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Abstract Using a new functional analysis tool, multiscale window transform (MWT), and the MWT-based localized multiscale
energetics analysis and canonical transfer theory, this study reconstructs the Kuroshio system on three scale windows, namely,
the mean flow window, the interannual-scale (low-frequency) window, and the transient eddy window, and investigates the
climatological characteristics of the intricate nonlinear interactions among these windows. Significant upscale energy transfer is
observed east of Taiwan, where the mean Kuroshio current extracts kinetic energy from both the interannual and eddy windows.
It is found that the canonical transfer from the interannual variability is an intrinsic source that drives the eddy activities in this
region. The multiscale variabilities of the Kuroshio in the East China Sea (ECS) are mainly controlled by the interaction between
the mean flow and the eddies.The mean flow undergoes mixed instabilities (i.e., both barotropic and baroclinic instabilities) in
the southern ECS, while it is barotropically stable but baroclinically unstable to the north. The multiscale interactions are found
to be most intense south of Japan, where strong mixed instabilities occur; both the canonical transfers from the mean flow and the
interannual scale are important mechanisms to fuel the eddies. It is also found that the interannual-scale energy mainly comes
from the barotropically unstable jet, rather than the upscale energy transfer from the high frequency eddies.
Keywords Kuroshio, Multiscale window transform, Canonical transfer, Multiscale energetics analysis, Multiscale interaction,
Barotropic instability, Baroclinic instability
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1. Introduction
Kuroshio is a famous western boundary current (WBC) in
the North Pacific. Originating from east of the Philippine
Islands, it enters the East China Sea (ECS) along the east
coast of Taiwan, and flows northeastward following the topography of the Okinawa Trough. It exits the ECS through
Tokara Strait, meandering along the south coast of Japan
over the Izu Ridge, and finally enters the North Pacific
Ocean, becoming a zonal jet, namely, the Kuroshio Exten* Corresponding author (email: san@pacific.harvard.edu)

sion (Figure 1). By carrying heat northward from the tropics
to midlatitude regions, Kuroshio plays a very important role
in the climate system of the North Pacific. Its variabilities on
different scales, which impact the local marine ecosystem
and climate, have caught much attention in oceanography,
thanks to the accumulating altimeter-derived and hydrographic data, as well as the availability of high-resolving
regional ocean model data (e.g., Zhang et al., 2001; Waseda
et al., 2002; Miyazawa et al., 2004; Wu et al., 2007; Usui et
al., 2008; Zheng et al., 2011; Tseng et al., 2012; Hsin et al.,
2013; Lee et al., 2013; Na et al., 2014; Soeyanto et al., 2014;
Jan et al., 2017; Yuan et al., 2018).
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Figure 1 The bathymetry (colored; m) based on the ETOPO1 data and mean sea surface height (SSH; white contours; cm) based on the AVISO data. Only
four contours (100, 110, 120 cm) of SSH, which indicate the Kuroshio axis, are plotted. The four boxes, marked as 1–4 respectively, represent the four
subdomains as explained in the text.

As a strong WBC, the Kuroshio exhibits a broadband of
temporal variabilities. Intense mesoscale eddy variabilities
are observed in several regions of the Kuroshio system such
as the waterway east of Taiwan, the ECS, and the area south
of Japan (Ebuchi and Hanawa, 2000; Lee et al., 2013; Wang
et al., 2014; Chang et al., 2015; Cheng et al., 2017). Mesoscale transient eddies are usually considered as high-frequency processes in the ocean, with temporal scales varying
from tens to hundreds of days. In addition to these variabilities, the Kuroshio system also reveals significant lowfrequency fluctuations. For instance, in several studies on the
interannual variation of the Kuroshio east of Taiwan, possible relations have been proposed between such low-frequency variability and ENSO (Hwang and Kao, 2002; Shen
et al., 2014), Pacific decadal oscillation (PDO; Wu, 2013),
Philippines-Taiwan oscillation (PTO; Xu et al., 2017),
westward propagating mesoscale eddies (Chang and Oey,
2011; Hsin et al., 2013; Chang et al., 2015; Yan et al., 2016),
and local atmospheric forcing (Jia et al., 2004). The interannual variability of the Kuroshio in the ECS is also an
important research topic in the past few years (Liu and Gan,
2012). Andres et al. (2009) found that the Kuroshio transport
in the ECS is highly correlated with the PDO index. Using
the JCOPE2 reanalysis, Soeyanto et al. (2014) suggested that
the interannual modulation of the Kuroshio transport in the
ECS is controlled by the combination of PDO forcing and
mesoscale eddy activity southeast of Taiwan. Wang and Oey
(2014) found the low-frequency fluctuations of the Kuroshio
path in the ECS is better correlated with the PTO index than
the PDO index. Besides, Zhang et al. (2012) identified significant interannual variation of heat transport at the PN

section in the ECS and found that the overlying meridional
wind anomaly is responsible for such low-frequency variability. For the Kuroshio south of Japan, it has been well
established that the meandering jet undergoes a unique bimodal path transition (Usui et al., 2013), oscillating between
a large meander path state and a non-large meander path state
on an interannual time scale (Kawabe, 1995). This oscillation has been considered as self-sustained (Qiu and Miao,
2000), eddy driven (Miyazawa et al., 2004), and wind forced
(Kurogi and Akitomo, 2003).
The above-mentioned multiscale variabilities in the Kuroshio region have a great impact on the local exchange of
momentum and heat, and they may influence each other
through intricate interactions. Eddy-mean flow interaction in
the Kuroshio region has been an important area of research
for decades. In the presence of strong velocity shear, the
background flow provides energy to the eddies via baroclinic
and barotropic instabilities (Waseda et al., 2002; Jia et al.,
2005; Guo et al., 2018). In turn, the eddies may feedback to
modulate the interannual variations of the transport and path
of the Kuroshio (Hsin et al., 2013; Yin et al., 2017). This kind
of interaction is a multiscale process and can be satisfactorily
approached using multiscale energetic analysis (e.g., von
Storch et al., 2012; Chen et al., 2014; Zemskova et al., 2015).
From the outputs of a high-resolution (1/12°) ocean general
circulation model, Miyazawa et al. (2004) noticed that baroclinic and barotropic instabilities play their roles at different
stages of the growth of Kuroshio meander south of Japan; by
diagnosing the barotropic energy transfer between the mean
flow and the eddy field, Ma and Wang (2014) found that
barotropic instability is responsible for the seasonal and in-
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terannual eddy kinetic energy (EKE) modulations in this
region.
Previous studies have suggested that oceanic processes
tend to occur on a range of scales, or scale windows as called
by Liang and Anderson (2007). In the case of Kuroshio
system, there appear at least three scale windows, i.e., a mean
flow window, an interannual-scale window, and a transient
eddy window. Up to now, it is still unclear how these three
scale windows may interact with each other. Also unclear is
the relative contribution from the eddy-mean flow interaction and eddy-interannual interaction to the eddy growth/
decay in different areas of the Kuroshio system. In this study,
we will address these issues by employing a new tool of scale
analysis, namely, multiscale window transform (MWT),
developed by Liang and Anderson (2007), and the MWTbased localized multiscale energetics analysis and canonical
energy transfer theory (Liang, 2016).

2. Methodology
Multiscale energetics analysis is a powerful tool to diagnose
multiscale interactions, intrinsic instabilities and energy
distributions in atmospheres and oceans. For general nonstationary multiscale processes, such as instabilities and
eddy-mean flow interactions, however, the energetics studies
have long been recognized as a very challenging task in
geophysical fluid dynamics (GFD); even at the most basic
step, i.e., at the step of how multiscale energy is expressed,
there exists misconception, and conceptual mistake is frequently seen in the literature during the past decades (Liang,
2016). In this section, we give a brief introduction of multiscale energetics analysis, in the hope of clarifying some
important issues which has been misunderstood during the
past decades, and hence providing the community a general
reference for this important topic.
2.1

Multiscale window transform

As is well known, the traditional energetics formalism based
on the Reynolds mean-eddy decomposition (e.g., Lorenz,
1955; von Storch et al., 2012), in which information is lost in
at least one dimension of space-time to achieve the scale
decomposition, is inappropriate for the diagnosis of nonstationary processes such as instabilities. To avoid the difficulty,
one usually uses filters to fulfill the decomposition. For example, a field u(t) may be filtered into a background part u (t )
and an eddy part u (t ), where both parts are time varying.
During the past decades, it has been a common practice to
use (u ) 2 as the time-varying eddy energy. This is, unfortunately, conceptually wrong. To illustrate, suppose u has
a simple expansion with only two frequencies ω0 and ω1
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u = (a 0cos
+ (a 1cos

0t + b 0sin
u (t )

0t

)

+ b 1sin 1t ) ,
u (t )

1t

(1)

where ω0<<ω1 and the subscripts 0 and 1 hence can represent
the background (low-frequency) and eddy (high-frequency)
processes, respectively. For this simple example, we know
the energies for the background and eddy processes should
be a 02 + b 02 and a 12 + b 12, respectively, i.e., the square of the
respective Fourier coefficients. They are absolutely not equal
to the square of the reconstructed (filtered) fields, i.e., [u(t )]2
and [u (t )]2. That is to say, multiscale energy is a concept
with the Fourier coefficients in phase space, which is related to its physical space counterpart through the Parseval
equality in functional analysis (see Liang (2016) for details). In eq. (1), when u (t ) is a constant, it can be easily
proved that
a 12 + b12 = [u (t )]2 ,

(2)

just as the eddy energy under the Reynolds decomposition.
This explains why the time averaging operator in the classical energetics formalism cannot be removed, otherwise the
2

resulting energy (i.e., [u (t )] ) only bears the unit of energy,
but does not make any sense in physics.
So it is by no means as trivial a problem as many people
have been doing to obtain a physically consistent expression
of time-dependent multiscale energy. In fact, this is a rather
complex and fundamental problem, and has been an impossible task until filter banks and wavelets are connected
(Strang and Nguyen, 1996). It has just been systematically
addressed by Liang and Anderson (2007) in the development
of multiscale window transform (MWT) for this very purpose.
As mentioned above, application of a traditional filter
yields reconstructed fields. These reconstructed fields are
variables in physical space, hence cannot be used to represent energy. Liang and Anderson (2007) realized that, just
as in the Fourier transform and inverse Fourier transform,
there exists a transform-reconstruction pair for a class of
specially devised orthogonal filters. (Note here orthogonality
is crucial; otherwise the Parseval equality does not hold and
hence energy cannot even be defined.) This pair is the very
MWT and its counterpart, i.e., multiscale window reconstruction (MWR). Generally, the MWR functions like
what a traditional filter does, but the new transform coefficients from the MWT can be used to represent multiscale
energy.
In brief, with the MWT, one can split a function space into
a direct sum of several mutually orthogonal subspaces, each
with an exclusive range of time scales. Such a subspace is
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termed a scale window, or simply a window. In this study, we
will need three scale windows, namely, the mean flow window, interannual scale window, and eddy window, which we
will denote respectively by window 0, 1, and 2. For a field
defined on scale windows, within the MWT framework,
application of the MWT will yield MWT coefficients, e.g.,
u n~ 0 and u n~ 1, where ( ) n denotes MWT on window at time
step n. The energy for each window is then proportional to

( )

the square of the coefficients, e.g., u n~ 0

2

( )

Canonical transfer

Within the MWT framework, Liang and Robinson (2005)
developed a methodology for the study of multiscale interaction. Later on, it was refined with the introduction of the
theory of canonical transfer (Liang, 2016). Hereafter we only
give a brief introduction; readers are referred to Liang (2016)
for more details. Consider a passive tracer T in an incompressible flow u. The equation governing the evolution
of T is
T
+
t

(uT ) = ….

(3)

Note that processes like external source/sink and diffusion
are not explicitly expressed here and all put to the right-hand
side of eq. (3). Due to the existence of the nonlinear term
(uT ), multiscale interactions are expected to happen.
Take MWT on both sides of eq. (3) and multiply T n~ , we
have the energy equation on window
En
= T n~
t

~

(uT ) n + … ,

where E n = (

T n~

)

2

/ 2 is the energy on window

mework of MWT; it has been satisfactorily solved just recently by Liang (2016), who proved that the inter-scale
transfer is
n

=

1
~
(uT ) n
2

(4)

T n~

T n~

~

(uT ) n .

(5)

This transfer expression has an interesting property,
namely

2

and u n~ 1 . Note

these coefficients are by no means the filtered fields through
MWR.
2.2
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n

= 0,

n

(6)

where the summations are over all the sampling time steps n
and scale windows . Physically this means that the energy
transfer is a mere redistribution of energy among the scale
windows, without generating or destroying energy as a
whole. This property, which is obvious by intuition, does not
hold at all in the classical (empirical) formalisms. To distinguish, such as transfer is termed “canonical transfer” (see
Liang (2016); previously it has also been termed “perfect
transfer”).
From eq. (5), one can obtain the canonical transfers of
kinetic energy (KE) and available potential energy (APE) if
T is replaced by velocity components and perturbation density, respectively. These two prove to precisely correspond to
the classical barotropic instability and baroclinic instability
in GFD (Liang and Robinson, 2007), while no spatial nor
temporal averaging is taken, and hence can faithfully represent the real hydrodynamic instability processes which
may be localized or intermittent in space and time. To
compare canonical transfer to that resulting from the classical formalism, Liang and Robinson (2007) considered the
very special case with a two-window decomposition and a
zero frequency for the large scale window. In this case, the
separated energy equations become
1 2
T +
t 2

1 2 1
uT + T u T
2
2

,

(7)

1
T
t 2

1
1
uT 2 + T u T = ,
2
2

(8)

=

at time

step n (up to some constant). The first term of the right-hand
side of eq. (4) is the nonlinear term in energy equation. It
contains both transport processes due to advection, and
cross-scale transfer processes. A transport process bears a
divergence form in the governing equation; it integrated over
a closed domain is zero, meaning that it acts as a mechanism
for the redistribution of energy in the physical space. The
cross-scale transfer (e.g., Lorenz, 1955; Harrison and Robinson, 1978) connects different scale processes (e.g., the
mean flow and transient eddies) and is hence related to the
flow instabilities. So it is very important to have the two
processes separated. However, this has been a continuing
challenge. As has long been recognized, the existing empirical formalisms do not have a unique separation (Holopainen, 1978; Plumb, 1983). The first attempt to tackle this
problem is by Liang and Robinson (2005), within the fra-

2

+

where the second term of the left-hand side of eqs. (7) and (8)
indicate the in-scale transport process, and Γ=(1/2)
(u T ) u T
T ] represent the canonical transfer
[T
process. The canonical transfer on the right-hand side of eqs.
(7) and (8) sum to zero, satisfying the property eq. (6), and is
hence a faithful representation of the energy transfer between the mean flow and eddies. By comparison, the
classical energy equations for the mean and eddy fields in
this case are
1 2
T +
t 2

1 2
uT = T
2

1
T
t 2

1
uT
2

2

+

2

= uT

(u T ),

(9)

T,

(10)
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respectively. One can see that the transfer terms on the righthand side of eqs. (9) and (10) do not cancel out:
T

(u T ) + u T

T =

(T u T )

0.

2.3

K
+
t

1
2

0 ( uuH )

+

(u p

u ~H

)=

QP

+

1
2

0

(uuH )

u ~H

:

(uuH )

uH

K

+( g

w

) + FK ,

(19)

b

A
+
t

1
c
2

~

(u )

~

=

QA

1
+ c[(u )
2

Localized multiscale energy analysis

~

QK

(11)

Note that the term u T
T is usually used to explain
the energy transfer from the mean flow to eddies. Particularly, when T is a velocity component, this term has been
interpreted as the barotropic energy transfer extracted by
Reynolds stress against the mean profile (e.g., Pedlosky).
Previously, Liang and Robinson (2007) illustrated, for a
benchmark hydrodynamic instability model whose instability structure is analytically known, the traditional
Reynolds stress extraction does not give the correct source of
instability, while the canonical transfer Γ does.
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~

~

(u )

]

A

Based on MWT and the theory of canonical transfer, localized multiscale energetics can be derived conveniently from
primitive equations. Consider the Navier-Stokes equations
with hydrostatic and Boussinesq approximations:
u
=
t

(u u) + fv

1 p
+ Fu ,
0 x

(12)

v
=
t

(v u) fu

1 p
+ Fv,
0 y

(13)

0=

u,

p
z

0=

t

(14)

g,

=

(15)
0N

( u)

2

g w+F,

(16)

where u = (u, v, w) is the three dimensional (3D) velocity
vector, f is the Coriolis parameter, g is the acceleration due to
is the 3D divergence operator, F is the external
gravity,
forcing/dissipation, ρ is the density perturbation from the
background profile (z ), p is the hydrostatic pressure related

(g / 0 )(

to ρ, and N =

/ z ) is the buoyancy frequency.

Within the MWT framework, the KE and APE on window
are
K =

1
2

~
0 uH

1
A = c(
2

~

u H~ ,
2
),

(17)
(18)

respectively, where uH = (u, v) is the horizontal velocity
vector. The coefficient c = g 2 / 0 N 2 is introduced for convenience. Note that eq. (18) is the APE density under quasigeostrophic (QG) approximation, which has been widely
used in studies of mesoscale eddies in the ocean (Huang,
2005). A detailed derivation of the K and A equations is
referred to Liang (2016); here the results are summarized:

+g

w

+ FA .

(20)

b

In eqs. (19) and (20),
Q K and
Q A denote the inscale transport, i.e., the nonlocal process of energy flux divergence through advection,
Q P is the pressure work, b
is the rate of buoyancy conversion which connects APE and
KE on window , and FK and F A denote the forcing/dissipation processes (not explicitly expressed here). The other
terms, K and A , and the inter-scale canonical transfers of
KE and APE, respectively. They both satisfy eq. (6), indicating that they merely redistribute energy among scales.
Notice that K and A involve not only the transfers from
outside the window but also those from within, which are
irrelevant to stability/instability. We need to further differentiate them. In Liang and Robinson (2005), this is achieved
through an “interaction analysis,” which we will not elaborate here. For convenience, here we use the superscript
0
1 to signify the transfer from the window
0 to
window 1. For instance, the canonical transfer of KE (APE)
from the mean flow window ( = 0) to eddy window ( = 2)
is denoted as K0 2 ( A0 2). A positive K0 2 ( A0 2) signifies
barotropic (baroclinic) instability, which is hence called
barotropic (baroclinic) transfer. Similarly, a positive K1 2
( A1 2) indicates barotropic (baroclinic) transfer from the
interannual-scale window to the eddy window. The complete
energy diagram based on a three-window decomposition is
shown in Figure 2. This methodology is rigorous in mathematics and physics and has been applied successfully to
different ocean (Yang and Liang, 2016, 2018; Yang et al.,
2017) and atmosphere problems (Xu and Liang, 2017; Ma
and Liang, 2017; Zhao and Liang, 2018). In this study, we
only focus on the energy transfer (red arrows) and buoyancy
conversion (blue arrows) processes, since they are essential
to discern the intrinsic multiscale interactions in the Kur-
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be dynamically consistent (Wunsch et al., 2009; Yang et al.,
2017). A more detailed description of the model configuration and the optimization scheme can be found in Menemenlis et al. (2005). Chen et al. (2014) compared the longterm mean maps of kinetic energy transfer (in the traditional
sense) with the surface geostrophic currents from ECCO2
and AVISO, and found that the ECCO2 state estimate well
captures the observation. We hence adopt the ECCO2 product for the purpose of this study; specifically we will use the
3-day averaged temperature and salinity (to calculate density) and the 3D velocity fields for the period of 1993–2016.

4. Scale decomposition
Figure 2 The energy cycle diagram for a three-window decomposition.
Red arrows stand for canonical transfers, and blue ones for buoyancy
conversions. Green arrows indicate nonlocal transport processes (solid) and
the forcing/dissipation processes (dashed).

oshio current system. Diagnoses of the complete energy
cycle is beyond the scope of the present study; we will investigate that in future studies.

3. Data
The major difficulties in performing multiscale energetics
analysis with in situ observations is that observed records are
usually too short and the coverage is limited. Besides, the
information obtained from satellite altimetry (e.g., AVISO) is
limited to the sea surface. For this reason, oceanic energetics
studies are mostly based on numerical results (e.g., von
Storch et al., 2012; Chen et al., 2014; Kang and Curchitser,
2015; Zemskova et al., 2015). Here we use the model outputs
from “Estimating the Circulation and Climate of the Ocean”
project—Phase Ⅱ (ECCO2). The ECCO2 data synthesis
assimilates a large number of available satellite and in-situ
data (Menemenlis et al., 2005). It is based on the Massachusetts Institute of Technology ocean general circulation
model (MITgcm), which uses cube sphere grid projection
with a mean horizontal resolution of 18 km. Vertically, the
model has 50 levels, with resolution varying from 10 m near
the sea surface to 456 m near the bottom at a maximum depth
of 6150 m. The ECCO2 state estimation is based on the
Green’s function method to optimize a number of control
parameters of the model (Menemenlis et al., 2005), including
the initial temperature and salinity conditions, atmospheric
surface boundary conditions, background vertical diffusivity,
bottom drag, vertical viscosity, etc. (Wunsch et al., 2009).
With these parameters, the model is steered forward freely, as
in any ordinary model simulation. Since no data is taken in to
interrupt the forward run, the state estimate is considered to

The approach of Reynolds mean-eddy decomposition based
on time averaging, a technique widely used in previous energetics studies (e.g., von Storch et al., 2012; Chen et al.,
2014; Zemskova et al., 2015), will leave low frequency
(interannual to decadal) variability into the “eddy” window,
resulting in spurious scale interaction results (Yang and
Liang, 2016). Figure 3 shows the variance-preserved frequency spectra of KE averaged respectively over four subdomains of the Kuroshio. The KE spectra exhibit substantial
multiscale variabilities in all subdomains. In general, the
spectra are dominated by mesoscale variabilities with periods shorter than 1 year. In addition, the annual cycle and
interannual signals are also evident in the Kuroshio system;
particularly, the interannual variability is remarkably prominent in the Kuroshio south of Japan (Figure 3d). From
Figure 3a–d, we can also see that the mesoscale signals show
distinct spectra in different subdomains. In the region east of
Taiwan and south of Japan, the periods of the mesoscale
variabilities tend to be longer than 2 months; significant
variabilities are even found in the band of 6 months to 1 year
in the region south of Japan. In contrast, the dominant periods of mesoscale variabilities are shorter than 2 months in
the northern ECS, while those to its south exhibit a broader
spectrum with periods from 1 to 6 months. Based on the
7
above, we set the cutoff period to be 384 days (=3×2 days,
where dt=3 days is the time step size of the ECCO2 input
data) to separate the high-frequency mesoscale variabilities
from the low-frequency interannual fluctuations. Here the
cutoff period is chosen so because, analogous to the wavelet
analysis, the scale defined in MWT needs to be a power of 2;
see Liang (2016) for details. We have tested the period with
192 days and the results are quantitively similar (not shown).
In summary, we used the MWT to decompose the original
fields into three scale windows, which we will refer to as,
respectively, the mean flow window, the interannual-scale
window (with periods longer than 384 days), and the mesoscale eddy window (with periods shorter than 384 days).
Notice that a scale decomposition with respect to time
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Figure 3 The variance-preserving frequency spectra of KE averaged over the four subdomains as marked in Figure 1. The dashed color lines (from right to
left) in each subplot indicate the period of 1 month, 2 month, 6 month and 1 year, respectively.

inevitably allows long-lived eddy features to appear in the
low-frequency field, which may leave imprints on the resulting energetics. Considering that the long-lived eddies in
the Kuroshio region occur rather rarely in comparison to that
of the regular high-frequency ones (Yuan and Guan, 2007;
Yang et al., 2013; Cheng et al., 2014), and that we focus on
the long-term mean of the multiscale energetics in this study,
this should not form an issue.

5. Multiscale energy
Using eq. (17), we can compute the KE on the three win0
dows, i.e., the mean KE (MKE, K ), the interannual-scale KE
1
2
(IKE, K ) and the EKE (K ). Likewise, the APE on the three
0
windows, i.e., the mean APE (MAPE, A ), the interannual1
2
scale APE (IAPE, A ) and the eddy APE (EAPE, A ) can be
obtained with eq. (18) accordingly. In this section, we examine the long-term mean spatial structures of the above six
multiscale energy components.
Shown in Figure 4a–c are the horizontal distributions of
the vertically averaged KE components. Generally, the three
KE components exhibit clear spatial variations, with their
maxima mainly confined along the Kuroshio jet. The timemean MKE is maximized along the Kuroshio axis, and is the
largest component of the three components (Figure 4a). The
other component, namely, EKE, is an important quantity to
measure eddy activities. The largest EKE is found east of
Taiwan and south of Japan (Figure 4c). In comparison, the

ECS Kuroshio region shows relatively low eddy activities;
the EKE in the southern ECS is particularly weak. The third
component, IKE, shows its maximum south of Japan; its
value in some regions (e.g., 33°N, 137°E) even exceeds
EKE. The strong interannual variability tells from an aspect
that a multiscale energetics study in this region cannot be
faithful without taking it into account.
Figure 4d–f show the time-mean maps of the APE on the
three windows. As an important component of the total
mechanical energy of mesoscale eddies (Roullet et al., 2014),
the EAPE exhibits a horizontal distribution similar to that of
EKE, but with much larger magnitude in the upper ocean
(Figure 4f). IAPE also resembles IKE in structure. But,
again, its magnitude is much larger, indicating that the interannual-scale energy is mainly stored in the form of APE
(Figure 4e). Unlike MKE, the MAPE shows a different
spatial distribution: it is minimized along the axis of the jet,
and maximized on the two flankings. Such a MAPE pattern
is due to the QG-APE used in this study (eq. (18)), which
assumes that the density anomaly is a small departure from
the reference state. Since the isopycnal displacements for
low-frequency oscillation and/or large-scale flow may not be
a small quantity at all, the QG-APE should be interpreted
with caution here.
As emphasized in Section 2.1, multiscale energy is a
quantity in terms of the product of transform coefficients. In
this sense, the multiscale KE formalism is natural because
KE takes a quadratic form. However, the local definition
APE in many situations may not be quadratic (Holliday and
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Temporally (1993–2016) and vertically (upper 200 m) averaged multiscale KE and APE components (J m ).

McIntyre, 1981), which raises an issue about how to handle
APE in nonquadratic form in the multiscale formalism. Here
we use the well-known QG-APE definition (eq. (18)), which
takes a quadratic form (Liang, 2016). Up to now, the definition of APE is still an active arena of research (Tailleux,
2013). Exploration of a multiscale APE formula in nonquadratic is beyond the scope of the present study. We leave
that to future studies.
Notice that the QG approximation has been found not
essential to the interaction term in the APE equation. For
instance, Zemskova et al. (2015) derived the mean and
fluctuating APE budget equations using local definition of
APE, and compared them with the ones in the QG approximation. They found that the errors in the QG approximation
is only significant in high-latitude regions where local density perturbations are large due to the generation of deep
waters. This might be a reason why recent energetics studies
prefer to use the QG-APE (e.g., von Storch et al., 2012; Chen
et al., 2014; Kang and Curchitser, 2015).
We have two observations about the above results. First,
the interannual-scale window is a reservoir comparable to
the other two windows, which is particularly evident in the
region south of Japan. Previous studies using time meaneddy decomposition artificially treat this part of energy as
eddy energy, resulting in spurious scale interaction patterns.
Second, the energy components exhibit clear streamwise
variations along the Kuroshio axis. For convenience, they
may be considered separately in a number of subdomains:
the channel east of Taiwan, the ECS, and the region south of
Japan. Since the eddy-mean flow interaction exhibits distinct
directions in the northern and southern ECS (see Section
6.1), the ECS Kuroshio is further divided into the northern
and southern branches. These four subdomains are marked
and labeled by numbers in Figure 1. The vertical distributions of the area-mean energy densities are illustrated in
Figure 5. On the whole, the MKE is the largest reservoir

among the three KE components; it decays rapidly with
depth. In contrast, the IKE and EKE have much smaller
magnitudes. The three KE components also reveal a clear
spatial variation. By observation we have MKE>EKE>IKE
both along east coast of Taiwan and in the ECS (Figure 5a–
c), but south of Japan, MKE>IKE>EKE (Figure 5d), indicating the strong interannual variability in this region.
Different from its KE counterpart, the relative proportion of
the APE presents a rather complex structure in the vertical.
MAPE, IAPE and EAPE are about one order larger in
magnitude than their KE counterparts, and their relative
magnitude shows a complex relation in the upper 100 m for
all subdomains. Note that caution should be exercised here:
the density anomaly in the mixed layer generally cannot be
treated as a smaller departure from the reference stratification; QG-APE could give an APE with significant error at
this depth. In the deeper layers (below 200 m) of the ECS and
the region east of Taiwan, the multiscale APEs rank as, from
the largest to the smallest, MAPE, EAPE and IAPE (Figure
5a–c). In the subsurface south of Japan, it is evident that the
value of IAPE is much larger than the other APE components
(Figure 5d), indicating that the interannual variability mainly
stores its energy in the form of APE.

6. Multiscale interactions
In this section, by examining the canonical transfers among
the mean flow, interannual-scale and transient eddy windows, we investigate the time-mean spatial structure of the
multiscale interactions in the Kuroshio region. Based on the
canonical transfer theory of Liang (2016), as introduced in
section 2.2, the mean-eddy, interannual-eddy and mean-interannual barotropic and baroclinic transfers can be easily
obtained. Figure 6 shows the depth-averaged maps of the
canonical transfers. A general observation is that all the
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The vertical distribution of the time-mean multiscale energy components (J m ) averaged over the four subdomains as marked in Figure 1.

transfers are confined mainly along the jet, and are most
pronounced south of Japan. Another observation is that these
transfers present a clear spatial variation: high and low
centers usually appear one after another along the jet axis.
Note that all the energetics are temporally averaged over the
24 yr period (1993–2016) when the ECCO2 state estimates
are available. We have also tried to take temporal averaging
over 1994–2013 and 1995–2014, and the results are all similar. This means that the statistics are sufficient, and the
climatology of the multiscale interactions obtained here are
statistically meaningful.
6.1
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Mean-eddy interaction

Figure 6a and 6b show the horizontal maps of vertically
averaged barotropic ( K0 2) and baroclinic ( A0 2) transfers
between the mean flow and eddies (Recall that a positive
0 2
( A0 2) indicates a transfer of KE from the mean flow
K
to the eddy through barotropic (baroclinic) instability.) The
horizontal distribution of K0 2 (Figure 6a) exhibits strong
positive values in the southern ECS and off the south coast of
Japan, indicating that strong EKE production through barotropic instability (i.e., MKE→EKE) occurs in these two regions. It is interesting to note that significant negative centers

of K0 2, which means EKE→MKE, are distributed east of
Taiwan and in the northern ECS, indicating that barotropic
instability does not account for the eddy activities in these
two regions. Unlike K0 2, A0 2 shows overally positive
values through the Kuroshio current system; with large positive pools occupied east of Taiwan, south of the ECS and
south of Japan, indicating that the MAPE reservoir releases
energy to the mesoscale eddies via strong baroclinic instabilities.
Previous studies have used the Reynolds decomposition
method to examine the eddy-mean flow interactions in the
Kuroshio domain. For example, with a high-resolution ocean
model Miyazawa et al. (2004) examined the interaction between the large Kuroshio meander and mesoscale eddies
south of Japan, and found that barotropic and baroclinic instability of the meander jet are two major energy sources for
the regional eddy development. Ma and Wang (2014) used
satellite altimeter data to analyze the spatial distribution of
barotropic energy transfer south of Japan. They found that
strong barotropic instability occurs in the southern area of the
Honshu Island, triggering KE transferred from the mean
current to the eddies. These results are overall consistent
with the present study. But it should be pointed out that our
canonical transfer (eq. (5)) is fundamentally different from
that with the traditional formalism (compare eqs. (7) and (8)
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Temporally (1993–2016) and vertically (upper 200 m) averaged canonical transfers (10 W m ).

to (9) and (10)); the claimed instabilities in the traditional
formalism are theoretically not robust.
To further illustrate the vertical structure of the energy
transfers, Figure 7 displays the vertical distribution of the
area-mean energetics for all the subdomains. Off the east
coast of Taiwan and in the northern ECS, the area-mean
0 2
is negative and decays with depth; this inverse baroK
tropic transfer indicates that the eddies act to drive the mean
flow in these two regions (Figure 7a and 7c). In contrast,
0 2
is positive south of Japan and in the southern ECS
K
(Figure 7b and 7d), indicating that the energy transferred
from the mean to the eddy through barotropic instability is an
important source for the local development of disturbances
in these two subregions. Vertically, the K0 2 averaged over
the southern ECS subdomain increases with depth in the
upper 200 m, and decreases with depth below. The baroclinic
transfer A0 2 shows positive values in all four subdomains,
indicating baroclinic instabilities are occurring all over there.
East of Taiwan and south of Japan, its area-mean is maximized
in the surface layer, and decays dramatically with depth
(Figure 7a and 7d). In the ECS, it attains its maximum in deep
layers: two maxima around 120 and 350 m in the southern
ECS (Figure 7b), and one maximum at 250 m in the northern
ECS (Figure 7c).
6.2
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Interannual variability-eddy interaction

The framework of three-window decomposition enables us
to further investigate the interannual variability-eddy interaction in the Kuroshio region. From Figure 6c and 6d, it can
be clearly seen that this interaction is very prominent,
especially in the subdomains south of Japan and east of
Taiwan. On the maps of K1 2 and A1 2, positive and negative centers are seen south of Japan, revealing a complex
interaction pattern between the two scale windows. On domain average, both the barotropic and baroclinic transfers

from the interannual-scale window to the eddy window are
positive, indicating that forward energy cascade from the
low-frequency scale acts as an important energy source to
maintain the eddy development in this region (Figure 7d).
Same thing happens east of Taiwan, both K1 2and A1 2 are
positive, and both of them reach their maxima at the surface
and gradually decay with depth (Figures 6c, 6d and 7a). This
is interesting, as in the previous section, we found that barotropic instability is not the energy source for the EKE reservoir in this region. From here we know, it is the forward
energy transfer from the interannual-scale variability that
drives the mesoscale eddies to grow east of Taiwan.
6.3

Mean flow-interannual variability interaction

The interaction analysis further provides information for the
mean flow-interannual variability interaction. Figure 6e
shows the horizontal distribution of K0 1. Large and positive
pools of K0 1 are found south of Japan (i.e. MKE→IKE),
implying that the mean flow loses KE to the interannualscale variability through barotropic instability, leading to the
anomalously high IKE in this region. Notice that there exists
a relatively weak KE transfer from the interannual-scale
window back to the mean flow window. In the ECS, the
interaction between these two windows is very weak. Interestingly, significant negative K0 1 is found east of Taiwan,
suggesting that the mean flow draws KE from the interannual-scale variability. The horizontal distribution of A0 1
resembles that of K0 1, but with a moderate magnitude
(Figure 6f). Strong baroclinic instability occurs south of Japan; energy is transferred from the MAPE reservoir to IAPE.
Along the Kuroshio axis east of Taiwan, APE is transferred
from the interannual-scale field back to the mean flow.
Vertically, the A0 1 shows small positive values in the surface, and decreases with depth and turns negative below
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50 m east of Taiwan (Figure 7a), while in the region south of
Japan, it peaks at surface, and decreases gradually with depth
and then increases to reach its maximum at 300 m (Figure
7d). The vertical distribution of the area-mean K0 1 shows
strong negative (positive) values in the surface layer east of
Taiwan (south of Japan), and decays gradually with depth
(Figure 7a and 7d).
6.4

Buoyancy conversion

Buoyancy conversion (b ) connects KE and APE on each
individual scale window . Positive b indicates an energy
conversion from APE to KE on window . Among its three
0
components, the b field displays a relatively complex horizontal variation, exhibiting a sequence of positive and ne0
gative centers along the stream (Figure 8a). b averaged over

Figure 7
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the four subdomains are all negative (Figure 7); that is to say,
the baroclinicity of Kuroshio is maintained by the MKE-to1
MAPE conversion via Ekman pumping. The b field shows
relatively small amplitude, except for the areas south of Japan and east of Taiwan, where IKE is found to be converted
0
1
2
to IAPE (Figure 8b). Unlike b and b , b is found to be
positive (i.e., EAPE→EKE) in most of the Kuroshio region,
indicating that on the whole EAPE makes an important energy source for EKE (Figure 8c). But in some particular
regions there may be significant vertical structures. In the
2
northeast area off the Taiwan coast, for example, b is negative in the subsurface below 100 m (Figure 7a), indicating
the EAPE reservoir receives energy from the EKE reservoir.
That is to say, in these deep regions, baroclinic instability
cannot account for the eddy growth. Based on this and the
analysis in previous subsection, we may safely conclude that

−4

−3

The vertical distribution of the time-mean multiscale energetics (10 W m ) averaged over the four subdomains as indicated in Figure 1.

Figure 8
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−2

Temporally (1993–2016) and vertically (upper 200 m) averaged buoyancy conversions (10 W m ).
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it is the forward energy cascade from the interannual scale
window, rather than the barotropic energy pathway (i.e.,
MKE→EKE) or baroclinic energy pathway (i.e., MAPE→EAPE→EKE), that is intrinsically essential for the
growth of the EKE in the Kuroshio east of Taiwan.

7. Conclusions
Using a recently developed functional analysis tool, multiscale window transform (MWT; Liang and Anderson, 2007),
and the MWT-based localized multiscale energetics analysis
and canonical transfer theory (Liang, 2016), this study investigates the climatological characteristics of the multiscale
interactions among the mean flow, interannual fluctuation
and mesoscale eddies in the Kuroshio region. We first examined the spatial distributions of the multiscale KE and
APE components. It is found that the interannual variability
is an energy reservoir comparable to those on the other two
scale windows. Particularly, the interannual KE (IKE) and
APE (IAPE) components exhibit large values in the regions
south of Japan and east of Taiwan. But in previous studies
based on the traditional Reynolds mean–eddy decomposition, these two components are artificially included in the

Figure 9
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EKE and EAPE reservoirs, and hence may result in spurious
multiscale interactions. Following this first step we then
divided the entire Kuroshio region into four subdomains, i.e.,
the subdomain east of Taiwan, the subdomains in the
southern and northern ECS, and the subdomain south of
Japan, and examined the spatial distributions and regional
characteristics of the multiscale interactions. In the following, we summarize this study using the Lorenz energy cycle
diagrams over the four subdomains:
(1) The subdomain east of Taiwan (Figure 9a): Strong
inverse energy cascade is observed in this region. The mean
flow extracts KE and APE from the interannual scale (i.e.,
IKE→MKE and IAPE→MAPE). The eddies are also found
transferring KE back to the mean flow (i.e., EKE→MKE),
indicating that the Kuroshio in this region is barotropically
stable. Although the mean flow transfers energy to the EAPE
reservoir through baroclinic instability (i.e., MAPE→EAPE), the EAPE is not further converted to EKE in
this region. This implies that the baroclinic energy pathway
is not responsible for the locally growing EKE. We further
found that the energy transferred from the interannual window to the eddy window (i.e., IKE→EKE) is an important
intrinsic factor for the development of the disturbances in
this subdomain.

−6

−3

The volume-averaged energy diagram (as in Figure 2) for the four subdomains as indicated in Figure 1. The units are in 10 W m .
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(2) The subdomain in the southern ECS (Figure 9b): The
interaction between the interannual window and the other
two scale windows is weak in this region. Strong barotropic
and baroclinic instabilities are observed, in contrast to the
relatively low EKE level. This means that the EKE obtained
via the barotropic energy pathway (MKE→EKE) and baroclinic energy pathway (MAPE→EAPE→EKE) are probably transported downstream (i.e., the northern ECS) via
horizontal advection.
(3) The subdomain in the northern ECS (Figure 9c): As in
the southern ECS, the interaction between the interannual
window and the other two scale windows is weak. Strong
inverse KE transfer (EKE→MKE) is observed in this region,
suggesting that the Kuroshio is barotropically stable. Baroclinic instability is an important energy source for the local
EKE (MAPE→EAPE→EKE). Another possible source
might come from advection.
(4) The subdomain south of Japan (Figure 9d): This is the
region where the most intense interactions among the mean
flow, interannual-scale and eddy window take place. Strong
barotropic and baroclinic transfers from the mean flow to
eddies are observed, whereas those from the interannual
scale are also important eddy energy sources. Besides fueling
the eddies, the unstable mean jet also releases a large amount
of energy to the interannual-scale window, implying that the
strong interannual variability mainly comes from hydrodynamic instabilities (mainly barotropic instability) of the
mean flow, rather than upscale transfers from the high-frequency eddies.
It should be noted that processes related to multiscale interactions are only part of the complete energy cycle. Some
energy reservoirs in Figure 9 exhibit unbalanced sources or
sinks. They must be balanced by other processes such as
nonlocal transports by advection, pressure work, work done
by wind stress and buoyancy forcing, and dissipations. Besides, the temporal (e.g., seasonal and interannual) variability of the interactions and their dynamical consequences
have not been considered, but are definitely important. All
these, among others, will be investigated in forthcoming
studies.
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