is
in line with our expectation of an intensified eastward flow at
the northern periphery of the filament according to the thermal
wind balance.

Combining satellite SST images, particle-tracking simulation,
and the trajectory of the drifter, we infer that the evolution of
the filament on 3-6 April was largely controlled by the advection
of mesoscale geostrophic flows. Combining the plane shape of
the filament, thermohaline similarity between the filament and
AE, and coherence of the filament, we conclude that the warm
and fresh filament originated from the neighboring AE. There
are also indications of the existence of submesoscale flows within
CE that could not be resolved by the gridded altimeter data.
Moreover, our observations provide direct evidence of water ex-
change between the eddy pair, indicating the role of submeso-
scale turbulence in impacting the coherence of a mesoscale eddy.

6. Vigorous submesoscale turbulence within CE

To study submesoscale features within CE, we calculate the
relative vorticity ¢ and strain rate, along section AB-BD
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(Figs. 2b and 5a) using ADCP data (Figs. 5b,c). There was
large {/f ~ O(1) at the peripheries of CE, consistent with pre-
vious studies (Yang et al. 2017). Interestingly, there was also
large ¢/f ~ O(1) in the eddy core region. Specifically, rela-
tively large positive {/f was observed at the edges of the fila-
ment while large negative {/f was present inside the filament,
indicating active submesoscale flows within the filament. Large
{/f and strong strain rate were also observed near the eddy cen-
ter where the abovementioned cold patch was located (Figs. 3a
and 5a). Without direct influence of the filament, the western
part of CE (128.1°-128.2°E) was also characterized by large {/f
and strong strain rate (Figs. 5b,c).

The diagnosed frontogenesis function [Eq. (5)] using satellite-
derived geostrophic velocity and SST data also shows elevated
values at the peripheries of the cold patch and the filament
(Figs. 5d—f). This suggests that the observed energetic submeso-
scale flows within CE might be due to frontogenesis. The SST
images also revealed that the structure of the warm filament
got increasingly fine during its intrusion (Figs. 4a—d), which
might be a manifestation of frontogenesis. Elevated fronto-
genesis function values were also found at the northwestern
corner of CE, where a strong temperature front and jet ex-
isted (Figs. 4c,d and 5Se.f).

Note that the frontogenesis function calculated here should be
mesoscale-induced frontogenesis as the surface geostrophic ve-
locities obtained from gridded altimeter data can only resolve
mesoscale currents (large-scale currents are also included but
can be negligible here). The reliability on the calculation of front-
ogenesis function is examined in section 8.

7. Momentum balance of CE and the filament

Our precedent analysis indicates that both CE and the fila-
ment qualitatively satisfy the thermal wind balance. There were
also relatively vigorous submesoscale flows associated with the
filament that seem to deviate from the balanced dynamics. To
check to what extent the filament can be taken as a balanced
feature, we compare the vertical shear of meridional velocities
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and the horizontal buoyancy gradient for the zonal section
across CE (AB-BD, Fig. 2b). These two terms are calculated
using ADCP and MVP data for the upper 80 m (below which
the quality of ADCP data was poor). We also calculate box
averaged values of the two terms. The size of the box is
chosen to be 26 km in the along-transect direction and 10 m
in the vertical direction. It is evident from Fig. 6a that the
box-averaged values approximately follow the diagonal that
represents exact thermal wind balance. This means along the
entire section across CE the flow largely obeyed the thermal
wind balance. The scattering of the original data (gray dots)
implies that the box average may have filtered out velocities
that are not in geostrophic balance or errors in currents/
thermohaline observations. We now vertically average (upper
50 m; i.e., the depth range of the filament) the two terms to
examine the longitudinal dependence of the validity of the
balance. It is clear that the two terms matched each other well
within the filament (magenta shading in Fig. 6b) and the east-
ern edge of CE. Interestingly, the agreement between the two
terms was comparably degraded for the western part of CE
where the influence of the filament was limited and the mag-
nitudes of the terms were both relatively small. Overall, these
results suggest that both CE and the filament can be taken as
balanced features.

Previous studies based on realistic high-resolution numerical
simulations indicate that the turbulent thermal wind balance, in-
stead of the standard thermal wind balance, is more suitable to
describe the dynamics of elongated filaments (Gula et al. 2014).
Probably due to its relatively large size, the light filament ob-
served in this study seems to be well described by the standard
thermal balance.

8. Discussion on the calculation of frontogenesis function

The gridded altimetry data can only resolve flows with a
horizontal scale > 150 km (Chelton et al. 2011a; Ducet et al.
2000), whereas the high-resolution (~2 km) SST images from
Himawari-8 can partly resolve submesoscale features. Here we
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check whether frontogenesis function calculated from meso-
scale currents and high-resolution SST can actually character-
ize oceanic frontogenesis. Specifically, we use high-resolution
(~2 km) numerical simulations in the STCC region from
MITgem LLC4320 to investigate the contribution of meso-
scale currents to frontogenesis. This model output has been
widely used to study regional or global submesoscale fea-
tures, and detailed configurations as well as various valida-
tions of the simulation can be found in the literature (e.g., Lin
et al. 2020; Qiu et al. 2018; Wang et al. 2022). We first apply a
3-day (4-6 April 2012) average on surface data (currents,
temperature, and salinity) to remove the tidal signal and then
decompose the currents into mesoscale and submesoscale
currents (simply via horizontal low-pass and high-pass filter-
ing with a cutoff wavelength of 150 km):

u= umeso,>150km + usubmeso‘<150km' (7)

Note that the simple technique used here is not expected to
work well in decomposing mesoscale and submesoscale mo-
tions, but just to verify the reliability of using frontogenesis
function to indicate the active level of submesoscale flows
within CE. The reason to choose a relatively large cutoff
wavelength is that altimeter-derived geostrophic currents only
resolve signals with a scale of >150 km (Ducet et al. 2000).
Large-scale currents are also included in the decomposed
“mesoscale” band but their effect on frontogenesis is negligi-
ble in the STCC region. We then calculate the frontogenesis
function using the raw, mesoscale, and submesoscale currents,
respectively (Fig. 7).

Energetic submesoscale motions with high Rossby number Ro
can be recognized in the STCC region (Fig. 7a). The high-Ro
areas are also collocated with large values of the frontogenesis
function F (Fig. 7b). The mesoscale-induced frontogenesis func-
tion Feso can capture the general pattern of F, although many
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finer-scale structures are missing (Figs. 7b,c). By contrast, the
submesoscale-induced frontogenesis function Fyypmeso highly re-
sembles the distribution of F (Figs. 7b,d).

The scatterplot indicates a relatively good linear relationship
between Fy,es, and F (Fig. 8a), suggesting the usefulness of Fiyeso
in representing the general features of F. The scatterplot ex-
hibits a much closer linear relationship between Fyypmeso
and F (Fig. 8b), as expected from their spatial distributions
(Figs. 7b,d). The slopes from linear regressions (i.e., 0.128
and 0.872) indicate the respective contributions of mesoscale
(12.8%) and submesoscale (87.2%) currents to F because the
intercept (+0.065 X 107'* kg> m™® s7!) is negligible. The
probability density functions (PDF) of Fpeso/F and Fyypmeso/ F
both show a domination of positive values (Figs. 8c,d; 79%
and 97%, respectively). Therefore, when measurements at
the submesoscale resolution are not available, Fy,.so can qual-
itatively represent the pattern of frontogenesis using meso-
scale currents and high-resolution sea surface temperature or
density measurements. Our previous estimates of the fronto-
genesis function within CE bear some reliability.

The fact that the general patterns of Fineso and Fyypmeso T€-
semble each other (Figs. 7c,d) might be due to two reasons.
First, the submesoscales are generated by the mesoscale
strain-induced frontogenesis. Second, it is also possible that
mesoscale and submesoscale currents have not been well de-
composed subject to the simple temporal filter being used.
Besides, mesoscale and submesoscale currents are expected to
exert a different effect on frontogenesis in time scale, which,
nonetheless, is ignored in our statistical analysis. More defini-
tive roles of mesoscale and submesoscale currents on fronto-
genesis are worthy of further investigation on the basis of
more robust, dynamical decomposition methods (e.g., Liang
2016; Wang et al. 2023).
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9. Summary

In this study, we report on an elaborate observation of a
light filament intruding into a cyclonic mesoscale eddy, real-
ized by integrating observations using remote sensing, ship-
board field campaign, and the trajectory of a surface drifter. It
is demonstrated that the filament was largely a balanced fea-
ture accompanied by energetic submesoscale flows. The ob-
served filament had a wedge-shaped structure encompassing a
block of warm and freshwater within the mixed layer. This fil-
amentous intrusion caused a 0.38 Sv northward volume trans-
port in the observed transect. This horizontal transport may
be mainly induced by the background eddy advection effect,
but quantifying the transport of intruded freshwater of an ex-
ternal origin still has important implications on the coherence
of mesoscale eddies and eddy-induced transports. Our obser-
vations provide direct evidence that the filament intrusion can
destroy the mesoscale coherence and cause significant water
exchange between the mesoscale eddy and neighboring flow
features.

The horizontal velocity shear and the depressed isopycnals
suggest that the filament was anticyclonic-like. This corresponds
well to the regionally elevated sea surface height based on along-
track altimeter data, which, however, was not resolved in the
gridded altimeter data. The effectiveness of along-track altimeter
data in resolving filament shown here sheds light on the applica-
tion of the wide-swath altimeter [e.g., Surface Water and Ocean
Topography (SWOT)] in improving our knowledge of sub-
mesoscale flows in future (Fu and Ubelmann 2014). It is almost
certain that submesoscale motions, which are unresolved in the
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current gridded altimeter data, significantly affect the estimate of
surface kinetic energy no matter in cases such as the observed
example shown in the present study or in the global context. Our
understanding on the coherence of mesoscale eddies, eddy-
induced volume transport and submesoscale spatiotemporal vari-
ability is expected to be greatly improved after the advent of
SWOT.

Combining satellite SST images, particle-tracking simula-
tion, and the trajectory of a surface drifter, we find that the
evolution of the filament was largely controlled by the advec-
tion of mesoscale geostrophic flows, and the filament likely
stemmed from the neighboring anticyclonic eddy. This sug-
gests that mesoscale horizontal advection can play an impor-
tant role in the formation of oceanic filamentous structures
and the deformation of submesoscale flow features.

Because of frontogenesis induced by the intruded filament,
energetic submesoscale flows were observed within the eddy
core region, in contrast to most previous findings based on
field observations or numerical simulations, which normally
show active submesoscale flows at the peripheries of meso-
scale eddies (Callies and Ferrari 2013; de Marez et al. 2020;
Yang et al. 2017). The observations reported in the present
study thus add our understanding of the spatial variability
of submesoscale turbulence within mesoscale eddies. Our
study indicates that vigorous frontogenesis can also happen
near the eddy center as the filamentous intrusion results in
prominent submesoscale fronts (e.g., the cold patch struc-
ture and the filament itself). Our observations highlight the
importance of high-resolution observations in advancing
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our understanding of the regional dynamics in the context
of mesoscale eddies.

It is intriguing to find that frontogenesis function calculated
from mesoscale geostrophic currents and high-resolution SST
can represent the general features of the realistic oceanic
frontogenesis. With the lack of high-resolution surface cur-
rents, this finding gives us confidence to infer regional or
global frontogenesis processes with available data. With sub-
mesoscale currents available from the coming wide-swath sat-
ellite missions, oceanic frontogenesis processes are expected
to be even refined.

Lacking measurements, we are not able to resolve the genera-
tion process of the filament. Further studies using process-oriented
measurements and numerical simulations are required to uncover
the mechanisms and dynamics related to the generation and dissi-
pation of the filament.
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