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Abstract

In previous studies, Lagrangian analyses were used to assess large-scale ocean circulation, and the Lagrangian
coherent structure could also reveal the evolution of the two-dimensional structure of the mesoscale eddies.
However, few studies have demonstrated the three-dimensional structure of the mesoscale eddies via Lagrangian
analysis. Compared with previous studies, which investigated the eddy structure via a Eulerian view, we used a
Lagrangian view to provide a different perspective to study the eddy structure. An idealized cyclonic mesoscale
eddy is built up over a seamount, and it presents downwelling inside the eddy and upwelling alongside the eddy
formed within a closed circulation system. This structure is difficult to display via a Eulerian analysis. However,
the trajectories of particles can well demonstrate the full cycle: the fluid sank and rotated inside the eddies,
converged to the upwelling zone of the bottom layer and returned to the surface through upwelling. We also
applied a Lagrangian analysis to a realistic simulation. As a significant phenomenon in the South China Sea, the
dipole structure of the anticyclonic eddy (AE)/cyclonic eddy (CE) pair off of central Vietnam has been well studied
but mainly at the sea surface. With a Lagrangian analysis, we illustrate the three-dimensional structure of the eddy
pair: the fluid sank (rose) and rotated inside the AE (CE). More importantly, the trajectories of the particles
suggested that there was no fluid exchange between the two eddies since the strong boundary jet separates them
from each other. All the conclusions above have been verified and are supported by the computational error
estimate. With a selected time step and integral period, the computational errors always present small values,

although they increase with strong divergent and vertical diffusive flow.
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1 Introduction

Oceans exhibit a huge range of dynamical motions, large
scale motions (>300 km), mesoscale motions (50-300 km),
submesoscale motions (1-50 km) and small scale motions
(<1 km) (McWilliams, 2016; Torres et al., 2018; Zhang et al.,
2019). In slow-varying seawater, tracers (i.e., salt, heat, dissolved
oxygen) carried by the fluid particles are used as seawater mo-
tion indicators. From a microscopic view, a particle is considered
as a collection of a huge amount of molecules. Thus, velocity of
the particle is defined as the mass weighted mean of the velocit-
ies of the individual molecules. When a great amount of fluid
particles are integrated with three-dimensional (3D), time-
evolving velocity fields, the trajectories of the particles depict the
structure of the fluid field, which is the basis of the Lagrangian
analysis.

Previous studies suggested that Lagrangian analysis was able
to capture the primary structures of large-scale circulations both
in the atmosphere (Kjellsson and D66s, 2012) and the ocean
(D6os et al., 2008). However, the Hadley Cell (Deacon Cell) is a
slow-varying and quasi-phase-locked phenomenon in the atmo-

sphere (ocean) with a spatial scale of thousands of kilometers
and kilometers in the horizontal and vertical directions, respect-
ively. We sought to determine how the Lagrangian analysis per-
forms for a smaller scale phenomenon with a varying velocity
both in spatial and temporal dimensions. The typical phenomen-
on that comes to mind is the mesoscale eddy. As one of the most
important mesoscale ocean phenomena, eddies have diameters
of approximately 5-120 km and orbital velocities of 0.5-0.7 m/s
(Johannessen et al., 1987; Adams et al., 2017). Strong mesoscale
eddies can extend to several hundreds of meters in the vertical
direction. Lin et al. (2018) traced a considerable number of
tracers in a mesoscale eddy using a Lagrangian analysis, al-
though they did not report the structure of the mesoscale eddy.
In this study, the structure of the mesoscale eddy becomes our
first priority to concern about.

To test how the Lagrangian analysis performs in demonstrat-
ing the 3D structure of the mesoscale eddy. We firstly build up an
idealized eddy, which has a clearer and simpler 3D structure,
compared with the real eddies in the ocean. In the second step,
we try to apply the Lagrangian analysis to a realistic mesoscale
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eddy, which is from the results of numerical simulation. As a ro-
bust phenomenon in the South China Sea (SCS), a dipole struc-
ture of anticyclonic eddy - cyclonic eddy (AE/CE) pair appears off
the central Vietnam (Wang et al., 2006; Chu et al., 2014). The
eddy generation mechanism is still debatable between three
viewpoints. One suggests that the eddy pair is generated by the
boundary jet, which is induced by the summer monsoon (Kuo et
al., 2000; Xie et al., 2003; Wang et al., 2006). Wang et al. (2006)
suggested the jet contains strong baroclinic instability. The di-
pole structure of wind stress curl (wind-driven) and the contin-
ental slope (potential vorticity conservation) are considered as
the other two eddy generation mechanisms (Fang et al., 2002), al-
though Fang et al. (2002) suggested the wind stress curl should be
the dominant reason. The AE/CE pair usually is generated in
June, reached its maximum intensity in August or September and
disappeared in October. Eulerian analyses usually focus on the
current structure at the surface. However, the Lagrangian analys-
is can well demonstrate the 3D structure of the eddy pair.

On the other hand, previous studies have usually neglected to
provide computational error estimates with their experimental
settings (i.e., time step, integration period). However, the compu-
tational error may be as large as hundreds of kilometers, which is
even larger than the diameter of the mesoscale eddy. In this
study, assume approximately constant mesoscale eddies in the
idealized simulation, while employ the time-varying current in
the realistic simulation; we demonstrated the structure of the
mesoscale eddies using a Lagrangian analysis. We also provide
estimates of the computational error obtained using different ex-
perimental settings to improve the reliability of our results.

This paper is arranged as follows. In Section 2, we introduce
the Lagrangian calculation tool. In Section 3, we analyze the ideal
eddy as an application of this tool. In Section 4, we analyze the
AE/CE pair as an application of this tool. In Section 5, we provide
a summary and identify future research topics.

2 Introduction to the Lagrangian analysis method

The Lagrangian calculation tool implemented here (van Se-
bille et al., 2018) begins with an analysis the output from general
circulation models (i.e., general ocean circulation model or gen-
eral atmospheric circulation model) or other velocity data. The
velocity would be interpolated into the coordinate redefined for
further analysis. Usually, the interpolation methods in the hori-
zontal directions (i.e., bilinear interpolation) are different from
that in the vertical direction (i.e., tension spline curve). The dis-
tance that the particle undergoes is estimated with implicit, expli-
cit or semi-implicit iterative methods (i.e., 4th order Runge-Kutta
scheme (RK4)) both in the spatial and temporal dimensions. To-
gether with the initial location and the movement vector, the new
transient location of the particle is estimated. The Lagrangian tra-
jectory of the particle is depicted with a considerable number of
transient locations.

When the actual trajectory of a particle is divided into n parts,
each part of its trajectory can be viewed as the journey of the
particle during a short period. Considering that the particle has a
velocity of (u,,v,,w,) and undergoes a period of 8¢ from (u,,v,,w,)
to (Uy,,1, V1 Wy, ), there is

Xp4+1 = Xp + U,0t, 1)
Ynt1 =Yn + v, 01, )
Zny1 = Zn + WndF, 3)

Realistically, the current varies in different locations and its
trajectory during a given period may be a curve. Furthermore, we
considered that each particle has the same velocity during one
time step in the model; thus, a computational error (Fig. 1) was
introduced using the Lagrangian calculation. Fortunately, as long
as we employ a small time step and use the Lagrangian calcula-
tion within a reasonable period, we can maintain the computa-
tional error within an acceptable range. When we demonstrate
the 3D structure of the eddy using Lagrangian calculations in the
following sections, we always maintained a sufficiently short time
step and integral period to maintain acceptable computational
€erTorS.
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Fig. 1. Figure of the trajectory during the (n+1)th timestep: (),
represents the particle’s actual location after the (n+1)th time
step, while (), represents the particle’s location calculated by
the Lagrangian calculation tool.

The Lagrangian calculation tool used in this study is the Lag-
rangian TRANSport model (LTRANS), which is an off-line
particle-tracking model that runs with the stored predictions of a
three-dimensional (3D) hydrodynamic model, i.e., Regional
Oceanic Modelling System (ROMS, Shchepetkin and McWilli-
ams, 2005; Lemarieé et al., 2012). LTRANS can simulate passive
particles or particles with sinking or floating behaviors, i.e., sedi-
ment, oil droplets or planktonic organisms (we used the passive
particle option in this study). LTRANS is designed to track the tra-
jectories of particles in three dimensions.

In this study, ROMS was employed to simulate the idealized
and realistic mesoscale eddies. However, the method of produ-
cing these eddies is not a focus of this study. As a result, addition-
al details on the production of the idealized mesoscale eddy with
ROMS is introduced in Appendix A. The Eulerian analysis of the
idealized mesoscale eddy is also described in Appendix A. Simil-
arly, more detail about how we reproduce the AE/CE eddy pair
off the central Vietnam with ROMS-4DVAR is introduced in Ap-
pendix B. Eulerian analysis of the AE/CE eddy pair is also presen-
ted in Appendix B.

3 Demonstrate the refined structure of cyclonic mesoscale ed-
dies over a seamount via a Lagrangian analysis

In order to apply a Lagrangian analysis to the mesoscale eddy,
we first employed an idealized mesoscale eddy, whose structure
is clearer and simpler than the realistic oceanic mesoscale eddy.
The idealized mesoscale eddy was produced by the generation
mechanism of baroclinic instability, we also employed a
seamount to ensure that this eddy did not move.

The primary mesoscale eddy was located in the middle of this
domain, where the seamount is set beneath. The current moved
cyclonically (Fig. 2a, vector), which indicates a positive vorticity
(Fig. 2a, shading). To better depict the outline of the mesoscale
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eddy, the eddy boundary is defined as follows (Okubo, 1970;
Weissa, 1991):
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Fig. 2. The distributions of the surface current and vertical vorti-
city (a); the eddy boundary (green contours) at different layers
(b); and the vertical vorticities in different layers (c).

eddy boundary = —0.6 x std (W), %)

where sy, and s, are the shear and strain deformation, respect-
ively, ('is the vertical component of vorticity, and std(W) is the
standard deviation of W.

Based on the eddy boundary definition, the diameter of the
primary eddy is approximately 29 km at the surface (Fig. 2a,
green line). The eddy boundary definition is applied to the lower
layers, and the outline of the mesoscale eddy is depicted (Fig. 2b,
green line). The eddy was nearly a cylinder above 180 m and then
shrank at greater depths, and its diameter was only 3 km at a
depth of 210 m before it widened to 13 km at a depth of 245 m.
The distribution of the vorticity suggested that the current moved
cyclonically above 180 m and moved anticyclonically in lower
layers (Fig. 2c). The current moved faster at the surface and
slower in deeper layers; and the distribution of the current speed
was similar in each layer (not given).

3.1 Experiment settings for Lagrangian analysis of idealized meso-
scale eddy

Using the Lagrangian analysis, we first studied the two-di-
mensional (2D) structure. By assuming that particles were al-
ways floating in the same layer, we neglected vertical motion for
the sake of simplicity. As the computational error increased with
faster flow, the surface and bottom layers were chosen for
demonstration. Since the velocity distribution was similar in the
upper layers, we felt that the surface layer was a good choice. In
Expl and Exp2, the time steps were set to 60 s. We also chose 5
additional time steps ranging from 1 to 600 s to test the sensitiv-
ity of the computational error. At the sea surface, we released the
particles outside the mesoscale eddy (Expl and Assum Expl). At
the bottom layer, we released the particles near the seamount
(Exp2 and Assum Exp2). Assum Exp* indicates the sensitivity ex-
periments of Exp*. More details are shown in Table 1.

In the 3D structure demonstration, we added vertical motion.
To assess the sensitivity of the computational error, we used 6
time steps ranging from 1 to 600 s as in the 2D structure experi-
ment. To demonstrate the 3D structure of the mesoscale eddy or
visualize the upwelling and downwelling, we released the
particles at the surface eddy boundary (Exp3 and Assum Exp3)
and in the bottom layer (Exp4, Assum Exp4, Exp5 and Assum
Exp5) and chose the particles that formed the mesoscale eddy for
analysis. More details are shown in Table 1.

As the experiment used in this study is idealized, we assumed
that the trajectory calculated with a time step of 1 s approximates
the “real trajectory”, which is much smaller than the actual time
step in the ROMS model (15 s) and was used to estimate the com-
putational error obtained with different time step selections.

Table 1. Experimental settings for the Lagrangian analysis applied to the idealized mesoscale eddy

Name Displayed dimensions ~ Time step/s Location where particles released Integration period/h Released particle number
Expl 2 (x-y) 60 surface eddy boundary 800 1000
Exp2 2 (x-y) 60 the bottom of the seamount 800 1000
Exp3 3 (x-y-2) 30 surface eddy boundary 800 5000
Exp4 3 (x-y-2) 30 upwelling zone at the bottom layer 800 10 000
Exp5 3 (x-y-2) 30 the bottom of the seamount 800 10 000

Assum Expl 2 (x-y) 1, 5, 30, 300, 600 surface eddy boundary 800 100x5
Assum Exp2 2 (x-y) 1, 5, 30, 300, 600 the bottom of the seamount 800 100x5
Assum Exp3 3 (x-y-2) 1, 5, 60, 300, 600 surface eddy boundary 800 100x5
Assum Exp4 3 (x-y-2) 1,5, 60,300,600 upwelling zone in the bottom layer 800 100x5
Assum Exp5 3 (x-y-2) 1, 5, 60, 300, 600 the bottom of the seamount 800 100x5
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3.2 Two-dimensional structure of the eddy

We released the particles at the boundary of the mesoscale
eddy at the sea surface (Expl), and the particles started to move
close to the center of the eddy. Meanwhile, the particles rotated
cyclonically (Fig. 3a). The particles arrived at the center of the
eddy in 400 h. We performed the same experiment in the lower
layers of the eddy; as long as the vorticity was positive, the traject-
ories of the particles shared similar velocity distributions.

70 400
350
300
250
=
§ 50 200 2
= =
150
100
50
30
100 ¢ 400
b .
300
<
§ 50 | 200
= =
100
0 )

x/km

Fig. 3. Horizontal movements of the particles (dots) and eddy
boundary (green line) in the surface and bottom layers are shown
in a and b, respectively.

We released the particles at the bottom of the seamount (Fig. 3b,
Exp2), and they moved against the seamount and remained
where upwelling eventually occurred. In the south-north direc-
tion, the particles moved in the direction of upwelling. In the
east-west direction, however, when the particles reached the up-
welling zone, they moved towards the center of the upwelling
and rotated cyclonically based on the vorticity distribution. The
particles remained nearly static after 250 h and 400 h in the
south-north and east-west directions, respectively.

3.3 Three-dimensional structure of the eddy

The calculation of 3D flow became more complex, and the
computational error grew to reach unexpected values. To de-
scribe the eddy structure, we should explain two important fea-
tures. First, we should describe how the particles moved in the
mesoscale eddy. The Eulerian view (Appendix A) suggested that
downwelling occurred inside the primary mesoscale eddy. We re-
leased the particles at the sea surface and outside the mesoscale
eddy (Exp3). Over time, the particles sunk down to lower layers
due to downwelling (Fig. 4a), and the color distribution in the
vertical direction suggested that the vertical velocity in the meso-
scale eddy was relatively uniform. The particles also rotated cyc-
lonically as they moved towards the center of the eddy and

reached the central part in 400 h. When the particles reached the
seamount, which was located outside the eddy, the particles sunk
along the slope, reached the bottom layers, and moved upwards
due to upwelling. We also released particles close to the bound-
ary of the mesoscale eddy in lower layers, and most of these
particles shared similar trajectories.

The particles released at the surface demonstrated the struc-
ture inside the mesoscale eddy. Next, we demonstrated the
source of these particles as a second feature of the mesoscale
eddy. We released the particles in the upwelling zone at the bot-
tom layer (Exp4, Fig. 4b), and their trajectories were different
with those released at the bottom of the seamount (Exp5, Fig. 4c).
These trajectories suggested that the particles released in the up-
welling zone could flow to the surface layer. A vertical view sug-
gested that these particles moved upward to the surface via up-
welling near the north-south boundary and in the center of the
upwelling zone on the eastern and western sides of the seamount
(Fig. 4d), where these particles eventually remained in the 2D ex-
periment (Fig. 3b). Another issue we found is that the particles
entered the eddy in different layers. The lower the layer in which
the particles entered the eddy was, the shorter the period they
needed. We released the particles in different layers, and some of
them entered the mesoscale eddy while the rest remained out-
side the mesoscale eddy. However, the results suggested that
only the particles released in the upwelling zone at the bottom
layer could travel back to the surface layer.

The 3D structure of the mesoscale eddy was described as the
rotation and then sinking of the water inside the eddy down to its
lower layers. The water flowed out from the bottom of the eddy
and along the slope of the seamount to reach the bottom layer.
Because of strong convergence, the water outside the eddy was
sucked into the eddy in its upper layers, and it was compensated
by the water particles transported by upwelling from lower layers
or by downwelling from upper layers (not shown). However, the
source of the water in the surface layer could only be derived
from the bottom layer and transported via upwelling surround-
ing the mesoscale eddy.

3.4 Computational error estimate and discussion

Sensitivity experiments, which are introduced in Table 1,
were employed for estimating and discussing the computational
€erTor.

3.4.1 Time step and integration period

In the 2D experiments (Exp1l, Assum Exp1l, Exp2 and Assum
Exp2), the computational errors generally increase with larger
time steps. At the sea surface (Expl and Assum Exp1, Fig. 5a), the
magnitude of the computational error always maintained at a
small amplitude (no more than 0.045 km) in the convergent flow.
However, the computational errors grow gradually in the bottom
layer (Exp2 and Assum Exp2) since divergent flow occurs. The
computational error grew as much as 6 km (Fig. 5b), which was
100 times greater than that at the sea surface. However, we found
that when the time step was smaller than 60 s, the maximum
computational error was no more than 1 km, which meant that
the particles may have stayed in the same grid and shared the
same physical features. In conclusion, we suggest that the time
step in the Lagrangian analysis of 2D flow should be smaller than
60 s and that the trajectory should be calculated over a long time
period (e.g., 500 h).

In the 3D experiments, the computational errors grew slowly
in a convergent flow (Exp3 and Assum Exp3, Fig. 5¢). When the
particles moved in the eddy with an integration period of less
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Fig. 4. Particles released outside the surface eddy boundary (Exp3) and their tracked trajectories (a) particles released in the
upwelling zone at the bottom layer (Exp4) and their tracked trajectories (b), particles released at the bottom of the seamount (Exp5)
and their tracked trajectories (c),and vertical view of b and the depth-averaged vertical velocity (shading, unit: 0.1 mm/s (d).

than 450 hours, the computational error was always maintained
below 1 km. Outside the eddy (Exp4, Assum Exp4, Exp5 and As-
sum Exp5), however, the computational error increased up to 40
km (Fig. 5d) after 450 hours of integration. When the time step
was smaller than 60 s, the computational error could be main-
tained at small values for a long period. In contrast, when the
time step was longer than 300 s, the computational error grew
significantly and could not be ignored in a short integration period.

We need to make a note here. The discussion above focused
on the worst trajectory simulation. However, for most (85%) of
the particles’ trajectories, the computational error could always
be maintained below 2 km over 800 h of integration when the
time step is smaller than 60 s (not given). In summary, when the
time step of the Lagrangian analysis is no more than 60 s, the
simulations of most of the particles’ trajectories are acceptable. If
we only integrate the Lagrangian analysis for 450 h, nearly all the
trajectories are acceptable.

3.4.2 Current features

The computational error is determined not only by the model
setting (i.e., the time step and integration period) but also by the
current features. In this study, we checked several current fea-
tures, such as divergence, vorticity, vertical velocity shear and
current speed. In general, the correlation coefficient between the
current feature and the growth rate of the computation error in-
creases (Fig. 6), as the time step gets larger (larger computational
error). The growth rate of the computational error is equivalent

to growth of the computational error during a short period, i.e.,
1 hour. In the upwelling, the correlation coefficient between the
divergence (Fig. 6a; vertical velocity shear, Fig. 6b; current speed,
Fig. 6c) and the growth rate of the computational error is more
than 0.2 (0.17, 0.07), which indicates that a faster current or flow
with larger vertical shear and divergence may increase the com-
putational error. On the other hand, the correlation coefficient
between the vertical vorticity and the growth rate of the compu-
tational error (Fig. 6d) is nearly -0.08, which means that strong
anticyclonic rotation may increase the computational error. In
the downwelling, the correlation coefficient between the diver-
gence (Fig. 6e; vertical velocity shear, Fig. 6f) and the growth rate
of computational error is nearly 0.18 (0.27), which is consistent
with the results in the upwelling. However, the correlation coeffi-
cient between the current speed and the growth rate of computa-
tional error (Fig. 6g) is -0.02, which is inconsistent with the result
for the upwelling, and the relation is not significant. The correla-
tion coefficient between the vertical vorticity and the growth rate
of computational error (Fig. 6h) is only -0.14, which is much
smaller than that in the upwelling. As a result, we conclude that
the growth rate of computational error is determined by the di-
vergence and vertical velocity shear, and it may also be influ-
enced by the vertical vorticity. However, the current speed may
not determine the growth rate of the computational error. (Note:
Because the number of the samples is as large as 80 000, when
the correlation coefficient is larger than 0.06, it should achieve
significance based on the #-test.)
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4 Demonstrate the dipole structure of cyclonic and anticyc-
lonic eddies near Vietnam with Lagrangian analysis

West part of SCS (4°-18°N, 106°-116°E) was simulated with
the regional ocean model ROMS, which has a horizontal resolu-
tion of (1/20)°. An additional strong constraint 4D-Var (I4DVAR)
scheme (Moore et al., 2011) is also implemented to perform the
data assimilation with the satellite observations (sea surface tem-
perature (SST), sea level anomaly (SLA)) and in situ T/S profile
(Argo, Conductivity-Temperature-Depth recorder (CTD) and
etc.). More details are presented in Appendix B.

The AE/CE pair located in the region of (8°-14°N, 109°-113°E)
(Figs 9 a and b) is consistent with the observations through the
whole September. Take the current distribution on September
13, 2013 as a typical example. The eddy boundary defined here is
not OW, and we followed the definition by Dong et al. (2012) and
Nencioli et al. (2010). The AE mainly occurred in the upper 350
m. Across the AE/CE pair (Fig. 7a, green line), there is eastward
flow in the south (north) part of the CE (AE), while westward flow
(Fig. 7c) appears in the north (south) part of the CE (AE), which
indicated that the current rotated cyclonically (anticyclonically)
in the CE (AE). As a result, downwelling (upwelling) appeared in
the AE (CE), although the vertical motion is not totally horizont-
ally uniform inside the eddies. Disturbed by the vertical flow, the
isotherms (Fig. 7d, blue contour) sank (lifted) in the AE (CE). Al-
though the AE is stronger than the CE and has a larger radius
(Fig. 7a), the CE (Fig. 7b, blue line) extended to deeper layers
than the AE (more details are shown in Appendix B).

4.1 Lagrangian analysis experiment settings

Following Section 4.1, we first studied the 2D structure of the
AE/CE pair. The scenario can be viewed as we tracked the float-
ing tracers (i.e., Argo, glider) in the same layer. Thus, we neg-
lected vertical motion and released the particles at the upper lay-
er (z=-28 m, where the vertical motion began to become signific-
ant in CE, |w|> 0.124 mm/s) between the eddy center and eddy
boundary both in the AE and CE (Exp6, current is considered as
constant as that on September 13, 2013). In Exp6, the time step
was set to 60 s. We also selected another 5 time steps ranging
from 1 to 600 s to test the sensitivity of the computational error.
The sensitivity experiments were named as Assum Exp6, which
were corresponding to Exp6. More details are shown in Table 2.

In the 3D structure demonstration, we added vertical motion.
To assess the sensitivity of the computational error, we used 6
time steps ranging from 1 to 600 s as in the 2D structure experi-
ment. The particles are released in the whole layers both in the
CE (Assum Exp7) and in the AE (Assum Exp8). However, to bet-
ter reveal the realistic water motion inside the dipole eddy-pair,
we applied the Lagrangian analysis to time-varying current field,
which is from the realistic simulation results, to demonstrate the
3D structure of the mesoscale eddy. We released the particles at
the same location as Exp6 (only in the AE, Exp7). We also re-
leased the particles at the lower layer of AE (z=-352 m, where it is
the bottom of CE, Exp8) and selected the particles that formed
the mesoscale eddy for analysis. In the Exp7 and Exp8, we re-
leased the particles on September 1, and the Lagragian analysis is
integrated through the whole September, with the correspond-
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Fig. 6. Correlation coefficients between the growth rate of the computational error and the current features in the AE are estimated.
Current features include the divergence (% + %) (a), vertical shear ( 87‘/ _ Buﬁ a ZID (b), current speed (‘ V‘ )u? + lﬂ)
X y

0z
(c), and vertical VOI‘thll’y( gv gu) (d), and we also consider the nth power of the variable (n=0.5, 1, 2, 3, 4, 5, 6; however, we always
x y

kept the sign of the variable). e, f, g, h are same as a, b, ¢, d but are correlation coefficients in the CE. The blue, cyan, green, orange, and
red lines indicate the correlation coefficient obtained using the time steps of 600, 300, 60, 30 and 5 s, respectively.
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Table 2. Experiment settings for the Lagrangian analysis applied to the eddy pair simulation (Vietnam dipole)

Name dl?lsplayed Time step/s Location where particles released Integratlon Released particle
imensions period/h number
Exp6 2 (x-y) 60 z=-28 m, AE, CE, in the middle between 1440 5600x2
the eddy center and the eddy boundary
Exp7 3 (x-y-2) 30 same as Exp6, but only in AE 720 6000
Exp8 3 (x-y-2) 30 z=-352 m, CE, in the middle between the 720 6000
eddy center and the eddy boundary
Assum Exp6 2 (x-y) 1, 5, 30, 300, 600 same as Exp6 1440 600x5
Assum Exp7 3 (x-y-2) 1,5, 30, 60, 300, 600 through the layer z=-28 to z=-352, in the 1440 300x6
middle between the eddy center and the
eddy boundary, but only in CE
Assum Exp8 3 (x-y-2) 1, 5, 30, 60, 300, 600 same as Assum Exp7, butin AE 1440 300x6
ing simulation. However, the particles were eventually located in different

4.2 2D structure of the AE/CE pair

In the upper layer (z= -28 m, Exp6, Figs 8a, b), we release the
particles inside the AE and CE. Convergence occurs in the AE,
and the particles move closer to the center of the AE after 1 440-hour
integration (Fig. 8a), whereas divergence occurs in the CE, and
the particles spread toward outside the CE, and reached as far as
200 km after 1 440-hour integration (Fig. 8b). Meanwhile, the
particles rotated anticyclonically.

4.3 3D structure of the AE/CE pair

Based on the distribution of the flow, the particles motion was
relatively simple in the AE/CE eddy pair. Particles were released
in the upper layer of AE (Exp7, Figs 9a, b) and sank to lower lay-
ers gradually since there was mostly downwelling inside the AE.

depths at the end of the experiment, which indicated that vertic-
al motion is not horizontally uniform inside the AE. A typical
particle can well demonstrate how the flow moved inside the AE,
and we found that the particle sank from -28 m to -262 m (Fig. 9b)
and rotated anticyclonically.

Similarly, particles were released in the lower layer of CE
(Exp8, Figs 9c, d) and gradually moved upward to upper layers
(Fig. 9¢). The wavy distribution in the vertical direction sugges-
ted that the upwelling is not horizontally uniform inside the CE.
We also employed one particle to demonstrate the structure of
the flow inside the CE (Fig.9d). We found that the particle rose
from -352 m to shallower than -52 m after 720 hours of integra-
tion, and it rotated anticyclonically. The results suggested that
vertical motion is stronger in the AE than the CE, which is con-
sistent with our earlier conclusion. On the other hand, we found
that fluid exchange did not occur between the AE and CE. The
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boundary jet likely separates these two eddies and made them in-
dependent from each other.

4.4 Computational error and sensitivity test
Sensitivity experiments, which are introduced in Table 2,
were employed to estimate and discuss the computational error.

4.4.1 Time step and integration period

In the 2D experiment, the computational error is always
maintained at a very small value in the convergent flow (Fig. 10a),
even when we use a time step as large as 600 s. In the divergent
flow, however, the maximum computational error is much larger
(Fig. 10b), and few flows have a computational error as large as
200 km after 1440 hours of integration. In the 3D experiments,

the computational errors grew very slowly in the CE (Assum
Exp7, Fig. 10c). When the particles moved in the eddy with an in-
tegration period of less than 1000 hours, the computational error
was always maintained below 5 km. Actually, 85% of the particles
can always maintain computational errors smaller than 5 km in
the 1440-hour integration when the time step is no more than 60 s
(not given). In the AE (Assum Exp8, Fig. 10d), the results are
nearly the same. When the time step is smaller than 60 s, the
maximum computational error in all particles could be main-
tained smaller than 25 km over a long integral period (i.e.,
2 months). Moreover, more than 85% of particles could maintain
computational errors smaller than 5 km. However, when the time
step was larger than 300 s, the computational error grew fast and
reached values as high as 300 km during the 1 440 h integration.
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Compared with the computational errors in the idealized
simulation and the realistic simulation, we found that the com-
putational error is much smaller in the realistic simulation dur-
ing the same integral period of the Lagrangian analysis. The main
reason for the smaller computational errors in the realistic simu-
lation analysis than in the idealized simulation analysis is be-
cause of the different horizontal resolution. The horizontal resol-
ution of the realistic simulation is five times of that of the ideal-
ized simulation. As a result, we suggest that the period of the Lag-
rangian analysis, which was applied to a 5 km-resolution dataset,
could be more than 2 months, whereas we chose a time step
smaller than 60 s for the Lagrangian analysis.

4.4.2 Current features

We also estimate how current features influence the compu-
tational error when the Lagragian analysis is applied to a realistic
simulation. In general, the correlation coefficient between the
current feature and the growth rate of the computation error in-
creased (Fig. 11) with a larger time step, which is consistent with
the conclusion in the idealized simulation. In the downwelling,
the correlation coefficient between the divergence (Fig. 11a; ver-
tical velocity shear, Fig. 11b) and the growth rate of the computa-
tion error was larger than 0.025 (0.05), and the sign was consist-
ent with the results in the idealized simulation. However, the cor-
relation coefficient between the vertical vorticity and the growth
rate of the computation error (Fig. 11c) was 0.01 and the sign was
opposite the result in the idealized simulation; thus, we think that
the relationship between the vertical vorticity and the growth rate
of the computational error was not significant. In the upwelling,

the correlation coefficient between the divergence (Fig. 11d; ver-
tical velocity shear, Fig. 11e) and the growth rate of the computa-
tion error was more than 0.11 (0.08), which is consistent with the
conclusions drawn in the idealized simulation. The correlation
coefficient between the vertical vorticity and the growth rate of
the computational error (Fig. 11f) was only -0.04. The results are
consistent with our previous conclusions.

The reason that the correlation coefficient is smaller in the
realistic simulation is that the sample number is four times lar-
ger than that in the idealized eddy. However, the opposite sign in
the vertical vorticity analysis indicates that it should be elimin-
ated from our consideration. Based on the results from the ideal-
ized simulation and realistic simulation, we found that the
growth rate of the computational error is mainly determined by
the divergence and vertical velocity shear, which means that the
computational error is more likely to increase under a more di-
vergent and stronger vertical diffusive flow.

5 Results and analysis

In this study, we analyzed an idealized mesoscale eddy and
performed a realistic simulation of the AE/CE eddy pair off the
central Vietnam. In the idealized simulation, a mesoscale eddy
was trapped over a seamount and downwelling (upwelling) ap-
peared over (along) the seamount. The downwelling (upwelling)
induced positive (negative) vorticity over (along) the seamount,
which drove the current to rotate cyclonically (anticyclonically).
In the AE/CE eddy pair, downwelling/upwelling appeared inside
the anticyclonic/cyclonic eddy since the convergence/diver-
gence appeared at the surface and divergence/convergence ap-
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peared in the lower layers. However, by applying the Lagrangian
analysis to the realistic eddy-pair, we suggested the readers to be
more careful, when select the position to put the tracers. As in the
real ocean, the vertical motion is not homogenous inside the
eddy, or even be in the opposite direction. Careless selection may
lead to wrong eddy structure demonstration.

Compared with previous studies, we described the eddy
structure to a greater extent using a Lagrangian view in several
ways.

In the Lagrangian analysis of the idealized mesoscale eddy,
the horizontal current was first demonstrated at the surface and
lower layers. The distribution of the particles, with their colors
varying over time along the trajectories, demonstrated how the
current converged to the center of the eddy at the surface and
converged to the upwelling zone in the bottom layer. The conver-
gence at the surface caused the particles to eventually accumu-
late in a small zone. Thus, the computational error always ap-
proached zero in long-term integrations. On the other hand, the

computational error was always larger in the bottom layer be-
cause the particles diverged rapidly due to the current distribu-
tion. In the realistic simulation, the particles converged (di-
verged) in the upper layer of the AE (CE) and diverged (con-
verged) in the lower layer of the AE (CE). The computational er-
ror is always larger in the divergent flow than in the convergent
flow, which is consistent with the results of the idealized simula-
tion.

The most important part of this study is that the 3D structure
of the mesoscale eddy was well demonstrated via the Lagrangian
analysis. In the idealized mesoscale eddy, we released particles at
the surface and tracked their trajectories in the following integra-
tion. The particles of different colors in different periods sugges-
ted that the current rotated and converged in the horizontal pan-
el and sunk down to lower layers inside the mesoscale eddy. The
particles stayed inside the eddy until they reached the bottom
and sunk along the seamount to lower layers. We also released
particles in lower layers outside the mesoscale eddies. The
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particles with different colors in different periods suggested that
the water in the lower layer compensated for the water being
sucked into the eddy via upwelling. However, the results sugges-
ted that only the water in the upwelling zone at the bottom layer
could move upward and return to the surface. In the dipole pat-
tern, we released the particles in the upper (lower) layer of the AE
(CE). The particles converged to the center of the eddy due to the
convergent flow; meanwhile, the particles sank (rose) to lower
(upper) layers due to the downwelling (upwelling) inside the AE
(CE). The patrticles of different colors in different periods sugges-
ted that the vertical motion inside the eddy pair is not horizont-
ally uniform.

In our realistic simulation, we also found that fluid exchange
does not occur between the AE and CE and the AE/CE pairs are
isolated by the northeastward jet between them. As a result, the
particles cannot move from the CE to AE and vice versa. Actually,
when the particles moved out of the eddies, they would move
northeastward carried by the boundary jet along the coast of Vi-
etnam.

We cannot compare the computational errors for the results
with different resolutions since we do not have an actual “real
value”. However, 85% of particles could maintain a computation-
al error below 3 km in the 3D experiments (1 km in the idealized
experiments) if we employed a time step of no more than 60 s
and even we integrated the information over 1440 h (60 d). If the
time step is no more than 60 s and the integral period is shorter
than 500 h, all the particles can maintain computational errors at
an acceptable value (i.e., 1 km). However, when the time step is
larger than 300 s, the computational error grows significantly in a
short period, which indicates that the trajectories are unconvin-
cing.

Further analysis suggested that the growth rate of the compu-
tational error was related to divergence and vertical velocity
shear. As the divergence (vertical velocity shear) increased, the
computational error increased. This relationship was more signi-
ficant with larger time steps. However, the growth rate of the
computational error was not as sensitive to the current speed or
vertical vorticity in this study.

The purpose of the study was to demonstrate the 3D struc-
ture of the mesoscale eddy from a Lagrangian perspective, and
we employed both an idealized simulation and a realistic simula-
tion. To simplify this analysis, we assumed that the eddy was con-
stant, which is unlikely to be realistic. However, we focused on
the Lagrangian trajectories and computational error growth rate,
which were both well presented in this study. Additionally, we
demonstrated the relative independence of Vietnam dipoles via
the Lagrangian analysis.

Because the Lagrangian analysis could adequately describe
the structures of the mesoscale eddies, which typically have
greater speeds and larger variations than usual currents, we
could confidently use the Lagrangian analysis to simulate the tra-
jectories of the particles in a predicted current with a suitable
time step and total integral period. The use of this Lagrangian
calculation tool in mesoscale current simulations will be studied
further in our future work.
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Appendix A: Mesoscale eddy simulation and analysis

Previous studies suggested there are three mesoscale eddy genesis mechanisms generally. The first one is the topography
variations in the bottom, which increases the vorticity and form mesoscale eddies via potential vorticity conservation ( Gula et al.,
2015, 2016). The second one is unstable energy induced by barotropic and/or baroclinic instability can help small scale turbulence
grow into mesoscale eddies ( Nakamura et al., 2012; Manucharyan and Timmermans, 2013; Manucharyan and Thompson, 2017). The
third eddy genesis mechanism is in the ice zone, as the momentum transferred from the wind is more efficiently via sea ice than to the
ocean directly, there is velocity shear at the ice boundary, which can be increased and form mesoscale eddies by nonlinear advection
of the current (Hiakkinen, 1986; Liu et al., 1993; Dai et al., 2017).

A mesoscale eddy generated by the first mechanism can be maintained in the same region. Mesoscale eddies generated by the
second mechanism form quickly but always move following the jet or the front. A great number of the eddies are produced at the same
time and can hardly be separated from each other. Mesoscale eddies produced by the third eddy genesis mechanism are generally
very weak, especially in deep water. As a result, we employ the second mechanism to generate mesoscale eddies with a numerical
ocean model and use topography to maintain the eddy in the same region.

Al Model and experiment settings

The numerical ocean model used in this study is the Regional Oceanic Modeling System (ROMS), which solves 3D hydrostatic
primitive equations (Shchepetkin and McWilliams, 2005) with vertical hybrid z-sigma coordinates (Lemarié et al., 2012). The
theoretical framework of this model is written as follows:
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where 7 = (u,v)is the current velocity vector; u, v, and w are the current velocities in the x, y and z directions, respectively; and @ is
the sea surface potential function, and fis the Coriolis parameter. In this case, f=0.000 1 s-!, addition, cis the tracer (i.e., temperature,
salinity), D¢ represents the tracer diffusion, Q¢is the source of the tracer. 7, is the wind stress exerted on the current, and pw and p, are
the water density and water reference density, respectively.

The model is configured on a 200 kmx100 km domain with a horizontal resolution of 1 km. There are 40 grid levels in the vertical
direction, spanning a total depth of 400 m. There, are north-south periodic boundaries and east-west periodic boundaries. In the
model run, the reference water density is 1 027.5 kg/m3. A front was located along the seamount in the initial field (Fig. Ala), and
another two fronts appeared as ellipses close to the seamount (Fig. A1b). In addition, the initial velocity fields are set to zero. A
constant and uniform wind (1.8 m/s, Fig. Alc, vectors) is applied to the entire domain, while a seamount is placed at the center of the
modeled region, with a total height of 150 m and a topography gradient of 5 m/km (Fig. Alc, shading). The model is integrated for 3
model days, although the result at the end of the 6th hour is used for more beautiful eddy structure (We aim to introduce a better
method of presenting the eddy structure instead of discussing the eddy evolution).

A2 Mesoscale eddy analysis

The fronts contained substantial amounts of available potential energy. However, they existed in an unstable state and slumped
over a short time. After 6 hours of integration, the front over the seamount diminished significantly (Fig. A2a). Two fronts near the
seamount diminished and were separated into a few segments (Fig. A2b). When the density over the seamount was larger than that of
the surrounding water, downwelling occurred (Fig. A2c). Close to the seamount, lighter and denser water corresponded to upwelling
and downwelling, respectively (Fig. A2c). When the fronts slumped due to gravity, the available potential energy was converted into a
current, which helped the turbulence grow into a mesoscale eddy. The primary eddy grew over the seamount and was maintained
over the seamount. The downwelling determined the positive vorticity over the seamount, and the current rotated cyclonically
(Fig. A2d).

In a 3D structure, the downwelling over the seamount and the upwelling along the seamount dominated the entire column (Fig.
A3a, b). On the eastern and western sides of the seamount, mixing occurred with upwelling and downwelling. Due to the distribution
of upwelling and downwelling, a convergence formed at the bottom of the seamount (Fig. A3c, x=75 km and x=125 km) and a
divergence formed at the bottom of the downwelling (Fig. A3c, x=50 km and x=150 km). Due to vertical convection, the relative
vorticity was positive (negative) when there was downwelling (upwelling). Thus, du/dy is negative (positive) over (along) the
seamount (Fig. A3d). In contrast, dv/dx is positive (negative) over (along) the seamount (Fig. A3e). The currents mainly flow over the
seamount in the x direction, as v is small in the section x=100 km (Fig. A3f). Because baroclinic instability was dominant in this study,
the potential vorticity conservation law was invalid.
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Fig. Al. Distribution of the initial density across the section of y=51 km (a) and at a depth of 160 m (b); and distributions of the
bottom topography and the wind force (c).
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surface current and vertical vorticity (d).
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Appendix B: Eddy pair in the South China Sea

B1 Experiment settings

The west part of the SCS (4°-18°N, 106°-116°E) was simulated by ROMS (University of Rochester version), with a resolution of
(1/20°) in the horizontal direction and 48 levels in the vertical direction. To improve the accuracy of our simulation, a strong constraint
4D-Var (I4DVAR) scheme (Moore et al., 2011) was implemented into the ROMS to finish data assimilation with satellite observations
(sea surface temperature (SST) and sea level anomaly (SLA)) and in situ temperature/salinity (T/S) profile (Argo, Conductivity-
Temperature-Depth recorder (CTD), etc). The gridded bathymetric data from GEBCOO08 (https://www.gebco.net/data_and_products/
gridded_bathymetry_data/) with a minimum depth of 10 m and a maximum depth of 5 500 m were used for the topography. Three-
hourly wind (ERA-Interim, https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim) from the European Centre
for Medium-Range Weather Forecasts (ECMWF) was used as wind forcing. We employ open boundary condition in each boundary. At
the boundary, the current was relaxed to a climate status, which is satisfied with monthly reanalysis data (The Simple Ocean Data
Assimilation, SODA 3.3.1, https://www.atmos.umd.edu/~ocean/index_files/soda3.3.1_mn_download.htm). Along with model
integration, satellite SST from the Advanced Very High-Resolution Radiometer (AVHRR, ftp://eclipse.ncdc.noaa.gov), SLA from the
satellite derived Sea Surface Height above Geoid (AVISO, http://www.aviso.oceanobs.com/duacs/), in situ T/S profile data from
EN4.2.1 (http://hadobs.metoffice.com/en4/download.html) were assimilated and input into the ocean model every 4 d. The model
was integrated for 9 months, which started on January 1, 2013, while we employed the results from September 2013.
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B2 Three-dimensional structure of the eddy pair

In our simulation, the dipole structure of the eddy pair appeared off the central Vietnam during September, 2013 (Fig. Bla), which
is consistent with the observations (Fig. B1b). We also employ a trajectory of Argo No. 5904 191 (Fig. Blc, green line) at the layer of -1200
m through the whole September. The eddy captured by the Argo can also be found in our simulation (Fig. Blc, vector), although the
Argo located more to the west, because of the large horizontal decorrelation scale used in the assimilation setting. Back to the current
field, several eddies (not given) were observed with the eddy boundary definition. However, in this simulation, the boundary defined
with vector geometry method (Nencioli et al., 2010) proposed by Dong et al., (2012) can better capture the eddy features than the OW
method. The results suggested that only the primary AE/CE pair always stays in the region of (8°~15°N, 109°~114°E) through the whole
of September 2013.

The outline of the AE/CE pair (Fig. B2) suggested that the radius of the AE (Fig. B2a, red line) expanded to as much as 131 km
(average radius is 116 km), which is larger than the radius of the CE (110 km and 88 km for the maximum and average radius,
respectively, Fig. B2a, blue line), because the positive potential vorticity increased when the flow climbed over the seamounts by the
potential vorticity conservation law. However, the CE (Fig. B2b blue line) extended to deeper layers (1 000 m) than the AE (350 m). The
AE/CE pair on September 13, 2013 was chosen for better analysis since the eddies appeared as quasi-cylinders, which made the
analysis simpler.

In the profile (x=113°E, Fig. B3a), eastward flow occurred in the south (north) part of the CE(AE), while westward flow (Fig. B3b)
occurred in the north (south) part of the CE (AE), which indicated that the current rotated cyclonically (anticyclonically) in the CE
(AE). The zonal flow, which has a maximum velocity as high as 1.4 m/s, was nearly uniform in each layer above 350 m, as a result,
downwelling (upwelling, Fig. B3c) occurred in the AE (CE), although the vertical motion was not consistent inside the eddies.
Disturbed by the vertical flow, the isotherms (Fig. B3d) sank (lifted) in the AE (CE).

The profile of the eddies were separately checked (Figs B4a, b). As the current rotated anticyclonically in the AE, northward and
southward flows occurred in the west and east part of AE (Fig. B4c), whereas southward and northward flows occurred in the west and
east part of CE (Fig. B4d). For the vertical motion, the results were consistent with the meridional profile. There was approximately
uniform downwelling (Fig. B4e, upwelling, Fig. B4f) inside the AE (CE), although the downwelling inside the AE is more evident on
September 11, 2013 (not given).
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Fig. B1. Distribution of the SLA in our simulation (a) and the AVISO (b) on September 13, 2013, and the trajectory of Argo No.
5904191 (green line) through the whole September, 2013 and the current field at the layer of -1200 m (vector) on September 13, 2013 (c).
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Fig. B2. Vertical view of the eddy boundary of AE (red line) and CE (blue line) in each layer (a), and 3D structure of the eddy
boundary (b). The orange shading indicates the topography.
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centers of the two eddies; the vertical profile of the velocity in the zonal and vertical direction. (b and c) along the green line in a; The
red and blue dot lines presented the eddy boundary in each layer and the vertical profile of temperature and selected isotherms (d).
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Fig. B4. Vertical view of the eddy boundary of AE (red line) and CE (blue line) ineach layer are shown in a and b, green line indicates
the slice we choosein the AE (a) and CE (b). Along the green line in a and b, the vertical profileof the velocity in the meridional (unit:
m/s) and vertical direction (unit:0.1mm/s) are shown as shading in c, d, e and f, respectively, while the red and blue dot lines
presented the eddy boundary in each layer.



