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ABSTRACT: To examine the role of the interaction of different eddies (eddy–eddy interaction) in driving recirculation
gyres, we analyzed the budget of the eddy potential enstrophy (EE) in an eastward jet, dividing perturbations into different
frequency bands. While the instability wave produced by jet instability is dominant in high-frequency bands, the Rossby
wave radiated from the jet is dominant in low-frequency bands. The eddy potential vorticity (PV) flux is oriented in the
upgradient direction of the mean PV in low-frequency bands, which is consistent with the PV flux generated by Rossby
wave radiation. Although a large cancellation occurs between the changes in the EE by this upgradient PV flux and the
advection of the EE, such cancellation is greatly reduced when the rotational component of the PV flux is subtracted.
The change in the EE by the upgradient PV flux tends to be balanced by that produced by eddy–eddy interaction. The
convergence of the upgradient PV flux balances with the change in the PV by the recirculation gyres, while the rotational
component of the PV flux does not drive mean flows. Thus, it is strongly suggested that the Rossby wave is excited by
eddy–eddy interaction and generates the upgradient PV flux, which drives the recirculation gyres. The substantial part of
the EE is transferred from high- to low-frequency bands owing to this eddy–eddy interaction. The EE in high-frequency
bands is supplied by jet instability in the upstream region of the jet and advected to the downstream region, where eddy–
eddy interaction occurs. Thus, the EE produced by the jet instability contributes to exciting the Rossby wave.

KEYWORDS: Ocean; Ocean dynamics; Jets; Idealized models; Ocean models

1. Introduction

a. Recirculation gyres

The Gulf Stream in the North Atlantic and the Kuroshio
and Kuroshio Extension in the North Pacific are major strong
currents in the midlatitudes. These currents are part of the
wind-driven circulation, which consists of the broad and weak
Sverdrup flow in the ocean interior and the narrow and strong
western boundary currents. After separating from the coast,
the Gulf Stream and the Kuroshio Extension flow eastward in
the middle of the ocean. These eastward jets are flanked by
recirculation gyres that extend from the surface to the bot-
tom on both sides (Kawai 1972; Worthington 1976; Hogg
1983, 1992; Jayne et al. 2009). The latitude and transport of
the Kuroshio Extension and its recirculation gyres vary deca-
dally (Qiu 2003; Qiu and Chen 2005; Taguchi et al. 2005,
2010) and affect the distribution of heat, freshwater, and bio-
geochemical materials (Qiu and Chen 2006, 2011; Oka et al.
2019).

Using an eddy-resolving numerical model, Holland and
Rhines (1980) showed that the recirculation gyres are driven by
eddies, which are themselves generated by the instability of the
Gulf Stream and the Kuroshio. They showed that the recircula-
tion gyres extend in both the surface and deep layers, which are
forced by and isolated from the wind stress, respectively, be-
cause the recirculation gyres are essentially driven by eddies.
To understand the mechanisms underlying the eddy–mean
flow interaction, a number of analyses have been undertaken
regarding the transfer of energy, momentum, and so forth

(e.g., Chen et al. 2014; Berloff 2015; Aoki et al. 2016; Matsuta
and Masumoto 2021). According to the numerical experiments
conducted by Holland and Rhines (1980), the eddy potential
vorticity (PV) flux, driving recirculation gyres, is not vertically
uniform. While the eddy PV flux is oriented in the downgra-
dient direction of the mean PV in the deep layer, the eddy PV
flux is oriented in the upgradient direction of the mean PV in the
surface layer except for a small region near the western boundary,
where the eddy PV flux is oriented in the downgradient direction.

Two processes have been proposed as drivers of recirculation
gyres. Rhines and Young (1982a,b) assumed that the downgra-
dient eddy PV flux in the deep layer is expressed in the form of
the Laplacian diffusion of the mean PV. Then, they showed
that a weak diffusion of the PV drives significant mean circula-
tion, in which the mean PV is homogeneous, in the lower layer
of a two-layer quasigeostrophic model. This PV homogeniza-
tion has also been proposed as a driver of recirculation gyres in
the surface layer (Cessi et al. 1987; Jayne et al. 1996; Sheremet
2002). By using a simple barotropic model, Cessi et al. (1987)
showed that the circulation similar to the southern recirculation
gyre is formed when the PV is homogenized between the low
PV fluid, which is advected from low latitudes by the western
boundary currents, and the surrounding fluid. However, the as-
sumption of the PV diffusion by Rhines and Young (1982a,b) is
a priori. Although this assumption is consistent with the down-
gradient PV in the deep layer, the PV flux is oriented in the up-
gradient direction in most regions of the upper layer, and
indeed the eddy diffusivity is mostly negative there (Holland
and Rhines 1980).

The rectification of the Rossby wave energy radiated from
the jet is another possible mechanism driving recirculation gyres
(Thompson 1977; Hogg 1988; Malanotte-Rizzoli et al. 1995).Corresponding author: GentaMizuta, mizuta@ees.hokudai.ac.jp
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Conducting idealized numerical experiments with a baro-
tropic quasigeostrophic model, in which the model was
forced only by oscillatory forcing representing form drag,
nonlinear interactions between different eddies (eddy–eddy
interaction), and other effects, Haidvogel and Rhines (1983)
demonstrated that the Rossby wave excited by oscillatory
forcing drives a time-mean flow similar to the recirculation
gyres. In contrast to the assumption of the PV diffusion, the
PV flux in the forcing region of the Rossby wave is oriented
in the upgradient direction of the mean PV, which agrees
with the results of past numerical experiments for the surface
layer (see above). Intense Rossby waves are often observed
on the northern side of the Gulf Stream, with amplitudes of
O(0.1) m s21 (Thompson 1977; Hogg 1988; Bower and Hogg
1992). Based on their numerical experiment of a forced east-
ward jet, Waterman and Jayne (2011) showed that the eddy
PV flux is oriented in the upgradient direction of the mean
PV in the region where the Rossby wave is radiated from the
jet. They suggested that eddies produced by instability in the
upstream region of the jet are transformed into the Rossby
wave in the downstream region, generating this upgradient
PV flux. However, the driving mechanism of recirculation
gyres is not yet fully understood.

b. Enstrophy budget and eddy–eddy interaction

To understand the interaction between eddies and an east-
ward jet, Holland and Rhines (1980) and several studies have
examined the budget of eddy potential enstrophy (EE; Rhines
and Holland 1979; Marshall 1984; Wilson and Williams 2004;
Waterman and Jayne 2011). The equation of the quasigeo-
strophic EE in the stationary state is expressed as

u′q′ ? =q 52u ? =
q′2

2

( )
2 q′= ? (u′q′) 1 D′q′ , (1)

where u is the horizontal velocity, q is the PV, = is the hori-
zontal gradient operator, and the overbar and prime denote
the time average and perturbation from the average, respec-
tively. The D′ represents the arbitrary dissipation. The left-
hand side of (1) represents the production/destruction of the
EE by the downgradient/upgradient eddy PV flux (PUF). The
first term on the right-hand side represents the advection of
the EE by the mean flow, whereas the second term represents
the eddy–eddy interaction, which is a third-order quantity in
q′ and u′. The third term represents dissipation.

Assuming that the dissipation is negligible and the ampli-
tude of the perturbation is small relative to the mean value,
Holland and Rhines (1980) argued that the PUF in (1) is
mainly balanced by the advection of the EE (i.e., the first term
on the right-hand side) in the surface layer. In this case, the
eddy PV flux has to be oriented in the upgradient direction in
the region where the EE decreases in the downstream direc-
tion of the jet and vice versa. Thus, Holland and Rhines (1980)
speculated that the PV flux was oriented in the upgradient di-
rection in the surface layer of their experiment to achieve such
a balance. Waterman and Jayne (2011) argued that the advec-
tion of the EE permits the upgradient PV flux, enhancing the
Rossby wave radiation.

Of course, we cannot derive any causality solely from the
term balance in (1) described above. Moreover, the eddy
fluxes of PV, heat, and so forth maintained by such a balance

TABLE 1. Experimental conditions.

Horizontal grid spacing, Dx, Dy (km) 10
Vertical grid spacing, Dz (m) 10–330
Bottom drag coefficient, rb (m s21) 4 3 1025

Vertical viscosity, ny (m2 s21) 5 3 1022

Vertical diffusivity, ky (m2 s21) 1 3 1026

Harmonic horizontal viscosity and
diffusivity, nh, kh (m2 s21)

0

Biharmonic horizontal viscosity and
diffusivity, n4, k4 (m

4 s21)
0

Zonal and meridional width of
the sponge layer, Lsx, Lsy (km)

200, 100

FIG. 1. The mean flow and the velocity perturbation in the (a) surface layer and (b) deep layer. Contours indi-
cate the mean geostrophic streamfunction. The major and minor axes of the ellipses indicate the principal axes
of the velocity perturbation (Emery and Thomson 2001). Solid and dashed contours indicate positive and nega-
tive values, respectively. Contour intervals are 0.4 m2 s22.
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tend to be dominated by a rotational (i.e., divergence free) com-
ponent that does not affect the mean flow (Lau and Wallace
1979). Eddy-resolving models depict the eddy heat flux as tend-
ing to be locally southward (i.e., upgradient) in the Gulf Stream
and the Kuroshio Extension owing to this rotational component,
even though the zonally integrated eddy heat flux is northward
(Jayne and Marotzke 2002; Aoki et al. 2013).

In the experiment conducted by Haidvogel and Rhines
(1983), the EE of the Rossby wave is produced by oscillatory
forcing, while the mean flow advecting the EE is weak relative
to the perturbation. This forcing is not explicitly included in
(1), but the equation of the perturbation PV is expressed as

­q′

­t
52u ? =q′ 2 u′ ? =q 2 = ? (u′q′)′ 1 D′, (2)

where t is the time and (u′q′)′ 5 u′q′ 2 u′q′ ; thus, the oscilla-
tory forcing w in Haidvogel and Rhines (1983) can be regarded
as a parameterization of the third term on the right-hand side
of (2), which represents the nonlinear interaction of different
eddies, i.e., w 5 2= ? (u′q′)′. This term is referred to as the
eddy forcing in this study. Multiplying (2) by q′, averaging in
time, and assuming the stationary state, we obtain (1). Thus, in
contrast to the argument by Holland and Rhines (1980), the
PUF tends to be balanced by the second term on the right-
hand side of (1) when the Rossby wave is excited by the eddy
forcing in an eastward jet. This term is referred to as the eddy–
eddy interaction in this study. In the region where the eddy (or
any other) forcing excites the Rossby wave, the wave activity
density, which is proportional to the EE, is radiated out of the
region by the Rossby wave (Vallis 2006). Thus, the eddy–eddy
interaction tends to be positive to supply the EE of the Rossby
wave. This implies that the PUF becomes positive from (1), and
the eddy PV flux is oriented in the upgradient direction of the
mean PV in such region. In the Gulf Stream and the Kuroshio
Extension, perturbations may not be so weak relative to the
mean flow as Holland and Rhines (1980) assumed. By using an
eddy-resolving isopycnic primitive equation model, Wilson and

Williams (2004) demonstrated that the eddy–eddy interaction is
sufficiently large in the jet produced in the wind-driven double
gyres, and thus the PUF is partly balanced by this term. Thus,
the eddy forcing is a possible mechanism of the Rossby wave
forcing and the upgradient PV flux.

c. Purpose of this study

Therefore, the mechanism maintaining the budget of EE,
and thus recirculation gyres, is not yet fully understood. The
purpose of the current study is to examine this mechanism, fo-
cusing on the surface layer. In particular, we examine whether
eddy forcing contributes to the generation of the upgradient PV
flux and the Rossby wave, as assumed by Haidvogel and Rhines
(1983). Eddy motions in an eastward jet are complex, as they in-
clude different components such as the instability and Rossby
waves. While the instability wave tends to dominate in the fre-
quency band that has a period of a few tens of days, the Rossby
wave tends to dominate in lower frequency bands (Mizuta
2009). Thus, we examine the budget of EE, dividing the pertur-
bation into contributions from different frequency bands. We
expect that the component relevant to the radiation of the
Rossby wave can be extracted in such an analysis. The rest of
this paper is organized as follows: The numerical experiment is
described in section 2, the results of the numerical experiment
are analyzed in section 3, additional experiments are performed
in section 4 to further understand the results from the previous
section, and the overall results are summarized in section 5.

2. Model

To reproduce the jet and recirculation gyres in an ideal-
ized setting, we conducted a numerical experiment using the
Regional Ocean Modeling System (ROMS; Haidvogel et al.
2000), which is a free-surface, terrain-following, primitive
equation model. Experimental conditions were basically the
same as those used in Mizuta (2009), with an eastward jet
being driven by the inflow and outflow prescribed at the

FIG. 2. (a) Vectors of the eddy PV flux and contours of the convergence of the eddy PV flux in the surface layer.
(b) Contours of the mean geostrophic streamfunction in the surface layer. Contour intervals are 33 10213 s22 in (a) and
0.4 m2 s22 in (b). Shaded regions in (a) indicate negative values (i.e., divergence). Vectors are scaled by 13 1026 m s22.
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western and eastern boundaries, respectively. In the real ocean,
the eastward jet is formed when narrow western boundary cur-
rents separate from the coast, and this jet eventually broadens
to join the interior Sverdrup flow. To represent these features,
the inflow was proportional to 1/cosh2(y/Lin), and the outflow
was uniform in the y direction, where x, y, and z denote the
eastward, northward, and upward coordinates, respectively,
and (x, y, z)5 (0, 0, 0) corresponds to the surface at the central
latitude of the western boundary (see the appendix for details).
The model domain was a rectangle placed on the b plane with
a flat bottom.

Both the inflow and outflow exponentially decayed from the
surface with the e-folding scale of 750 m, except that the vertical
shear decreased near the surface. The vertical structure of the
inflow and outflow and the stratification were determined based
on the values near the Kuroshio Extension given in the World
Ocean Atlas 2005 (Locarnini et al. 2006; Antonov et al. 2006; see
the appendix for details). The horizontal scale Lin of the inflow
was 30 km, and the maximum speed u0 of the inflow at the sur-
face was 0.8 m s21, resulting in the transport of 393 106 m3 s21.
The Coriolis parameter f0 at y 5 0 was 9 3 1025 s21; the
meridional gradient b of the Coriolis parameter was
2 3 10211 m21 s21; the bottom depth H0 was 4000 m; and

the zonal and meridional dimensions of the model domain
were 5120 and 1920 km, respectively. The first internal defor-
mation radius based on the stratification and the Coriolis pa-
rameter was 30 km at y 5 0. To suppress the reflection of
perturbations, a sponge layer was imposed near all four bound-
aries. The linear damping coefficient of velocity and density
within this layer increased from zero to gs 5 1/20 day21 toward
the boundary. Other conditions for the numerical experiment are
listed in Table 1. After a spinup of over 4000 days, in which the
eddy kinetic energy nearly reached a constant, the model equa-
tion was integrated over another 8000 days. We analyzed model
results averaged every 4 days between 4000 and 12 000 days.
Basic features of the results did not change even if the in-
flow speed or the horizontal distribution of the outflow was
altered.

Because the flow is nearly adiabatic, we analyzed variables
interpolated onto four isopycnal surfaces, which are located
at depths of ;400, 1020, 2150, and 3300 m. The first and last
isopycnal surfaces are referred to as the surface and deep
layers, respectively. We interpolated the eastward velocity u
and the northward velocity y and the pressure p into these
isopycnal surfaces, and we then calculated the geostrophic
streamfunction,

FIG. 3. The velocity perturbation in the (a) 205-, (b) 79-, (c) 49-, and (d) 35-day bands. The major and minor axes of
the ellipses indicate the principal axes of the velocity perturbation in each frequency band.
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p 5
p 1 grz

rb
, (3)

and the quasigeostrophic PV,

q 5 z 2
f0h
H

1 by: (4)

Here, r is the density, z is the depth of the isopycnal surface, g is
the gravity acceleration, rb is the Boussinesq density, z 5 yx2 uy
is the relative vorticity, andH and h are the average and pertur-
bation from the average of the thickness between two isopycnals,
respectively (Vallis 2006). The ratios |z|/f0 and |h|/H, which repre-
sent the accuracy of the quasigeostrophic approximation, were
less than about 0.1.

Next, we calculated the autospectra and cross-spectra be-
tween q′ and (u′, y ′), dividing the time series of q′ and (u′, y ′)
into 30 overlapping segments of 512 days and tapering each
segment by a Hanning window. We averaged these spectra
over all segments and four adjacent frequencies. The mean

frequencies of the lowest four frequency bands were 0.005,
0.013, 0.021, and 0.028 cycles per day (cpd), which correspond
to the periods of 205, 79, 49, and 35 days, respectively. These
frequency bands are referred to as the 205-, 79-, 49-, and 35-
day bands, respectively. From Parseval’s theorem,�1‘

2‘
f1(t)f2(t)dt 5

1
2p

�1‘

2‘
f̃1(v)f̃

*
2(v)dv, (5)

where f1(t) and f2(t) are arbitrary real functions of time, v is
the angular frequency, and the tilde and the asterisk denote the
Fourier component and the complex conjugate, respectively.
The integral of the autospectra of q′ coincides with q′2 [which
is confirmed by substituting f1 5 f2 5 q′ to (5)]. Thus, half the
autospectra of q′ represent the EE decomposed into different
frequency bands. Similarly, the cross-spectra between q′ and
(u′, y ′) represent the eddy PV flux decomposed into different
frequency bands [which is confirmed by substituting f1 5 q′,
f2 5 u′ or y ′ to (5)].

We also extracted the most dominant pattern of perturba-
tions in each frequency band using the technique of the

FIG. 4. Contours of the phase of the velocity component parallel to the major principal axis in the (a) 205-, (b) 79-,
(c) 49-, and (d) 35-day bands in the surface layer. Contour intervals are 908. Vectors indicate the gradient of the phase,
which represents the propagation direction of the phase. Contours are not drawn for the region in which the 95% con-
fidence interval exceeds 308. Vectors are scaled by 13 1026 m21.
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empirical orthogonal functions in the frequency domain
(FDEOFs; Wallace and Dickinson 1972), as in Mizuta (2009).
In contrast to the conventional empirical orthogonal functions,
FDEOFs are complex and represent the distribution of both
the amplitude and the phase of dominant perturbations. We
calculated the FDEOFs by combining u, y , and z on the four
representative isopycnals defined above to extract perturba-
tions extending over the entire water column. These variables
were weighted so that the variance of weighted (u, y) and z was
proportional to the kinetic and potential energy, respectively.

3. Results

a. Eddy PV flux

First, we examine properties of the mean flow and perturba-
tion that were not decomposed into different frequency bands.
Figure 1 shows the jet and perturbation in the surface and
deep layers, with the mean geostrophic streamfunction p and
the principal axes of the velocity perturbation. The sponge
layers and the eastern region are omitted. In the surface layer,
the eastward jet extends from x 5 0 to 1800 km (Fig. 1a). Two
recirculation gyres are produced on the southern and northern

flanks of the jet in both the surface and deep layers (Figs. 1a,b).
The eastward jet broadens at the eastern end of the recircula-
tion gyres (Fig. 1a). Part of the outflow imposed at the eastern
boundary directly reaches the western boundary in y . 600 km
and ,2600 km. This corresponds to the linear solution of the
circulation driven by the outflow. The recirculation gyres and
the linear solution coexist also in the double gyre circulation
(Haidvogel et al. 1992; Nakano et al. 2008). The transport of
each recirculation gyre, which is integrated from the surface to
the bottom, was ;30 3 106 m3 s21, though it depends on the
definition of the boundary of the gyres. The total downstream
transport and throughflow transport, which include and do not
include the transport of recirculation gyres, respectively, of the
Kuroshio and Kuroshio Extension were estimated by several
observational studies. Imawaki et al. (2025) estimate the mean
throughflow transport of 35 3 106 m3 s21 at about 1338E. Jayne
et al. (2009) estimate the total downstream transport of 1143 106

and 793 106 m3 s21 in the stream and geographic coordinates at
about 1468E, respectively. These transports roughly coincide with
those in our experiment.

The velocity perturbation attains a maximum near the east-
ern end of the jet in both the surface and deep layers (Fig. 1).

FIG. 5. Vectors of the PV flux and contours of the convergence of the eddy PV flux in the (a) 205-, (b) 79-, (c) 49-,
and (d) 35-day bands in the surface layer. Contour intervals are 33 10213, 1.53 10213, 13 10213, and 0.83 10213 s22

in (a)–(d), respectively. Vectors are scaled by 13 1026 m s22.
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Note that the scale of the velocity perturbation differs between
Figs. 1a and 1b. The perturbation in the surface layer is stron-
ger than that in the deep layer. The major principal axis of the
velocity perturbation is oriented in the northwest–southeast
and northeast–southwest directions in a broad area on the
northern and southern sides of the jet, respectively. The direc-
tion of motions, indicated by the major principal axis, is consis-
tent with that produced by the Rossby wave in the experiment
of Haidvogel and Rhines (1983), indicating that the Rossby
wave is radiated from the eastern end of the jet (Mizuta 2009;
Waterman and Jayne 2011). While a large velocity perturba-
tion is concentrated near the jet in the surface layer, such a
perturbation extends over a broader area in the deep layer
(Figs. 1a,b). The perturbation in the jet is weaker in the deep
layer than that in the surface layer. In the following analysis,
we focus on the surface layer, where the perturbation is
strong.

Figure 2 shows the eddy PV flux in the surface layer in the
area near the recirculation gyres. The eddy PV flux is northward,
that is, in the upgradient direction of the mean PV, near the east-
ern end of the recirculation gyres (x 5 2000 km). Converging
and diverging in the northern and southern regions, respectively,
the upgradient PV flux tends to drive the recirculation gyres to
satisfy the equation of the mean PV:

u ? =q 52= ? u′q′ 1 D: (6)

In the relatively upstream region (x , 1600 km), the PV
flux diverges and converges on the northern and southern
flanks of the jet, respectively, corresponding to the southward
(i.e., downgradient) PV flux. (Although the PV flux is mainly
zonal in the upstream region, it also includes the downgra-
dient component at y 5 0 km.) These divergence and conver-
gence of the PV flux tend to broaden the jet.

Next, we decompose the perturbation and eddy PV flux in
the surface layer into different frequency bands. To examine
the propagation direction of the perturbation, we also calcu-
late the FDEOFs. To save computation time, we calculated
the FDEOFs from u, y , and z for 1850 , x , 2100 km and
2350 , y , 350 km and obtained the regression of each vari-
able to the FDEOFs in the entire model domain. The first
FDEOF explains 32%, 30%, 39%, and 32% of the total en-
ergy in the 205-, 79-, 49-, and 35-day bands, respectively. The
basic features of the FDEOFs were not affected by the details
of the calculation method used to obtain them.

Figures 3a–d show the distribution of the velocity perturba-
tion in the 205-, 79-, 49-, and 35-day bands, respectively.
While the velocity perturbation is concentrated near the jet

FIG. 6. Terms in the equation of the EE [(7)] for the low-frequency bands in the surface layer. Contours of the
(a) production of the EE by the upgradient/downgradient PUF, (b) eddy–eddy interaction, (c) mean advection,
and (d) residual. Contour intervals are 1 3 10218 s23.
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axis in the 35-day band, a large velocity perturbation extends
over a broader area in the 205-, 79-, and 49-day bands. In
these frequency bands, the major principal axis of the velocity
perturbation is oriented in the northwest–southeast and
northeast–southwest directions on the northern and southern
sides of the jet, respectively, as in Fig. 1. The perturbation is
strong in the upstream region of the jet (x , 1700 km) in the
35-day band; in the 205- and 79-day bands, it attains a maximum
near the eastern end of the recirculation gyres (x; 1800 km). In
contrast to the perturbations in the low-frequency bands, the ma-
jor principal axis of the velocity perturbation in the 35-day band

tends to be oriented in the northeast–southwest and northwest–
southeast directions on the northern and southern sides of the jet
near the jet axis in the upstream region (x , 1400 km), respec-
tively (Fig. 3d). Thus, the divergence of the Reynolds stress,
(u′y ′ )y, in the meridional direction tends to decelerate the
jet, indicating that barotropic instability dominates in the 35-day
band.

Figure 4 shows the phase of the velocity component parallel
to the major principal axis. The propagation direction of the per-
turbation is different between low- and high-frequency bands.
In the 205-, 79-, and 49-day bands, the phase of the first FDEOF
propagates southwestward and northwestward on the northern
and southern sides of the jet, respectively (Figs. 4a–c). The prop-
agation speed and vertical structure of the perturbation are con-
sistent with those of a barotropic Rossby wave (Mizuta 2009). A
baroclinic Rossby wave cannot propagate in these frequency
bands because the frequency exceeds the critical value of the
first baroclinic Rossby wave, fc 5 pba1 5 0.0041 cpd, where a1
is the first baroclinic deformation radius. Thus, from the disper-
sion relation of the barotropic Rossby wave, the energy of the
Rossby wave propagates northward and southward from the jet,
indicating that the jet is the source of the Rossby wave energy.
In the 35-day band, in contrast, the phase of the first FDEOF
propagates eastward (Fig. 4d).

Figure 5 shows the PV flux in each frequency band. At the
eastern end of the recirculation gyres, the upgradient (north-
ward) PV flux is generated in the 205- and 79-day bands, which
are dominated by the Rossby wave. This finding is consistent
with the experimental result obtained by Haidvogel and Rhines
(1983). As was the case for the total field (Fig. 2), the upgra-
dient PV flux in the 205-day band converges and diverges in the
northern and southern regions, respectively (Fig. 5a). The PV
flux in the 79-day band also tends to enhance these conver-
gence and divergence of the PV flux (Fig. 5b). The perturba-
tion in the 49-day band contributes to the upgradient PV

FIG. 7. Vectors of the eddy PV flux and contours of the EE in
the surface layer. Contour intervals are 8 3 10210 s22. Vectors are
scaled by 13 1026 m s22.
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FIG. 8. Plot of the mean PV, q (s21), as a function of the
mean geostrophic streamfunction, p (m2 s22). The solid line
indicates the line, q 5A21p, obtained by linear fitting over
20:6m2 s22 ,p , 0:6m2 s22.

FIG. 9. Vectors of the eddy PV flux without the rotational com-
ponent and contours of the convergence of the eddy PV flux in the
surface layer. Contour intervals are 3 3 10213 s22. Vectors are
scaled by 13 1026 m s22.
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flux, but the convergence and divergence of the PV flux are
not so clear (Fig. 5c). The perturbation in the 35-day band
contributes to the convergence and divergence of the PV flux
near the jet axis in the upstream region of the jet, which cor-
responds to the downgradient PV flux (Fig. 5d). Although
figures are not shown, this downgradient PV flux is domi-
nated by the relative vorticity flux and mostly corresponds
to the divergence of the Reynolds stress shown in Fig. 3d
owing to the relation, y ′z′ ;2(u′y ′ )y. The distribution of
the perturbation and convergence of the PV flux in the 28-
and 23-day bands are quite similar to those in the 35-day
band (figures not shown). At frequencies higher than these
bands, the convergence of the PV flux becomes small and
less clear.

Thus, jet instability and Rossby wave radiation dominate
in the upstream and downstream regions, respectively, as
mentioned by Waterman and Jayne (2011). The low- and
high-frequency perturbations are dominated by these Rossby
and instability waves, respectively. In addition, the Rossby
wave contributes to the generation of the upgradient PV flux,
whereas the instability wave contributes to the generation of
the downgradient PV flux. The convergence and divergence
concentrated near the jet axis can also be observed in the up-
stream region (x , 1600 km) in the low-frequency bands,

probably because the perturbation due to the instability wave
is partly included.

Based on these features of the PV flux, we refer to the
205- and 79-day bands as the low-frequency bands, whereas
we refer to the 35-, 28-, and 23-day bands as the high-
frequency bands in the following analysis. The mean fre-
quency of the low-frequency and high-frequency bands was
0.009 and 0.036 cpd, which correspond to the periods of
114 and 28 days, respectively.

b. Enstrophy budget

Taking the Fourier transform of (2) in time, multiplying by
q̃′ *, and assuming the stationary state, we obtain the equation
of the EE in each frequency band:

~u′ q̃′ * ? =q 52u ? =
|q̃′ |2
2

2 q̃′ *= ? (ũ′q′ ) 1 D̃′ q̃′ *: (7)

Equation (7) corresponds to (1) decomposed into different
frequency bands. As in (1), the first and second terms on the
right-hand side of (7) represent the advection of the EE by
the mean flow and the eddy–eddy interaction, respectively.
The left-hand side represents the PUF. Because the Fourier

FIG. 10. Terms in the equation of the EE [(7)] without the rotational component for the low-frequency bands in the
surface layer. Contours of the (a) PUF, (b) eddy–eddy interaction, (c) mean advection, and (d) residual. Contour in-
tervals are 13 10218 s23.
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component of u′q′ at the angular frequency of v is expressed
as

ũ′q′ 5
�‘

2‘

~u′ (v′)q̃′ (v 2 v′)dv′, (8)

the eddy–eddy interaction represents the exchange of EE be-
tween three different frequencies, v, v′, and v 2 v′. We calcu-
late these terms from the outputs of the numerical experiment,
and the last term on the right-hand side of (7) is calculated as
the residual of the other terms. In the following analysis, we re-
fer to the first and third terms on the right-hand side of (7) as
the mean advection and residual, respectively, whereas the sec-
ond term on the right-hand side is the eddy–eddy interaction.
From Parseval’s theorem, the integral of the eddy–eddy interac-
tion in (7) in frequency coincides with the corresponding term
in (1). In general, this term does not vanish, while it vanishes
when integrated horizontally over the entire model domain,
because

2 q′= ? (u′q′) 52= ?
u′q′2

2
, (9)

identically.

Figure 6 compares each term in (7) integrated in the low-
frequency bands, where the Rossby wave is dominant. Here,
we applied a Gaussian filter with an e-folding scale of 20 km
to smooth out small-scale features. The PUF is large near the
eastern end of the recirculation gyres, x 5 2000 km (Fig. 6a),
which corresponds to the northward PV flux in Figs. 5a and 5b.
The eddy–eddy interaction tends to have the same sign as the
PUF in the same region (Fig. 6b). This suggests that the eddy forc-
ing excites the Rossby wave because the PUF tends to be bal-
anced by the production of the EE by the forcing of the Rossby
wave as we considered in section 1b. However, the eddy–eddy

FIG. 11. Terms in the equation of the EE [(7)] without the rotational component for the high-frequency bands in
the surface layer. Contours of the (a) PUF, (b) eddy–eddy interaction, (c) mean advection, and (d) residual. Contour
intervals are 0.63 10218 s23.

TABLE 2. Eddy–eddy interaction integrated in the region
2100 km , y , 100 and 1600 km , x. The first and second
rows represent the eddy–eddy interaction in the low-frequency
and high-frequency bands, respectively. The third row represents
the sum of the eddy–eddy interaction in other frequency bands
and residuals. The fourth row represents the convergence of the
EE by eddy motions.

Low-frequency bands (31028 m2 s23) 82
High-frequency bands (31028 m2 s23) 237
Other (31028 m2 s23) 26
Convergence (31028 m2 s23) 39
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interaction is smaller than the mean advection (Fig. 6c). The
PUF is almost balanced by themean advection.

Lau andWallace (1979) showed that the large cancellation be-
tween the PUF and the mean advection tends to occur owing to
the rotational component of the eddy PV flux. Thus, Marshall
and Shutts (1981) introduced the rotational eddy PV flux:

(u′q′ )R 5
A
2

2
­q′2

­y
,
­q′2

­x

( )
, (10)

where A is a constant satisfying an empirical relation,

c 5 Aq, (11)

and c ; p/f0 is the mean streamfunction. Taking the dot
product of (10) with =q and substituting (11) yields

(u′q′ )R ? =q 52A(2 qy, qx) ? =
q′2

2

( )
52u ? =

q′2

2

( )
, (12)

so the mean advection is balanced by the production of the
EE by the upgradient component of (u′q′ )R. Because (u′q′ )R
is parallel to the contour of the EE and nondivergent from
(10), it does not contribute to driving the mean flow [see (6)].
Figure 7 compares the distribution of the EE and eddy PV
flux in the surface layer. The PV flux tends to be parallel to
the contour of the EE, indicating that the eddy PV flux in-
cludes a rotational component.

Thus, we subtracted the rotational component,

( ~u′ q̃′ *)R ? =q 52A(2 qy, qx) ? =
|q̃′ 2 |
2

( )
, (13)

from the left-hand side and the first term on the right-hand
side of (7). The other terms in (7) remain unchanged. To de-
termine the constant A, which is defined in (11), we fitted q
by p for 1000 , x , 2200 km (the solid line in Fig. 8), where
the up- and downgradient PV flux are large. For the fitting,
we used (p, q) for 20:6m2 s22 ,p , 0:6m2 s22 because in
this region, the PUF is large. Figure 9 shows the eddy PV flux

FIG. 12. Contours of the (a) convergence of the eddy PV flux; (b) convergence of the eddy PV flux integrated in the
low-frequency, high-frequency, and 49-day bands; (c) convergence of the mean PV flux; and (d) mean geostrophic
streamfunction in the surface layer. Vectors represent the eddy PV flux in (a) and (b) and the mean PV flux in
(c). Gray contours in (d) represent the mean PV. Contour intervals are 3 3 10213 s22 in (a)–(c) and 0.3 m2 s22 and
23 1026 s21 for black and gray contours in (d), respectively. Vectors are scaled by 13 1026 m s22.
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without the rotational component, which is not decomposed
into different frequency bands. Compared with the eddy PV
flux shown in Figs. 2 and 7, the eddy PV flux parallel to the
contour of the EE is much reduced. In the above derivation,
the condition (11) corresponds to a special case of the conser-
vation of the mean PV along the mean streamfunction:

J(c, q) 5 0; (14)

where J is the Jacobian. It is implicitly assumed in (14) that
the eddy PV flux does not affect q. We return to this point in
the next section.

Figure 10 shows each term in (7) without the rotational
component integrated in the low-frequency bands. Now that
the mean advection is weakened after subtracting (u′q′ )R, the
amplitude of the eddy–eddy interaction is similar to that of the
PUF (Figs. 10a,b). The PV flux is oriented in the upgradient di-
rection near the eastern end of the recirculation gyres (Fig. 10a).
The PUF owing to this PV flux tends to be balanced by the
eddy–eddy interaction (Figs. 10a,b). Thus, the Rossby wave ex-
cited by eddy forcing contributes to the generation of the upgra-
dient PV flux, which directly drives the mean flow. The mean
advection also partly balances the PUF. The residual tends to be
large near the jet axis, indicating the dissipation of the strong
perturbation in the jet.

Figure 11 shows each term of (7) without the rotational com-
ponent integrated in the high-frequency bands in which the in-
stability wave is dominant. The PV flux is oriented in the
downgradient direction owing to the instability wave in the
high-frequency bands (Fig. 11a). It is balanced by the mean
advection in the upstream region, x , 1600 km, indicating that
the EE produced by jet instability is advected downstream
(Fig. 11c). In the downstream region, x . 1600 km, the in-
crease in the EE by advection from the upstream region is

balanced by the negative eddy–eddy interaction (Figs. 11b,c).
The negative eddy–eddy interaction in Fig. 11b is also partly
balanced by the negative PUF, which is shown in Fig. 11a, in
the downstream region. This eddy–eddy interaction represents
the transfer of the EE between different frequency bands
[see (8)]. In almost the same region, the eddy–eddy interac-
tion is positive in the low-frequency bands (Fig. 10b). Table 2
shows the eddy–eddy interaction in different frequency bands,
which is integrated in the region 2100 km , y , 100 km and
1600 km , x. Nearly half of the eddy–eddy interaction in the
low-frequency bands, which is shown in Fig. 10b, is balanced
by that in the high-frequency bands, which is shown in Fig. 11b.
Thus, the perturbation in the high-frequency bands contributes
to generating the eddy forcing in the low-frequency bands.
Then, as shown in Figs. 10b and 10c, this eddy forcing tends to
excite the Rossby wave. As shown by (9), the sum of the eddy–
eddy interaction in all frequency bands corresponds to the total
flux of the EE, u′q′2 /2, by eddy motions converging into the re-
gion, which is shown at the bottom of Table 2. The precise
mechanism of this convergence of the total EE flux is unknown.

c. Eddy–mean flow interaction

Figures 12a and 12b compare the sum of the eddy PV flux in
the low-frequency, high-frequency, and 49-day bands with the
original eddy PV flux. We can confirm that the eddy PV flux
shown in Fig. 12a is nearly reproduced by the PV flux integrated
in these three frequency bands. Figures 12c and 12d show the
convergence of the mean PV flux and the mean streamfunction,
respectively. The mean PV flux diverges and converges at the
eastern end of the northern and southern recirculation gyres,
where the mean geostrophic streamfunction (black contours in
Fig. 12d) crosses the contour of the mean PV (gray contours)
from south to north and from north to south, respectively

FIG. 13. Meridional distribution of the (a) northward eddy PV flux and (b) convergence of the eddy PV flux, which
are integrated from x 5 1800 to 2200 km in the surface layer. The solid, dashed, and dotted lines represent the PV
flux and the convergence of it that were not decomposed into frequency bands, those integrated in the low-frequency
bands, and those integrated in the low-frequency, high-frequency, and 49-day bands, respectively.
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[see (6)]. These convergence and divergence of the mean
PV flux are nearly balanced by those of the eddy PV flux, indi-
cating that the eddy PV flux drives the mean flow crossing the
contour of the mean PV (Figs. 12a,c). Figure 13 shows the eddy
PV flux integrated from x 5 1800 to 2200 km in different fre-
quency bands. We can confirm that the eddy PV flux in the
low-frequency bands (dashed lines), which is dominated by the
Rossby wave, mostly determines the eddy PV flux (solid lines)
in these longitudes. Thus, the Rossby wave tends to drive the
recirculation gyres.

In summary, the PV flux generated by the Rossby wave tends
to drive the recirculation gyres. The eddy–eddy interaction con-
tributes to exciting this Rossby wave in the low-frequency
bands. The EE produced by jet instability in the upstream re-
gion in high-frequency bands is advected to the downstream re-
gion and transferred from the high- to low-frequency bands

owing to the interaction between the high- and low-frequency
perturbations. This eddy–eddy interaction tends to excite the
Rossby wave. These processes of the Rossby and instability
waves are consistent with Waterman and Jayne (2011).

The PV flux described above can be partitioned into the rela-
tive vorticity and potential thickness fluxes. Although the down-
gradient PV flux near the jet axis, which is shown in Fig. 2a, is
dominated by the relative vorticity flux in the surface layer, the
downgradient potential thickness flux, which tends to reduce
the isopycnal slope of the jet, is dominant in the deep layer
(figures not shown). Thus, the jet instability corresponds to
mixed barotropic–baroclinic instability. In the downstream
region, the potential thickness flux is oriented in the upgra-
dient and downgradient directions of the mean PV in the
surface and deep layers, respectively, whereas the relative
vorticity flux is oriented in the upgradient direction in both

FIG. 14. Contours of the (a) snapshot geostrophic streamfunction at 4500 days, (b) mean geostrophic streamfunc-
tion, (c) upgradient PV flux, and (d) EE in the surface layer in the small-amplitude experiment. Contour intervals are
2 3 1023 m2 s22, 3 3 1024 m2 s22, 1.2 3 10221 s23, and 5 3 10215 s22 in (a)–(d), respectively. Gray contours in
(d) represent the mean geostrophic streamfunction.
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the surface and deep layers. Dominated by the potential thick-
ness flux, the PV flux is oriented in the downgradient direction
in the deep layer as shown by Holland and Rhines (1980).

4. Experiments with oscillatory forcing

In the previous section, we showed that the eddy–eddy in-
teraction contributes to generating the upgradient PV flux.
However, the amplitude of the mean advection is similar to that
of the eddy–eddy interaction, even after subtracting the rota-
tional component (Fig. 10). Therefore, we further examine the
physical mechanism that maintains the mean advection in this
section. In our experiment, the mean flow in the surface layer
consists of two components: the eastward flow, which is directly
driven by the inflow and outflow at the boundaries, and the recir-
culation gyres, which are driven by eddies. The assumption ex-
pressed by (11) or (14), which we used to obtain (u′q′ )R, may be

approximately satisfied in the former component. However, this
is not the case for the latter component because the convergence
of the eddy PV flux, 2=?u′q′ , which is neglected in (14), drives
the recirculation gyres. Thus, we expect that (u′q′ )R dominates
solely in the former component of the mean flow. This idea is
supported by the numerical experiment because a large cancella-
tion between the PUF and the mean advection does not occur in
the deep layer, where the inflow and outflow are not applied
(not shown). Thus, we examine the mean advection in an ide-
alized experiment in which the Rossby wave is excited by
oscillatory forcing instead of the eddy forcing in the jet, as
in Haidvogel and Rhines (1983). The inflow and outflow at
the boundary are not considered.

a. Formulation

Following Haidvogel and Rhines (1983), we represent the
eddy forcing by an external forcing localized in space and

FIG. 15. Terms in the equation of the EE [(24)] for the small-amplitude experiment in the surface layer. Contours
of the (a) PUF, (b) forced-wave interaction, (c) mean advection, and (d) external forcing. CIs, which are scaled
by 1 3 10221 s23, are shown in the title of each panel.
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oscillating in time. Scaled by the characteristic scales of hori-
zontal length L, velocity U, and time T, and the bottom depth
H0, the nondimensional equation of the quasigeostrophic PV
in a continuously stratified fluid becomes

­q̂
­t̂

1 b̂ŷ 52eJ(ĉ, Q̂) 1 ŴEe
2iv̂ t̂ , (15)

where a hat represents a scaled variable, ŴE(x, y, z) repre-
sents the amplitude of the external forcing, v̂ is the angular
frequency of the forcing, and q̂ is decomposed into b̂ŷ and Q̂.
The real part is implied in (15). The first and second terms on
the right-hand side represent the eddy and external forcings,
respectively. As we will see later, the former represents the
eddy forcing owing to the Rossby wave excited by the exter-
nal forcing. In the following analysis, we drop the hat for
simplicity.

When the nondimensional parameter, e 5 UT/L, is small,
we expand c and q in an asymptotic series in e, that is,

c 5 c0 1 ec1 1 e2c2 1 · · · : (16)

Substituting (16) into (15), we obtain the equation of the
O(1) PV,

2ivqa0 1 bya0 5 WE, (17)

and the equation of theO(e) PV,

by 1 52
1
2
J(ca

0, q
a*
0 ), (18)

and

22ivqb1 1 byb1 52
1
2
J(ca

0, q
a
0) ; Wb

1 , (19)

where theO(1) andO(e) variables are expressed as

c0 5 ca
0e

2ivt (20)

and

c1 5 c1 1 cb
1e

22ivt, (21)

respectively. The superscripts a, b, … represent components
oscillating at the frequency of v, 2v, … . Equations (17)–(19)
imply that the external forcing excites the O(1) Rossby wave,
and the eddy forcing by this O(1) wave drives the mean flow
and theO(e) wave with twice the original frequency.

Higher-order waves are subsequently excited by the eddy
forcing. The equation of theO(e2) PV is

2ivqa2 1 bya2 52J(ca
0, q1) 2 J(c1, q

a
0) 2

1
2
[J(ca*

0 , qb1) 1 J(cb
1 , q

a*
0 )]

;WaA
2 1 WaB

2 1 WaC
2 , (22)

where theO(e2) variables are expressed as

c2 5 ca
2e

2ivt 1 cc
2e

23ivt: (23)

For convenience, we express the first, second, and the third
terms on the right-hand side of (22) as WaA

2 , WaB
2 , and WaC

2 ,
respectively. An equation for qc2 is not used and is thus omit-
ted. We can solve Eqs. (17), (19), and (22) by using a Green’s
function (Mizuta 2018).

Decomposing the variables in (15) into the time average
and the perturbation from the average and multiplying by q′,
we obtain the equation of the EE,

by ′q′ 1 eu′q′ ? =Q 52eJ c,
q′2

2

( )
2 eq′J(c′, q′) 1 q′ReWEe

2ivt ,

(24)

in the stationary state, where Re denotes the real part. The left-
hand side in (24) represents the PUF. From (24), this PUF is
primarily balanced by the third term on the right-hand side of
(24), which represents the production of the EE by the external
forcing. The second term on the right-hand side of (24) repre-
sents the eddy–eddy interaction between the Rossby waves. Be-
cause WEe

2ivt represents the eddy forcing, the eddy–eddy
interaction in section 3 corresponds to the sum of the second
and third terms on the right-hand side of (24). The first term on
the right-hand side of (24) represents the mean advection. In
the following analysis, the first, second, and third terms on the
right-hand side of (24) are referred to as the mean advection,
forced-wave interaction, and external forcing, respectively.

We can predict the O(1) terms in (24) using the O(1) equa-
tion of the EE,

bya0q
a*
0 5 WEq

a*
0 , (25)

which we obtain by multiplying (17) by qa*0 and neglecting
pure imaginary terms. The O(1) component of the external
forcing is given by the right-hand side of (25). Similarly, to
predict the mean advection, we use the O(e2) equation of the
EE, which is obtained from (17), (19), and (22) as

FIG. 16. Contours of the O(1) PUF predicted by (25) in the sur-
face layer. Contour intervals are 1.23 10221 s23.
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b(ya0qa*2 1 ya2q
a*
0 1 yb1q

b*
1 ) 1 ua0q

a*
0 ? =q1

52J c1,
|qa0|2
2

( )
1 (WaC

2 qa*0 1 Wb
1q

b*
1 ) 1 WEq

a*
2 : (26)

Note that the O(e) terms in the equation of the EE are ab-
sent. The lowest-order component of the mean advection is
given by the first term on the right-hand side of (26). This
term implies that the mean advection corresponds to the ad-
vection of the O(1) EE by the mean flow, which is driven by
the O(1) Rossby wave [see (18)]. The second and third terms
on the right-hand side of (26) represent the forced-wave inter-
action [see (22)] and the O(e2) external forcing [see (17)], re-
spectively. The left-hand sides in (25) and (26) represent the
O(1) and O(e2) PUF, respectively. Thus, we can predict each
term in (24) by using (25) and (26).

b. Numerical solution

Based on the formulation in the previous subsection, we per-
formed numerical experiments using ROMS as in section 3. A
body force,

t 5 (t′1 cosvt, t′2 cosvt)

5 2
­CE

­y
cosvt,

­CE

­x
cosvt

( )
, (27)

was applied to the momentum equation, where CE was a
Gaussian form in both the horizontal and vertical directions:

CE 5
Af���
p

√ exp − (x 2 xc)2 1 y2

r2f

[ ]
exp − z2

h2f

( )
: (28)

Hence, WE in (15) is expressed as WE 5 t′2,x 2 t′1,y 5=2CE.
The spatial scales of CE were rf 5 2 3 105 m and hf 5 800 m,

FIG. 17. The O(e2) terms in the equation of the EE predicted by (26) in the surface layer. Contours of the
O(e2) (a) PUF, (b) forced-wave interaction, (c) mean advection, and (d) external forcing. CIs, which are scaled
by 1 3 10221 s23, are shown in the title of each panel.
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and the angular frequency of t was v 5 2p 3 0.01 rad day21.
These values were determined from 1) the typical horizontal and
vertical scales of the region in which the upgradient PV flux is
large in the low-frequency bands and 2) the mean frequency of
the low-frequency bands in section 3. We performed two experi-
ments using Af values of 5 3 1023 and 0.15 m2 s22, respectively.
The former and latter are referred to as the small-amplitude and
finite-amplitude experiments because typical values of the non-
dimensional parameter e, which are estimated from results of
the experiments, were 0.05 and 2, respectively. For comparison,
the experiment analyzed in section 3 is referred to as the jet ex-
periment. The dimensions of the model basin were 4000 and
3000 km in the x and y directions, respectively, and xc in (28)
was 2000 km. Other parameters were the same as those in the
jet experiment.

We first examine the results of the small-amplitude experi-
ment. Figures 14a–d show a snapshot of p, mean flow, upgra-
dient PV flux, and the EE in the surface layer, respectively,
which are directly obtained by the numerical model, in the
small-amplitude experiment. Here, the surface layer is located
at depths of ;400 m, as defined in section 2. The snapshot of
p indicates that the barotropic Rossby wave is radiated from
the forcing region, which is located at (x, y) 5 (2000, 0) km
(Fig. 14a). As shown by Haidvogel and Rhines (1983), the
Rossby wave generates the upgradient PV flux and the mean
flow, which are qualitatively similar to those in section 3, al-
though the mean flow is weak (Figs. 14b,c). The EE, which is
the source of the mean advection in (26), is concentrated near
the forcing region (Fig. 14d).

Figure 15 compares each term in the equation of the EE
[(24)] in the surface layer. Note that the contour intervals
(CIs) are different between Figs. 15a–d. Because e is small, the
PUF is almost balanced by the external forcing (Figs. 15a,d).
For comparison, Figs. 16 and 17 show each term predicted by
(25) and (26), respectively. The external forcing coincides with
that predicted by (25) (Figs. 15d and 16). The mean advection

also coincides with that predicted by (26) (Figs. 15c and 17c).
As we expect from the distribution of the EE (black contours)
andmean geostrophic streamfunction (gray contours) in Fig. 14d,
the mean advection is negative in the western part of the forcing
region, (x, y) 5 (1900, 0) km, where the mean flow is eastward
and oriented in the upgradient direction of the EE (Fig. 15c). The
mean advection is positive at (x, y)5 (2000,6100) km, where the
mean flow is oriented in the downgradient direction of the EE.
The forced-wave interaction is also correctly predicted by (26)
(Figs. 15b and 17b). TheO(e2) components of the PUF (Fig. 17a)
and external forcing (Fig. 17d) are not evident in the total field
(Figs. 15a,d) because these terms are dominated by the O(1)
components.

Next, we examine the results of the finite-amplitude experi-
ment, in which the amplitude of the Rossby wave is close to that
in the jet experiment. Figures 18a and 18b show a snapshot of p
and mean flow obtained by the finite-amplitude experiment. We
can confirm that basic features of these quantities are similar to
those obtained in the small-amplitude experiment, although p

looks more irregular owing to the mean flow and higher-order
waves. The maximum speed of the mean flow in the surface
layer is;5 cm and similar to that obtained in the jet experiment
(not shown). Figure 19 shows each term in (24) in the surface
layer. The external forcing (Fig. 19d) is positive in the forcing re-
gion as in the small-amplitude experiment (Fig. 15d). Moreover,
the mean advection (Fig. 19c), which is two orders of magnitude
smaller than the external forcing in the small-amplitude experi-
ment, has an amplitude similar to that of the external forcing
(Fig. 19d). Even if e is not small, the distribution of the mean ad-
vection is qualitatively similar to that predicted by (26), which is
shown in Fig. 17c, except that weakly negative regions exist at
y 5 6200 km. Thus, in contrast to the small-amplitude experi-
ment, the PUF is balanced by both the external forcing and
the mean advection in the finite-amplitude experiment. The
forced-wave interaction is much smaller than the other terms
(Fig. 19b). Thus, even if the mean flow is essentially driven by

FIG. 18. Contours of the (a) snapshot geostrophic streamfunction at 4500 days and (b) mean geostrophic streamfunction
in the surface layer in the finite-amplitude experiment. Contour intervals are 0.15 m2 s22.
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the Rossby wave, the mean advection can be as large as the
eddy–eddy interaction, as shown in the jet experiment (Fig. 10).
The mean advection has negative and positive values in the
western and eastern parts near the forcing region, respectively.
This distribution of the mean advection is broadly similar to
that in the jet experiment in the low-frequency band (Fig. 10c),
suggesting that the mean advection shown in Fig. 10c is pro-
duced by the wave-driven recirculation gyres.

5. Summary

To understand the driving mechanism of recirculation gyres,
we examined the PV flux and enstrophy budget in an eastward
jet. An upgradient eddy PV flux, which tends to drive the re-
circulation gyres, is generated near their eastern end, whereas
a downgradient eddy PV flux is generated in the upstream re-
gion of the jet. These upgradient and downgradient PV fluxes

are generated by perturbation in different frequency bands.
The upgradient PV flux is generated by low-frequency pertur-
bations, which are dominated by the Rossby wave. The down-
gradient PV flux is generated by high-frequency perturbations,
which correspond to the instability wave of the jet.

The budget of the EE indicates that the PUF (i.e., the produc-
tion/destruction of the EE by the downgradient/upgradient PV
flux) is mainly balanced by the mean advection (i.e., advection
of the EE by the mean flow) and the eddy–eddy interaction
(i.e., the nonlinear interaction of different eddies). The mean ad-
vection seems to mostly balance the PUF. However, the eddy
PV flux includes a large amount of the rotational component,
which does not drive the mean flow. A large cancellation be-
tween the PUF and the mean advection is caused by this rota-
tional component of the PV flux. Thus, as discussed by Holland
and Rhines (1980), the PV flux tends to be oriented in the up-
gradient and downgradient directions of the mean PV in the

FIG. 19. Terms in the equation of the EE [(24)] for the finite-amplitude experiment in the surface layer. Contours
of the (a) PUF, (b) forced-wave interaction, (c) mean advection, and (d) external forcing. Contour intervals are
2.5 3 10218 s23.
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downstream and upstream parts of the jet, respectively. However,
the PUF balanced by the mean advection is dominated by the
production of the EE by the rotational component of the PV flux.

When the rotational component is subtracted, the PUF is
nearly equally balanced by the eddy–eddy interaction as well as
by the mean advection, indicating that the eddy forcing contrib-
utes to generating the upgradient PV flux. The PUF tends to be
balanced by the eddy–eddy interaction in low-frequency bands
in which the Rossby wave is dominant. Thus, the eddy forcing
tends to excite the Rossby wave. In high-frequency bands, the
EE is produced by jet instability in the upstream region. Ad-
vected to the downstream region, the EE is transferred from
high- to low-frequency bands by the eddy–eddy interaction.
Thus, the high-frequency perturbation produced by jet insta-
bility contributes in exciting the Rossby wave owing to the
eddy–eddy interaction between perturbations. Most of the con-
vergence and divergence of the eddy PV flux driving the recir-
culation gyres are generated by this Rossby wave radiation.
These results are consistent with those obtained by previous
studies (Hogg 1988; Malanotte-Rizzoli et al. 1995; Waterman
and Jayne 2011).

Even after subtracting the rotational component, the ampli-
tude of the mean advection is similar to that of the eddy–eddy
interaction. To further examine the mechanism producing the
mean advection, we considered an experiment in which the
Rossby wave is excited by an external forcing as in Haidvogel
and Rhines (1983). Assuming that the rotational component of
the PV flux is mostly generated by the inflow and outflow from
boundaries, we did not consider the inflow and outflow. Our re-
sults show that, in addition to the PUF associated with the
Rossby wave radiation, the PUF can be balanced by the advec-
tion of the EE by the wave-driven mean flow. The amplitude of
this PV flux generated by the advection becomes as large as
that generated by the Rossby wave radiation when external
forcing has finite amplitudes. These results are broadly consis-
tent with those in the jet experiment, suggesting that the upgra-
dient PV flux in the jet experiment is essentially generated by
the Rossby wave radiation. Therefore, it is strongly suggested
that the Rossby wave excited by the eddy–eddy interaction
drives the recirculation gyres by generating the upgradient PV
flux. These results are consistent with the mechanism proposed
by Haidvogel and Rhines (1983), Waterman and Jayne (2011),
and others.

In this study, we did not examine the vertical structure of the
recirculation gyres or the physical process responsible for the
eddy–eddy interaction, which transfers the EE from high- to
low-frequency bands. We showed that the Rossby wave is ex-
cited by the eddy–eddy interaction in the surface layer. On the
other hand, the eddy–eddy interaction in the deep layer is
weaker, and the horizontal distribution is different compared to
that in the surface layer (not shown). Thus, even if the Rossby
wave excited by the eddy–eddy interaction is barotropic, the
eddy PV flux in the deep layer is different from that in the sur-
face layer, as shown by (1). Hence, the mechanism maintaining
the deep recirculation gyres is still not clear. It is also not suffi-
ciently clear how the westward-propagating Rossby wave is ex-
cited by the eastward-propagating instability wave. In the
Kuroshio Extension, the transport, zonal extent, and latitude of

the jet and recirculation gyres vary decadally (Qiu 2003; Qiu
and Chen 2005). Clarifying the precise mechanism of the eddy–
eddy interaction may significantly improve the understanding
of the decadal variability of the Kuroshio Extension. These
points are left for future research.
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APPENDIX

Distribution of the Inflow, Outflow, and Stratification

We determined stratification and the vertical structure of
the inflow and outflow by fitting the density near the Kuroshio
Extension given in the World Ocean Atlas 2005 (Locarnini
et al. 2006; Antonov et al. 2006, https://www.nodc.noaa.gov/
OC5/WOA05/pr_woa05.html) by a linear combination of ex-
ponential functions. Stratification was

rs(z) 5 rb 2
rb
g
[N2

1d1(ez/d1 2 1) 1 N2
2d2(ez/d2 2 1) 1 N2

3d3(ez/d3 2 1)],
(A1)

in a state of rest. Here, the Boussinesq density rb was
1025 kg m23, and the gravity acceleration g was 9.81 m s22.
Other parameters were d0 5 750 m, d1 5 1800 m, d2 5 400 m,
d3 5 200 m, N2

1 5 3:143 1026 s22, N2
2 5 8:903 1025 s22, and

N2
3 529:173 1025 s22. The distribution of the inflow and out-

flow was

uin(y, z) 5
u0f0(2d0ez/d0 2 d3e

z/d3 )
f (2d0 2 d3)cosh2

y
Lin

(A2)

and

uout(y, z) 5
u1f0(2d0ez/d0 2 d3e

z/d3 )
f (2d0 2 d3)

, (A3)

respectively, where f 5 f0 1 by is the Coriolis parameter. The
value of u1 was numerically determined so that the transport
of the inflow is balanced by that of the outflow.

From (A2) and (A3), and the geostrophic balance, the
pressure of the inflow and outflow was

pin(y, z) 52

rbu0f0Lin(2d0ez/d0 2 d3e
z/d3 )tanh y

Lin

2d0 2 d3
(A4)

and

pout(y, z) 52
rbu1f0(2d0ez/d0 2 d3e

z/d3 )y
2d0 2 d3

, (A5)

respectively. We determined the surface elevation and the
perturbation of density from rs(z) by using (A4) and (A5)
and the hydrostatic balance.
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