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Abstract: The climatology of the mesoscale eddies in the upper layer of the South China Sea (SCS) is
investigated for an understanding of its genesis using the outputs from a 1/12.5◦ ocean reanalysis.
Employed is a recently developed multiscale energetics formalism on the basis of a multiscale
window transform (MWT) and the theory of canonical transfer. Three scale windows, namely,
background flow, mesoscale eddy and synoptic eddy, are differentiated, and fields on different scales
are reconstructed henceforth. Diagnosis of the mesoscale eddy energy budget reveals that barotropic
and baroclinic instabilities, wind work, advection and pressure work are essential ingredients of the
eddy energy sources and sinks in the SCS, but their contributions vary from region to region. In the
southwestern part of the SCS, the regional mesoscale eddy energy is mainly generated by barotropic
instability, while in the northeastern SCS, baroclinic instability and the wind working directly on
the eddies are the two dominant eddy generation processes. The eddies southwest of Taiwan are
damped by outward energy transport via advection, while the decay of those southeast of Vietnam
is due to pressure work. The three-scale framework also reveals that the interaction between the
mesoscale eddies and higher-frequency synoptic eddies mainly serves as a sink for the mesoscale
eddy energy in the SCS, except for the northeastern SCS, where significant inverse cascade of kinetic
energy is found.

Keywords: South China Sea; multiscale window transform; canonical transfer; multiscale energetics

1. Introduction

The South China Sea (SCS) is the largest marginal sea in the northwestern Pacific
(Figure 1). Both observations and simulations report that the surface large-scale circulation
in the SCS is featured by the SCS western boundary current [1] and the Kuroshio intru-
sion [2]. Embedded in the large-scale currents are mesoscale eddies with scales of hundreds
of kilometers and several months. It is reported that these eddies cover 9.8% of the SCS
deep water area [3], serving as key contributors in transporting material and energy [4].
Statistical studies demonstrate that mesoscale eddies, though they may occur everywhere,
are concentrated mainly in the southwest and the northeast in the SCS. Eddy probabilities of
40–70% southeast of Vietnam and 35–60% southwest of Taiwan, respectively, are estimated
from satellite observations [5]. Correspondingly, the mesoscale eddy kinetic energy (EKE)
in the SCS manifests a similar distribution as mesoscale activities, with centers of high
values located southeast of Vietnam and southwest of Taiwan [6,7]. These two eddy-active
regions are where strong background flows, namely the SCS western boundary and the
intruded Kuroshio in the SCS, reside.
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Figure 1. Topography from ETOPO1. TW, LS and VTN denote Taiwan, the Luzon Strait and Vi-
etnam, respectively. 

According to classical instability theories, the generation and development of eddies 
are closely related to the instability of the background flows. As far back as 1974, Gill et 
al. [8] showed that the available potential energy (APE) in the large-scale circulation was 
of the order of 1000 times the kinetic energy (KE); the abundant APE stored in the mean 
circulation could be released via baroclinic instability to feed eddies. This energy pathway 
has been confirmed in the global ocean by a variety of subsequent works (e.g., [9,10]), and 
also in the SCS [11]. Yang et al. [11] estimated the energy budget of mesoscale eddies in 
the SCS based on a high-resolution ocean general circulation model and suggested that 
60% of the mesoscale eddy energy in the SCS was attributed to the release of large-scale 
APE via baroclinic instability. Using linear instability theory, Chen et al. [12] and Wang et 
al. [13] considered baroclinic instability as the dominant mechanism for the seasonal 
mesoscale variability in the southwestern and northeastern SCS. Compared to baroclinic 
instability, the role of barotropic instability, which is classically defined in association 
with the release of the KE of the mean flow, in governing mesoscale variability has long 
been overlooked. Recently, several studies revealed that barotropic instability equally par-
ticipates or in some cases dominates the variability of mesoscale eddies in several ocean 
sectors [14–16], including the SCS [4]. 

In recent years, the energy cascading processes in multiscale oceanic systems have 
been widely investigated thanks to the rapid development of high-resolution simulations 
and satellite observation. Scott and Wang [17] and Scott and Arbic [18] reported a net 
inverse cascade from mesoscale to larger spatial scales in the ocean. These results imply 
that mesoscale eddies could modulate the structure and variability of the large-scale 
flows. In a similar way, motions with smaller scales can feed mesoscale eddies via inverse 
cascade. Using a 1/12° global ocean general circulation model, Sérazin et al. [19] reported 
a spatiotemporal cascade from high-frequency frontal Rossby waves to the lower-fre-
quency westward-propagating mesoscale eddies in the midlatitude North Pacific. Most 
recently, Yang and Liang [20] applied a novel multiscale energetics analysis tool to the 

Figure 1. Topography from ETOPO1. TW, LS and VTN denote Taiwan, the Luzon Strait and Vietnam,
respectively.

According to classical instability theories, the generation and development of eddies
are closely related to the instability of the background flows. As far back as 1974, Gill
et al. [8] showed that the available potential energy (APE) in the large-scale circulation was
of the order of 1000 times the kinetic energy (KE); the abundant APE stored in the mean
circulation could be released via baroclinic instability to feed eddies. This energy pathway
has been confirmed in the global ocean by a variety of subsequent works (e.g., [9,10]), and
also in the SCS [11]. Yang et al. [11] estimated the energy budget of mesoscale eddies in the
SCS based on a high-resolution ocean general circulation model and suggested that 60% of
the mesoscale eddy energy in the SCS was attributed to the release of large-scale APE via
baroclinic instability. Using linear instability theory, Chen et al. [12] and Wang et al. [13]
considered baroclinic instability as the dominant mechanism for the seasonal mesoscale
variability in the southwestern and northeastern SCS. Compared to baroclinic instability,
the role of barotropic instability, which is classically defined in association with the release
of the KE of the mean flow, in governing mesoscale variability has long been overlooked.
Recently, several studies revealed that barotropic instability equally participates or in
some cases dominates the variability of mesoscale eddies in several ocean sectors [14–16],
including the SCS [4].

In recent years, the energy cascading processes in multiscale oceanic systems have
been widely investigated thanks to the rapid development of high-resolution simulations
and satellite observation. Scott and Wang [17] and Scott and Arbic [18] reported a net
inverse cascade from mesoscale to larger spatial scales in the ocean. These results imply
that mesoscale eddies could modulate the structure and variability of the large-scale
flows. In a similar way, motions with smaller scales can feed mesoscale eddies via inverse
cascade. Using a 1/12◦ global ocean general circulation model, Sérazin et al. [19] reported a
spatiotemporal cascade from high-frequency frontal Rossby waves to the lower-frequency
westward-propagating mesoscale eddies in the midlatitude North Pacific. Most recently,
Yang and Liang [20] applied a novel multiscale energetics analysis tool to the Kuroshio large
meander and found that during large meander events, high-frequency synoptic motions



J. Mar. Sci. Eng. 2022, 10, 188 3 of 15

tend to feed mesoscale eddies via inverse KE cascade. Thse two studies remind us to
consider high-frequency synoptic eddies as a potential energy source of mesoscale eddies
in the SCS.

Apart from the above-mentioned internal processes such as instabilities and scale in-
teractions, external atmospheric forcing has long been considered as an important factor in
generating mesoscale eddies. Early works (e.g., [21,22]) suggest the dominance of direct wind
forcing on eddy generation in regions with low eddy activity. Subsequent studies [23–25]
reveal a high correlation between wind stress and oceanic EKE in regions with weak back-
ground circulations. Recently, several studies based on satellite observations reported that
wind forcing acts to damp mesoscale eddies in major western boundary currents and in the
Southern Ocean as a result of wind-current effect [26,27]. As for the SCS, the wind effect
on EKE is still a topic of ongoing research. A high correlation between the wind power
input and the EKE southeast of Vietnam is revealed by [11], suggesting that the seasonal
variability of the mesoscale eddies in that region is modulated by wind forcing. However,
according to [6], most of the wind power input does not go directly into mesoscale currents
in the SCS; it first drives the large-scale circulation and subsequently feeds eddies through
internal instabilities.

Mesoscale eddies are active mainly in the northeast and the southwest of the SCS. The
generation and development of mesoscale eddies involve complicated processes, including
internal multiscale interactions and external wind effects. Previously, we investigated the
seasonality of the eddy energies [28]; this study aims to give a systematic investigation of
their climatology and the governing mechanisms. We use a recently developed analysis
tool, namely multiscale window transform (MWT) [29], to decompose the original fields in
the SCS onto three scale windows that are defined as the background flow window, the
lower-frequency mesoscale eddy window and the high-frequency synoptic eddy window,
respectively. Applying the MWT-based theory of canonical transfer [30], we quantitively
depict the scenario of the energy pathways, attempting to systematically explain the
regional variation of the mesoscale EKE in the SCS. In Section 2, a brief introduction of the
MWT and the MWT based canonical transfer theory and the dataset are provided. The
main results are presented in Section 3. The study is summarized in Section 4.

2. Methods and Materials
2.1. Methodology
2.1.1. Multiscale Window Transform

Multiscale window transform (MWT) is a functional analysis tool developed by Liang
and Anderson in 2007 [29]. With MWT, a function space could be orthogonally decomposed
into a direct sum of several subspaces, each containing a specific range of scales which
is referred to as a scale window or simply a window [29]. It is found that for a class
of specially devised orthogonal filters, there exists a localized (here localized means “time-
varying”, since the scale separation in this study is conducted in the frequency domain)
transform-reconstruction pair which is the MWT and the multiscale window reconstruction
(MWR). The MWR is analogous to a filtered field. What makes MWT different from
traditional filters is that it yields a corresponding transform coefficient, which is essential
to obtain the multiscale energy. Given a time series S(t), the MWR on a specific scale
window v is denoted as S∼v(t). Correspondingly, there is a transform coefficient Ŝ∼v

n

on window v. The localized energy on window v proves to be
(
Ŝ∼v

n
)2 [29]. Note that

it is by no means equal to [S∼v(t)]2, as commonly used in literature. As mentioned in
the introduction, we decompose the current system in the SCS into three scale windows
which are defined as the background flow window, the mesoscale eddy window and the
high-frequency synoptic eddy window. For reference convenience, the three scale windows
are symbolically signified as window v = 0, 1, and 2, respectively.
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By applying MWT on both sides of the primitive equations for ocean, one can derive
the energy equations on window v. Readers may refer to [30] for more details. The KE and
APE equations on window v are as follows

∂Kv

∂t
= Γv

K −∇·Qv
K −∇·Qv

P + bv + Fv
K , (1)

∂Av

∂t
= Γv

A −∇·Qv
A − bv + Fv

A , (2)

Notice the time step n is omitted for notational brevity. In the equations,

Kv = 1
2

^
v
∼v

h ·
^
v
∼v

h and Av = g2

2ρ0
2 N2 (ρ̂

∼v)2 are the multiscale KE and APE on window
v, respectively, where vh is the horizontal velocity, ρ0 is the constant reference density
(=1025 kg/m3), N is the buoyancy frequency and ρ is the density perturbation over a
reference density profile (chosen as the time and area mean of the density). The terms with
Hamiltonian operators, namely −∇·Qv

K , −∇·Qv
A and −∇·Qv

P stand for the divergence of
KE, APE and pressure flux, respectively; bv represents buoyancy conversion connecting
Kv and Av, and the last terms on the right-hand sides are for the forcing and dissipation
processes which are considered as a residue from the respective budget equations. In this
study, the wind work done to the surface current on a scale window v is also investigated,
which, following [31], is expressed as 1

ρ0
v̂0
∼v ·τ̂∼v, where v0 is the surface geostrophic ve-

locity and τ the surface wind stress. Unlike the above processes occurring on the same scale
window, the Γ terms in Equations (1) and (2) represent energy transfers across different
scale windows, which is termed as canonical transfer by Liang [30].

2.1.2. Canonical Transfer Theory

Cross-scale energy transfer arising from the nonlinear advection in the momentum
equation is an important process in fluid dynamics. To separate the transfer from the
spatial transport process embedded in local energetics, a common practice is collecting the
divergence term as the transport, and to treat the residue as the energy transfer. It has long
been recognized that the transfer-transport separation is not unique, which makes the local
interpretation of the scale interaction process quite ambiguous. The problem is tackled in
the multiscale energetics formalism by Liang [30] who rigorously proved that a unique
transfer expression can be obtained within the MWT framework. Liang proved in [30] that
the transfer Γ possesses an important property:

∑v ∑n Γv
n = 0, (3)

which states that energy transfer is conserved in the space of scale, without generating or
losing energy as a whole. Although simple to state, this property does not hold in classical
energetics formalisms. To distinguish it, Γ is termed “canonical transfer” [31]. Canonical
transfer is of key importance because it is closely related to the concept of instability in
geophysical fluid dynamics. Based on the classical definition of instability (e.g., [32]),
Liang [29] proved that the canonical transfers of KE and APE correspond precisely to
barotropic instability and baroclinic instability, respectively.

Notice that the canonical transfer Γv represents the total energy transfer from all scale
windows to window v. Through a procedure called interaction analysis [33], the canonical
transfer on, for example, window 1 in a MWT framework with three scale windows, Γ1, can
be further decomposed to obtain the window-window interactions such as Γ0→1 and Γ2→1.
For a detailed derivation please refer to Section 7a in [30]. The resulting Γ0→1 for KE and
APE (written as Γ0→1

K and Γ0→1
A respectively) denote the canonical transfer of KE and APE

from the background flow window to the mesoscale window, respectively. Similarly, Γ2→1
K

and Γ2→1
A denote the canonical transfers of KE and APE between the synoptic window and

the mesoscale window, respectively. A positive Γ0→1
A (Γ0→1

K ) is indicative of the occurrence
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of baroclinic (barotropic) instability of the background flow. The above-mentioned energy
pathways within and among scale windows are schematized in Figure 2 for clarity.
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denote processes within and among scale windows.

2.1.3. MWT Setup

In MWT, a scale window is demarcated by scale levels. For a series with a time
duration of τ, a scale level j corresponds to a period 2−jτ. In this study, the scale levels were
determined by the knowledge that the life spans of mesoscale activities in the SCS generally
range from 30 to 240 days according to statistical results [3,34] and spectral analysis [28].
Therefore, we choose the mesoscale window as bounded by cutoff periods of 32 and 256 days,
with their corresponding scale levels being j0 = 5 and j1 = 8 for τ = 8192 days. By this
definition, the nonstationary background flow window in this study was for motions
with periods longer than 256 days, while the synoptic window was for those shorter than
32 days. The snapshots of the original SSH and geostrophic velocity fields were drawn
from altimetry data, and their reconstructed fields by MWT are shown in Figure 3. This
figure illustrates that the observed abundant mesoscale eddies are well separated from
the background flows. Notice that the synoptic eddy window is not shown here since
the merged satellite product fails to resolve most of the high-frequency signals due to its
coarse resolution. Therefore, we used a high-resolution reanalysis dataset to study the eddy
energetics in the SCS.
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Figure 3. (a) Snapshot of the SSH (shadings; m) and geostrophic velocity (m/s) fields on 8 April
1994, from altimeter and their reconstructed fields on (b) the background flow window and (c) the
mesoscale eddy window, respectively. Areas shallower than 100 m and the adjacent seas are masked
to highlight the SCS.

2.2. Data

For the past few decades, the satellite measurements have greatly improved our
understanding of mesoscale eddies in the global ocean. However, the satellite product is
limited at the surface and therefore cannot provide the vertical structures of mesoscale
activities. Besides, its coarse resolution prevents us from investigating the contribution
of high-frequency processes to the mesoscale eddies. To get a full view of the energy
pathway in the SCS, we use output from the Hybrid Coordinate Ocean Model (HYCOM)
reanalysis (experiment GLBv0.08). The model output has a horizontal resolution of 1/12.5◦

and 40 vertical levels, with the top 25 levels concentrating within the upper 300 m. It has
been widely used in energetics analysis in the SCS (e.g., [35–37]). The simulation product
spanning from 1994 to 2015 is selected for this study. In Section 3.1, we will show that
the HYCOM reanalysis well captures the spatial characteristics of the mesoscale EKE in
the SCS.

To examine the wind forcing on the SCS mesoscale eddies, we use the wind stress
field offered by the USA National Centers for Environmental Prediction (NCEP) Climate
Forecast System Reanalysis (CFSR) by which the HYCOM is forced. The merged product
of T/P satellite altimeters provided by Archiving, Validation, and Interpretation of Satellite
Oceanographic (AVISO; France) was also used as verification of the HYCOM simulation.

3. Results
3.1. Mesoscale EKE Distributions in the SCS

In this Section, we revisit the distributions of the mesoscale EKE in the SCS. Figure 4
shows the surface mesoscale EKE averaged from 1994–2015 based on the AVISO product
and the HYCOM reanalysis. The observational EKE pattern (Figure 4a) confirms that the
centers of strong mesoscale activities are located southwest of Taiwan and southeast of
Vietnam in the SCS, consistent with previous studies [6,7]. Besides the two commonly
noted regions, another region of high EKE level was found northeast of the Natuna Island
where the maximum value of the averaged EKE reached 405 cm2/s2. Compared with
observation, the HYCOM reanalysis well reproduces the regional mesoscale activities in
the SCS, although the EKE intensities in regions southwest of Taiwan and northeast of the
Natuna Island are slightly underestimated.
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Using the HYCOM reanalysis data, we plotted in Figure 5 the vertical distributions of
mesoscale EKE along the three zonal sections marked in Figure 4b. The locally intensified
EKE manifested along the zonal direction in each region. This confirms that although the
HYCOM reanalysis underestimates the mesoscale activities in these regions, it success-
fully reproduces the regional variation, which is of the main interest of this study. From
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Figure 5, it can be seen that the EKE in the three regions are surface-intensified and decrease
remarkably with depth. The region southeast of Vietnam had the largest EKE reservoir,
followed by the regions southwest of Taiwan and northeast of Natuna island. Since most
of the mesoscale EKE signal was confined within the upper 750 m (usually defined as the
lower bound of the upper layer in the SCS), we focused on the eddy energetics within this
upper layer.

3.2. Dynamics Underlying the Regional Mesoscale EKE

In Section 3.1, we identified three hotspots of mesoscale activities, located southwest
of Taiwan, southeast of Vietnam and northeast of the Natuna Island, respectively. To
investigate the dynamical processes responsible for this spatial variation of the mesoscale
EKE in the SCS, we diagnosed the mesoscale EKE-related energy terms in Equations (1)
and (2). The associated processes were classified into three categories, namely inter-scale
transfers, including those from background flows and synoptic eddies to mesoscale eddies,
intra-scale processes, including buoyancy conversion and nonlocal energy transport, and
external wind work.

3.2.1. Inter-Scale Canonical Transfer

We first analyzed the canonical transfers from the background flow to mesoscale
eddies. As introduced in Section 2.1.2, the canonical transfer of APE (Γ0→1

A ) and KE (Γ0→1
K )

correspond to the baroclinic instability and barotropic instability, respectively. A positive
Γ0→1

A (Γ0→1
K ) indicates that the background flow is baroclinically (barotropically) unstable.

Figure 6a,b display the maps of Γ0→1
A and Γ0→1

K vertically integrated within the upper
layer. These Figures show that the three EKE maximum regions are mostly occupied
by large positive values of Γ0→1

A and Γ0→1
K , indicating that the background flow in these

regions undergoes mixed baroclinic and barotropic instabilities that transfer energy to the
mesoscale eddies. The forward APE transfer by baroclinic instability, as will be seen in the
next section, is partly converted to KE on the mesoscale window to energize eddies. Small
patches of negative Γ0→1

A and Γ0→1
K are also seen in the offshore regions of Taiwan and

Vietnam coasts where mesoscale activities are intensive (Figure 6a,b), indicating that both
APE and KE are inversely transferred from mesoscale eddies to the background flow. This
suggests that other processes instead of instabilities are responsible for the EKE generation
in these localized patches.

Apart from the energy transfers from background flows, those from high-frequency
synoptic eddies are also analyzed. Figure 6c,d display the vertically integrated canonical
transfers of APE (Γ2→1

A ) and KE (Γ2→1
K ) from the synoptic eddy window to the mesoscale

eddy window. The two terms are overall negative in the SCS, indicating that the high-
frequency synoptic eddies serve as an energy sink of the lower-frequency mesoscale eddies.
However, we noticed a well-defined positive Γ2→1

K pool southwest of Taiwan in which the
mesoscale EKE was maximized. Such a kind of inverse KE cascade occurring in this region
implies that high-frequency synoptic eddies participate in the generation and development
of mesoscale eddies as a source of mesoscale KE. It should be noted that the energy
transferred from the synoptic eddy window is generally an order of magnitude smaller
than that from the background flow window, suggesting that the interaction between
synoptic- and mesoscale eddies was relatively weak.
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3.2.2. Intra-Scale Energy Transport and Buoyancy Conversion

As shown by the energy Equations (1) and (2), aside from the inter-scale transfers
analyzed in the previous section, intra-scale processes including spatial energy transport
and buoyancy conversion bridging KE and APE may also serve as energy sources in the
mesoscale window. Figure 7a shows the depth-integrated convergence of KE flux on the
mesoscale window, i.e., −∇·Q1

K. A positive (negative) value represents a convergence
(divergence) of the mesoscale EKE. One observation from Figure 7a is that strong nonlocal
processes occur along the periphery of the deep basin, especially in regions where strong
EKE is observed. According to the divergence (convergence) in the nearshore (offshore)
region of Vietnam coast, the direction of the mesoscale EKE transport is eastward, consistent
with the flow direction of the intense Summertime Vietnam Offshore current (SVOC) in
this region [38]. Recall the Γ0→1

K pattern with positive (negative) values in the nearshore
(offshore) region of Vietnam coast as shown in Figure 6b. The overall opposite pattern
of Γ0→1

K and −∇·Q1
K suggests that the upstream SVOC undergoes barotropic instability,

contributing to the strong mesoscale EKE near Vietnam. Meanwhile, part of the mesoscale
EKE is transported eastward following the SVOC, leading to the high mesoscale EKE
offshore. Note that the negative Γ0→1

K in the offshore region was relatively small, leaving
the EKE convergence as the major energy source for the vigorous mesoscale eddies there.
The above result confirms the nonlocality of mesoscale eddy energy in the real ocean,
consistent with a previous study by Grooms et al. [39], who reported that the eddy energy
is strongly nonlocal in their two-layer quasigeostrophic simulations. A similar nonlocal
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generation of mesoscale EKE was found southwest of Taiwan, as well as northeast of
the Natuna Island. The −∇·Q1

K exhibits a more complicated spatial pattern southwest
of Taiwan, due to the existence of a strong Kuroshio loop current, which needs further
investigation. Here, we only take the region southeast of Vietnam as an example to reveal
the complex internal dynamics within a domain with high EKE levels.
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Figure 7b shows the horizontal distribution of the upper-layer pressure work, −∇·Q1
P,

which shows a spatial pattern similar to the canonical transfers (Figure 6a,b), except in
the northeastern SCS. This suggests that both pressure work and instabilities are essential
mechanisms for the generation of mesoscale eddies in most areas of the SCS. Note that
the amplitude of −∇·Q1

P is comparable with, and even larger than, the canonical transfers
in most areas. Recently, Quan et al. [40] reported that the dominant energy source for
the intraseasonal variability in the deep layer of the SCS was pressure work. The results
from [40] and this study highlight that nonlocal eddy generation by pressure work is
an important factor that should be considered when investigating eddy dynamics in the
SCS. Different from other regions, the contributions of −∇·Q1

P and canonical transfers
are of opposite signs in the Kuroshio loop region, suggesting that pressure work acts to
redistribute the mesoscale eddy energy generated by instabilities there.

In addition to the intra-scale divergence terms appearing in the KE equation, the
divergence of APE in Equation (2) was also considered, since the converged APE may
be a source of KE via buoyancy conversion on the mesoscale window. A map of the
upper layer divergence of the mesoscale eddy APE (EAPE), i.e., −∇·Q1

A, is displayed in
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Figure 7c. It shows that the spatial transport of EAPE in the SCS is generally weak and
has an irregular horizontal pattern. A large patch of positive values is seen southwest of
Taiwan, indicating that the EAPE is transported from the surrounding region. The incoming
EAPE by advection, together with the inter-scale APE transfer from the background flow as
revealed in Section 3.2.1, are partly converted to the EKE reservoir southwest of Taiwan (see
the positive buoyancy conversion, i.e., EAPE to EKE, in Figure 7d). Comparing Figure 7d
with Figure 6a, we found that the buoyancy conversion and the canonical transfer of
APE exhibited generally similar distributions in the upper layer. This indicated that the
baroclinic instability energy pathway, namely, the APE of the background flow being
released downscale to the mesoscales and further converted to EKE, was well established
in most areas of the SCS.

3.2.3. Wind Work

Mesoscale eddies may also extract energy from wind stress. Figure 8a shows the
mesoscale eddy wind work in the SCS. It reveals that wind stress, though inputs a large
amount of KE into the mesoscales, is not always responsible for the EKE generation in the
SCS. Strong eddy wind work is found in regions with low EKE levels, such as the southeast
of the Luzon Strait, while weak eddy wind work corresponds to high EKE levels in several
areas, such as that northeast of Natuna Island.

Besides the direct wind work done to the mesoscale eddies, another energy pathway
in which wind forcing can also influence oceanic EKE is that the wind first drives the large-
scale circulation, which subsequently transfers KE downscale via barotropic instability.
To determine whether this scenario occurs in the SCS, we plotyed in Figure 8b the wind
work done on the background flow window. Intensified energy input (positive values)
was observed along the western boundary as well as west of Luzon Island, where the SCS
western boundary current and the intruded Kuroshio reside, confirming that the wind
indeed drives the background flows. As shown in Section 3.2.1, the background flows feed
energy to the mesoscale eddies through instabilities.

J. Mar. Sci. Eng. 2022, 9, x FOR PEER REVIEW 12 of 17 
 

 

SCS. Strong eddy wind work is found in regions with low EKE levels, such as the south-
east of the Luzon Strait, while weak eddy wind work corresponds to high EKE levels in 
several areas, such as that northeast of Natuna Island. 

Besides the direct wind work done to the mesoscale eddies, another energy pathway 
in which wind forcing can also influence oceanic EKE is that the wind first drives the 
large-scale circulation, which subsequently transfers KE downscale via barotropic insta-
bility. To determine whether this scenario occurs in the SCS, we plotyed in Figure 8b the 
wind work done on the background flow window. Intensified energy input (positive val-
ues) was observed along the western boundary as well as west of Luzon Island, where the 
SCS western boundary current and the intruded Kuroshio reside, confirming that the 
wind indeed drives the background flows. As shown in Section 3.2.1, the background 
flows feed energy to the mesoscale eddies through instabilities. 

 
Figure 8. Work done by wind (cm3/s3) on (a) the mesoscale eddy window and (b) the background 
flow window. The integral of mesoscale EKE greater than 5.5 m3/s2 is plotted in contour in (a). The 
blue boxes mark the three subdomains examined in Figure 9. 

3.3. Energy Diagram 
In Section 3.2, we investigated the internal and external processes that are responsible 

for the regional mesoscale EKE in the SCS. It was found that barotropic and baroclinic 
instabilities of the background flows, horizontal spatial energy transports and the pres-
sure work were key internal processes modulating the mesoscale activities in the SCS. For 
the external driving forcing, we found that the regional mesoscale eddies were not directly 
driven by the wind. Instead, the wind energy first injects into the large-scale background 
current, then subsequently energizes the eddies through instabilities of the background 
flow. Our analysis also indicates that the eddy dynamics in the northeastern SCS, where 
high EKE levels were observed, were quite different from those in the other two high EKE 
areas. To have a quantitative understanding of the different mechanisms for the regional 
mesoscale EKE in these subdomains, we schematized the energy pathways within the 
three high-EKE regions marked by the blue boxes in Figure 8a. 

Figure 9a reveals that eddy wind work and baroclinic instability of the background 
flow (𝐴଴ → 𝐴ଵ → 𝐾ଵ) were the major sources for the mesoscale EKE southwest of Taiwan, 

Figure 8. Work done by wind (cm3/s3) on (a) the mesoscale eddy window and (b) the background
flow window. The integral of mesoscale EKE greater than 5.5 m3/s2 is plotted in contour in (a). The
blue boxes mark the three subdomains examined in Figure 9.



J. Mar. Sci. Eng. 2022, 10, 188 12 of 15
J. Mar. Sci. Eng. 2022, 9, x FOR PEER REVIEW 14 of 17 
 

 

 
Figure 9. Schematic energy pathways (volume integration) in regions (a) southwest of Taiwan, (b) 
southeast of Vietnam and (c) northeast of Natuna Island. Arrows denote the energy flow directions 
between two reservoirs. Each term has two values that stand for the absolute value of energy flow 
(top) and the ratio of that term to the barotropic canonical transfer (bottom). 

4. Conclusions 
A recently developed analysis tool, multiscale window transform (MWT), as well as 

canonical transfer theory were used to investigate the regional mesoscale EKE in the SCS. 

Figure 9. Schematic energy pathways (volume integration) in regions (a) southwest of Taiwan,
(b) southeast of Vietnam and (c) northeast of Natuna Island. Arrows denote the energy flow directions
between two reservoirs. Each term has two values that stand for the absolute value of energy flow
(top) and the ratio of that term to the barotropic canonical transfer (bottom).

3.3. Energy Diagram

In Section 3.2, we investigated the internal and external processes that are responsible
for the regional mesoscale EKE in the SCS. It was found that barotropic and baroclinic
instabilities of the background flows, horizontal spatial energy transports and the pressure



J. Mar. Sci. Eng. 2022, 10, 188 13 of 15

work were key internal processes modulating the mesoscale activities in the SCS. For the
external driving forcing, we found that the regional mesoscale eddies were not directly
driven by the wind. Instead, the wind energy first injects into the large-scale background
current, then subsequently energizes the eddies through instabilities of the background
flow. Our analysis also indicates that the eddy dynamics in the northeastern SCS, where
high EKE levels were observed, were quite different from those in the other two high EKE
areas. To have a quantitative understanding of the different mechanisms for the regional
mesoscale EKE in these subdomains, we schematized the energy pathways within the three
high-EKE regions marked by the blue boxes in Figure 8a.

Figure 9a reveals that eddy wind work and baroclinic instability of the background
flow ( A0 → A1 → K1 ) were the major sources for the mesoscale EKE southwest of Taiwan,
while the pressure work served as the major sink. Note that although the buoyancy
conversion process ( A1 → K1 ) converts only about half of the EAPE that is gained from
large-scale APE to EKE, its contribution is much greater than that of barotropic instability
( K0 → K1 ). Also note that barotropic canonical transfer is an important eddy generation
mechanism in this region (Section 3.2.1), although its volume integral has a relatively small
value compared to the baroclinic energy pathway due to the cancellation of its negative and
positive values there. Other energetic terms can be neglected due to their very small values.
In contrast, barotropic instability mainly governs the strong mesoscale activities in the
southwestern SCS as Figure 9b,c show. The APE release via baroclinic instability accounts
for only about 35% of the mechanical energies (KE and APE) provided by the background
flow, and only a small portion of the released APE is converted to the mesoscale EKE via
buoyancy conversion southeast of Vietnam. Interestingly, the direction of the buoyancy
conversion northeast of Natuna Island was from EKE to EAPE, leaving barotropic instability
as the only EKE source in this region. Furthermore, we see from Figure 9b that the EKE
advection southeast of Vietnam was the major sink of the mesoscale EKE. We also noticed
that, compared with the barotropic instability of the background flow, the wind over the
southwestern SCS provided a very small amount of KE for mesoscale eddies, indicating
that mesoscale activities in this region are generated mainly by internal processes.

4. Conclusions

A recently developed analysis tool, multiscale window transform (MWT), as well as
canonical transfer theory were used to investigate the regional mesoscale EKE in the SCS.
With MWT, the original fields were decomposed onto three windows with different time
scale ranges, namely the background flow window, the mesoscale eddy window, and the
high-frequency synoptic eddy window. The mesoscale EKE distribution in the SCS showed
three hotspots, located southwest of Taiwan, southeast of Vietnam and northeast of Natuna
Island, respectively.

Based on canonical transfer theory, the energy terms in the mesoscale eddy energy
equations were diagnosed. These terms correspond to three types of processes occurring
in the ocean, namely, inter-scale interactions, intra-scale nonlocal transport (including
EKE advection and pressure work) and buoyancy conversion, and an external process,
i.e., atmospheric wind forcing. It is revealed that baroclinic and barotropic instabilities,
along with the EKE advection and the pressure work jointly govern the regional mesoscale
eddies in the SCS. Although the inverse cascade from high-frequency synoptic eddies
transfers energies to the mesoscale eddies southwest of Taiwan and in the offshore region
of Vietnam, their contribution is quite small. The wind stress inputs a large amount of
KE into the mesoscale window, yet the spatial pattern of this direct wind work is not
consistent with that of the EKE. Instead, we find that the wind first drives the background
circulation, and subsequently energizes the mesoscale eddies through the internal processes
mentioned above.

We also find that the eddy dynamics in the southwest and the northeast of the SCS
have different characteristics regarding their energy pathways. In the northeastern SCS,
baroclinic instability and eddy wind work are dominant in the generation and development



J. Mar. Sci. Eng. 2022, 10, 188 14 of 15

of mesoscale eddies, while in the southwestern SCS it is barotropic instability that accounts
for the strong mesoscale EKE there. Meanwhile, the EKE divergence, advection and
pressure work serve as the major sinks in regions southwest of Taiwan and southeast of
Vietnam, respectively. It is worth mentioning that even inside an individual EKE hotspot,
the underlying mechanisms can be different in different locations, as is shown in Section 3.2.
A further detailed investigation is needed to address this issue in the future.
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