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Abstract An eddy-resolving multidecadal ocean model
hindcast simulation is analyzed to investigate time-
varying signals of the two recirculation gyres present
respectively to the north and south of the Kuroshio
Extension (KE) jet. The northern recirculation gyre
(NRG), which has been detected at middepth recently
by profiling float and moored current meter obser-
vations, is a major focus of the present study. Low-
frequency variations in the intensity of the recirculation
gyres are overall highly correlated with decadal vari-
ations of the KE jet induced by the basin-wide wind
change. Modulation of the simulated mesoscale eddies
and its relationship with the time-varying recirculation
gyres are also evaluated. The simulated eddy kinetic
energy in the upstream KE region is inversely corre-
lated with the intensity of the NRG, consistent with
previous observational studies. Eddy influence on the
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low-frequency modulation of the NRG intensity at
middepth is further examined by a composite analysis
of turbulent Sverdrup balance, assuming a potential
vorticity balance between the mean advection and the
convergent eddy fluxes during the different states of the
recirculation gyre. The change in the NRG intensity is
adequately explained by that inferred by the turbulent
Sverdrup balance, suggesting that the eddy feedback
triggers the low-frequency modulation of the NRG
intensity at middepth.

Keywords Kuroshio Extension - Recirculation gyres -
Mesoscale eddies - High-resolution ocean model

1 Introduction

The Kuroshio Extension (KE) region east of Japan is
one of the major action centers of decadal variability
in the extratropical North Pacific climate (Schneider
and Cornuelle 2005; Qiu et al. 2007; Kwon and Deser
2007). Studies have demonstrated that the large-scale
pattern and its phase change in sea surface height
(SSH) in the KE region can be adequately explained
by baroclinic Rossby waves forced by basin-scale wind
change (Miller et al. 1998; Deser et al. 1999; Seager
et al. 2001; Schneider and Miller 2001; Qiu 2003; Kwon
and Deser 2007; Ceballos et al. 2009). Despite its use-
fulness, the Rossby wave dynamics fails to account for
frontal-scale patterns of the SSH variability (Taguchi
et al. 2007), which has a direct relevance to ecosystem
variability (Sasai et al. 2007, 2010) and ocean front—
atmosphere interaction in the region (Nakamura et al.
2004; Tokinaga et al. 2009; Taguchi et al. 2009). Analy-
ses of high-resolution ocean general circulation model
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(OGCM) experiments have suggested that adjustment
of the KE’s recirculation gyres organize the incoming
large-scale Rossby wave signals into narrow oceanic
fronts (Taguchi et al. 2005, 2007).

An anticyclonic recirculation gyre (RG) exists on the
southern flank of the KE outflow east of Japan (e.g.
Niiler et al. 2003a, b). This southern RG (SRG) is often
thought of as an inertial circulation driven by advection
of low potential vorticity (PV) anomalies from the
south along the western boundary (Cessi et al. 1987;
Hogg et al. 2005). The SRG has been well recognized
as an inseparable component of the KE system; the link
among variations of the SRG strength, the location and
strength of the KE path, and the regional mesoscale
eddy activity is well established from satellite altimeter
observations (Qiu and Chen 2005, 2010). On the other
hand, it was not until recently that the time-mean RG
to the north of the KE jet (northern RG, NRG) was
found to exist at middepth (~1,500 m) in profiling
float and moored current meter measurements (Qiu
et al. 2008; Jayne et al. 2009). Regarding the role
played by the RGs in the variability of western bound-
ary currents (WBCs), previous idealized model studies
have highlighted self-sustained low-frequency oscilla-
tions originated from intrinsic variability of the WBC’s
RGs (Jiang et al. 1995; Dijkstra and Ghil 2005; Pierini
et al. 2009) and the importance of eddy forcing for the
generation of intrinsic variability of the RGs (Berloff
et al. 2007). This view of the low-frequency internal
variability conflicts with the deterministic view of the
low-frequency variability of the KE system responding
to the external wind forcing through the linear Rossby
wave adjustment.

Such interplay between the oceanic internal vari-
ability and the time-varying wind forcing (see also
Pierini and Dijkstra 2009 for a review) has recently
been simulated by eddy-resolving ocean model runs
that are long enough to capture the low-frequency
variability of WBCs. At a horizontal resolution of 0.1°,
the multidecadal (currently 59 years) simulations of
OGCM for the Earth Simulator (OFES) have provided
unique datasets to study the low-frequency variabil-
ity of frontal- and mesoscale features in the ocean
(Masumoto et al. 2004; Sasaki et al. 2008). An in-
trinsically generated decadal variability of the KE jet
and its recirculations was manifested in one of the
OFES integrations, forced with climatological atmo-
spheric forcing. Another integration, forced with
surface atmospheric variables from a reanalysis prod-
uct, suggested that the temporal phase change of the
KE’s internal variation is synchronized with the large-
scale oceanic Rossby wave adjustment to wind change
(Taguchi et al. 2007). Qiu et al. (2008) also analyzed
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this integration and demonstrated that the time-mean
NRG in the KE system is driven by forcing exerted by
mesoscale eddies.

From the view point of the recirculation adjustment
to the large-scale circulation changes carried by wind-
forced Rossby waves, it is of great interest to clarify
how the KE’s RGs modulate on decadal time scale and
how this modulation is related to the wind and eddy
forcings. The OFES hindcast simulation allows us to
examine the multidecadal evolution of the subsurface
field where the signal of the KE’s NRG is most promi-
nent and the interannual-to-decadal modulations of the
mesoscale eddy activity/forcing. The present study has
three goals. The first is to describe the time-varying
signals of the KE’s RGs (Section 3). The second goal
is to evaluate modulations of mesoscale eddies associ-
ated with the intensity change in the KE’s NRG and
wind-forced large-scale circulation changes (Section 4).
Finally, the third goal is to relate the time-varying
signals of the RGs to the modulation of the eddy forc-
ing (Section 5). The rest of the paper is organized as
follows: Section 2 describes model and observational
data used in this study. Sections 3-5 present results
corresponding to the three research goals mentioned
above, respectively. Section 6 summarizes the results
and discusses their implications.

2 Model and observation

We analyze a multidecadal hindcast by the OGCM for
the Earth Simulator (OFES; Masumoto et al. 2004;
Sasaki et al. 2008). The OFES is based on the modular
ocean model (MOM3; Pacanowski and Griffies 2000)
and has been substantially modified for optimal per-
formance on the Earth Simulator. The model covers
a near-global domain extending from 75° S to 75° N,
with horizontal resolution of 0.1° and 54 vertical levels.
It is forced by surface wind stress, heat, and fresh-
water fluxes derived from the daily-mean National
Centers for Environmental Prediction (NCEP) and
National Center for Atmospheric Research (NCAR)
reanalysis (Kalnay and coauthors 1996). Surface tur-
bulent heat flux is calculated using the bulk formula
with the model SST, meteorological variables from the
NCEP/NCAR atmospheric reanalysis, and a constant
exchange coefficient as in Rosati and Miyakoda (1988),
while sea surface salinity is restored to the observed
monthly climatology. From an initial condition at rest
with observed annual-mean temperature and salinity,
the model was first spun up for 50 years with monthly
climatological atmospheric forcing, followed by a 58-
year hindcast integration forced with the daily-mean
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reanalysis data from 1950 to 2007. More detailed de-
scriptions on the model configurations are provided in
Nonaka et al. (2006) and Sasaki et al. (2008). Resolving
fronts and eddies from the tropics to midlatitudes in
the world ocean, this multidecadal hindcast integra-
tion has been providing a unique opportunity to study
interannual-to-decadal variability of narrow WBCs and
their eastward extensions (Nonaka et al. 2006, 2008;
Taguchi et al. 2007). In this study, we analyze monthly
and three daily outputs from the hindcast simulation,
the latter of which enables us to investigate interannual-
to-decadal modulation of the mesoscale eddy activity
and forcing.

The OFES hindcast is compared to the following
observational data. We use sea surface height anom-
aly maps compiled from TOPEX/POSEIDON, JASON
and ERS-1/2 altimeter measurements and distributed
by AVISO (hereafter referred to simply as altimeter
observation; Ducet et al. 2000). The data are mapped
on the Mercator grid with 1/3° resolution in longitude
and varying spacing in latitude (from 37 km at the
equator to 18.5 km at 60° N). Weekly mean data that
cover a 15-year period from January 1993 to December
2007 are used. For the observed mean SSH fields, we
use the 1992-2002 mean dynamic ocean topography
that is calculated using jointly data of satellite altimetry,
near-surface drifters, NCEP wind, and GRACE (Niiler
et al. 2003a; Maximenko and Niiler 2004).

3 Modulations of the KE’s recirculation gyres

In this section, we first examine time-varying signals of
the KE’s recirculation gyres from the OFES hindcast
simulation and compare them with dominant modes of
the KE jet variability. To define the properties of the
recirculation gyres, it is useful to remark on different
vertical structures of two RGs, readily seen in the
simulated long-term mean fields at the surface and at
middepth (Fig. 1). The anticyclonic SRG is prominent
both in the mean SSH (Fig. 1a) and the mean depth of
the 27.60, isopycnal (Fig. 1b). The SRG is located to the
south of the simulated KE jet that flows eastward along
about 35° N as observed, whereas the cyclonic NRG,
situated to the north of the KE, is clearly visible only
in the isopycnal depth at middepth, although there is
a corresponding trough at the surface. To describe the
NRG properties in the present study, we focus on the
isopycnal surface of 27.604, which is placed at nearly
the same depth as the 27.57504 isopycnal surface em-
ployed by Qiu et al. (2008). Note that the existence of
the simulated NRG is robust in the 48-year-long OFES
climatology.
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Temporal variations of both the RGs are closely
related to the KE jet variability. As reference indices of
the latter, we employ two leading principal components
(PCs) of the zonal mean SSH averaged over the KE
region (140-180° E) within 30-45° N (Fig. 2d, e, green
curves). Taguchi et al. (2007) have shown that the
first EOF mode represents the latitudinal shift of the
front with a single peak in SSH (Fig. 2a, black curve)
and a dipole in the associated zonal current (Fig. 2b,
black curve) centered around the mean KE jet location
(35.8° N, Fig. 2¢), whereas the second mode represents
the intensity change of the jet with a peak in the zonal
current (Fig. 2b, red curve) at the latitude of the mean
jet. They have also shown that a linear Rossby wave
model forced by observed wind successfully reproduces
the time series of these EOF modes, suggesting that
the wind-forced Rossby waves with a broad meridional
scale trigger frontal-scale adjustments upon arriving in
the KE region. Based on their finding, we use the time
series of the zonal mean SSH EOFs as indices of the
large-scale wind-forced Rossby waves as well.

Following Qiu and Chen (2005), the KE’s southern
recirculation intensity S(¢) is defined as

S@) = // ssh(x, y, H)dxdy (1)
ssh>sshg

where ssh(x, y, t) is the monthly mean absolute SSH
and ssh > sshy denotes the area within which the SSH
value exceeds a threshold sshy (chosen to be 90 cm)
in the upstream KE region (30-37° N, 141-158° E).
Similarly, the northern recirculation intensity N(¢) is
defined as

N@) = — // W (x,y, ydxdy 2)
W <hy

where /' (x, y, t) is the spatial anomaly of the isopycnal
depth of 27.60, from the mean depth averaged over
the KE region (25-45° N, 140-165° E) and /' < hj
denotes the area within which the depth anomaly is
shallower than a threshold A (chosen to be —150 m)
in the upstream KE region (30-40° N, 141-158° E).
The latitudinal position of the recirculations, yg and
yn for the SRG and NRG, respectively, is also defined
by the weighted average of the latitudinal center of the
recirculations y:

1
ys() = 0] / /S . y x ssh(x, y, Hdxdy 3)
1 /
yn() = NGO / /hk% y x h'(x, y, H)ydxdy 4)
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Fig.1 Long-term mean
fields of simulated a SSH and
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Mean SSH 1960-2007

b isopycnal depth of 27.609,
averaged over the period
from 1960 to 2007 in the KE
region. Contour intervals are
10 cm for SSH and 25 m for
the isopycnal depth
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Choice of the thresholds to define the RGs has little
effect on the results described below. In the following
sections, we first describe the characteristics of the
recirculation time series (the latitudinal position and
intensity) and their relations with the indices of the
KE jet variability. Based on these temporal charac-
teristics, we further discuss the spatial patterns of the
time-varying middepth circulations between two 25-
year epochs prior and after 1980 and those associated
with the variations in NRG intensity after 1980.

3.1 Temporal characteristics
Figure 2d shows the time series of the SRG and NRG

positions, along with the first PC of the zonal mean
SSH in the KE region (SSH-PC1) which mainly rep-
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resents the meridional migration of the KE jet. The
SSH-PC1 time series displays a distinct decline as much
as three standard deviations in PC1, equivalent to a
southward shift by ~1.2° during the early 1980s (see
also Fig. 4 in Taguchi et al. 2007). This decline is likely
a delayed response to the wind change associated with
the 1976/1977 regime shift (Miller et al. 1998). The
latitudinal positions of both the RGs closely follow
the SSH-PCI1 decline, suggesting the whole KE system
responded to the wind forcing change.

Low-frequency intensity variations of both the NRG
and SRG are overall well correlated with the time
series of the second PC (SSH-PC2) which represents
the intensity change of the KE jet as shown in Fig. 2e.
This indicates again that the recirculation intensities
are primarily controlled by wind-forced large-scale
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Fig. 2 a The two leading
EOFs of zonal and monthly
mean SSH anomalies
(centimeters) for the OFES
multidecadal (1950-2007)
hindcast. Black (red) curve
represents the first (second)
mode. b Zonal current
velocity at 100 m depth
(centimeters per second)
projected onto the PCs of the
zonal mean SSH anomalies in
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the OFES hindcast. ¢ OFES
climatology of zonal current
velocity at 100 m depth for
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40.

the period 1950-2007. d The
first PC (PCI) of the zonal
mean SSH anomalies
(normalized to unit standard
deviation, green curve), the
latitudinal position of the
NRG (yn(1); red curve; axis
on the right), and that of the
SRG (ys(t); black curve) in
the OFES hindcast. e The

—+PC151.7%

—yn()
—Vys(t)
38.0

36.0

34.0

Latitude of RGs

second PC (PC2; green),

32.0

intensity anomalies of the
NRG (N(); red curve; axis on
the right; units in 10'5 m?3),
and that of the SRG (S5(7);
black curve; units in 101> m?).
Seasonal cycles are removed
from all the time series in d
and e by subtracting their
climatological monthly mean
and further applying a

0.20

0.00

-0.20

Intensity anomalies

13-month running mean filter
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circulation. At a closer look, however, the correlation
of the NRG intensity with the SSH-PC2 (0.58) is lower
than that of the SRG intensity (0.80). The difference
between the two correlations arises from two factors.
First, the time series of the two recirculations are not
perfectly correlated with each other; the SRG intensity
exhibits variations of slower timescale than the NRG
intensity and is better correlated with the decadal SSH-
PC2, indicating that mechanisms for the modulation of
the two RGs are different. The SRG, which is most
prominent in the ocean subsurface shallower than the
thermocline, is more directly connected with the wind-
forced subtropical gyre, whereas the middepth NRG is
influenced by eddies that are rather stochastic in the
OFES simulation and not necessarily in direct link to
the wind. Second, the lower correlation between the
NRG strength and SSH-PC2 also appears to be due to
weak prior to 1980 (Fig. 2e).

It is worth mentioning that there is an increasing
trend in the simulated SRG and NRG intensity. To

1970 1980 1990 2000

examine the cause of this, we look into Ekman pumping
velocity w, based on NCEP/NCAR reanalysis wind
stress that is used to force the OFES hindcast:

curl( i )
We = —
fro

where 7 is the wind stress vector, f the Coriolis para-
meter, and po the reference water density. We apply
an EOF analysis to annual mean field of w, within
the North Pacific domain and find that the time series
of the first EOF, which explains 13.2% of the total
variance, exhibits an increasing trend (Fig. 3b). The
associated spatial pattern is characterized by a basin-
wide meridional dipole with a positive w, to the north
of about 38° N and a negative one to the south (Fig. 3a).
Thus, the w, component contributed by its first EOF
mode tends to drive monotonically large-scale subpolar
and subtropical gyre circulations. The zonal mean of
total w, averaged over a longitudinal sector (150° E-
150° W) provides a proxy of the geostrophic stream

®)
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Fig. 3 a The first EOF
pattern of the annual mean
Ekman pumping velocity
(unit is x 107> m s~!) based
on NCEP/NCAR reanalysis
wind stress. b The first PC
(normalized to unit standard
deviation) of the annual mean
Ekman pumping velocity.

¢ Latitude-time section of the
zonal mean Ekman pumping
velocity averaged over a
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function at 150° E by Sverdrup dynamics (e.g., Pedlosky
1996). A latitude-time section of this “stream function”,
indeed, displays a gradual spin-up of the subtropical
and subpolar gyre circulations with an increasing max-
imum value around 28° N and an decreasing minimum
value around 52° N, respectively (Fig. 3c). This large-
scale gyre spin-up can intensify the RG intensity via
nonlinear adjustments (e.g., Taguchi et al. 2005), which
is presumably the cause for the increasing trend in the
simulated recirculation intensity.

3.2 Changes between two epochs across 1980

The lower correlation between the NRG intensity and
the SSH-PC2 reflects the weak interannual variability
of the NRG intensity before 1980, as well as its less
pronounced interannual-to-decadal variability than the
SSH-PC2 after 1980. The former one may be related to
the fact that the KE jet had a northerly position before
1980 (Fig. 2d, green curve). As shown in Fig. 6 of Qiu

@ Springer

et al. (2008), the KE jet wandered around 37° N prior
to 1980, as compared to 35° N after 1980, whereas the
eastward-flowing subarctic front remained near 40° N.
More closely aligned KE and the subarctic front prior
to 1980 left less space for the NRG to develop and may
have led to its weakened variability.

To examine the spatial patterns of the KE jet
and RGs for the contrasting two epochs across 1980,
the epoch average maps of PV (shade) and stream
functions (contours) on the isopycnal depth of 27.60y
are constructed for the 25-year epoch after 1980
(1981-2005), that before 1980 (1956-1980), and their
difference (Fig. 4a—c). The PV is defined as

_f+¢op

Q p 0z

(6)

where f is Coriolis parameter, ¢ the vertical component
of the relative vorticity, and p the potential density.
The stream function composite for the epoch after 1980
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Fig. 4 Epoch averages of the potential vorticity (shade) and
the stream function (contours) on the isopycnal of 27.60¢ for the
period of a 1981-2005, b 1956-2005, and ¢ their difference in
the stream function. d—f Same as a—c but composite maps during
the period 1980-2007 when the NRG intensity is d stronger, e
weaker than its one standard deviation, and their difference.

(white contours in Fig. 4a) displays strong and spatially
expanded NRG associated with the southward shift of
the KE path after 1980. The difference pattern, which
is statistically siginificant at 95% confidence level based
on the two-sided Student’ ¢ test (red hatched in Fig. 4c),
is similar to the epoch difference of SSH associated
with the KE’s meridional shift (Fig. 8e of Taguchi et al.
2007) and is presumably initiated by the basin-scale
wind change associated with the 1976 climate shift. The
intensification of the NRG in the latter epoch com-
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Data points in time series of the NRG intensity sampled for
the composite are indicated with orange and purple dots in
Fig. 7. Statistical significance for the stream function difference
is indicated with red hatching in ¢ and f. The signals hatched
by slanted red crossed lines are statistically siginificant at 95%
confidence level

pared to the former is also partly due to the increasing
trend in the NRG intensity caused by the basin-scale
wind stress curl trend as mentioned in the previous
subsection.

The PV composite for each epoch (color shade in
Fig. 4a, b) exhibits a spatial pattern similar to the
mean quasigeostrophic PV distribution averaged over
the period 2000-2004 shown by Qiu et al. (2008). The
PV gradually increases with latitude, while its latitudi-
nal gradient is reduced in the vicinity of the KE jet.
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Thus, there is no distinct frontal feature in PV on the
isopycnal of 27.60y, which is often seen in shallower
isopycnals (Talley 1988).

3.3 Low-frequency variations of RGs’ intensity
after 1980

Interannual-to-decadal variations of the RGs as well
as SSH-PC2 became more prominent during the epoch
after 1980 than the epoch before (Fig. 2e). To examine
the spatial pattern with respect to the NRG intensity,
composite maps during the latter (after 1980) epoch
are constructed. Strong and weak NRG phases are
defined based on the time series of the NRG intensity:
The strong phase when the NRG intensity is above
its one standard deviation and the weak phase below
the minus one standard deviation. Data points in the
NRG intensity time series sampled for the composite
are indicated with orange and purple dots in Fig. 7c.
The composite maps of the stream function with re-
spect to the NRG intensity (Fig. 4d, e) captures the
contrast in spatial patterns of the KE jet and RGs.
In its strong phase, the well-defined middepth NRG
is discernibly centered around 37° N, 147.5° E to the
north of the KE jet, while the amplitude and the spatial
extent of the NRG are substantially reduced during
its weak phase. Furthermore, the KE’s quasistationary
meanders, which consist of zonally aligned cyclonic and
anticyclonic circulations, are more contracted in zonal
direction during the weak NRG phase, reminiscent of
bimodal (elongated and contracted) modes of the KE
jet as described in Qiu (2002).

4 Modulations of mesoscale eddy activity

Satellite altimeter observations have revealed that
the mesoscale eddy activity and RGs exhibit dis-
tinct decadal modulations in the KE region (Qiu and
Chen 2005, 2010). The multidecadal OFES hindcast
simulation provides an unique opportunity to further
elucidate mechanisms responsible for the decadal mod-
ulations of eddies and its possible influence on the
RG variabilities. Thus, it is important to examine the
degree to which OFES can simulate the mesoscale eddy
modulations. In the following subsections, we first com-
pare the simulated mesoscale eddy variability with that
observed by altimeters. Then we discuss the simulated
relationship between the modulations of the eddies
and recirculations. Finally, the relationship between the
eddy modulations and wind-forced large-scale circula-
tions is discussed.
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4.1 Comparison between simulated and observed
modulations

Time series of the eddy activity at the surface aver-
aged over the upstream (32-38° N, 141-155° E) and
downstream (32-38° N, 160-180° E) KE regions are
compared between the OFES simulation and satellite
altimeter observations (Fig. 5). The upstream region
corresponds to a region where the RGs are distinct (see
Fig. 1), while the downstream region extends roughly
from the Shatsky Rise to the International Date Line
(see Fig. 1b of Qiu and Chen 2010). The eddy activity
is measured by the eddy kinetic energy (EKE) defined
as EKE = 1/2(u} + v}) where uj and v, are respec-
tively zonal and meridional surface geostrophic current
velocity components that are high-pass filtered with a
half power cutoff period of 300 days. The geostrophic
current velocity components are computed based on
three daily snap shots of SSH anomalies (SSHA) for
the OFES and weekly mean merged SSHA for the
altimeter.

In the upstream KE region, the simulated EKE time
series do not agree well with the observed on their
phase evolution due to the nonlinear and stochastic
nature of simulated eddies (Fig. 5a). On the other hand,
the EKE’s phase evolution is better simulated in the
downstream KE region, especially its low-frequency
modulations except the too high EKE level around
2002 (Fig. 5b). The discrepancy between the model
and the observations points to the remaining difficulty
for many eddy-resolving ocean models in simulating
accurately the mean level of the eddy activity (McClean
et al. 2009) and its modulations. Despite such difficulty,
however, it is still useful to examine the simulated EKE
change since densely sampled subsurface observations,
such as those from the ARGO floats, have not been
obtained for a period long enough to study the low-
frequency variability of the RGs and its relation to
eddies. The hope is that a solid understanding of the
eddy variability and its effect will be achieved when
more observations become available.

Focusing on the contrast between the KE’s bimodal
states' rather than its phase transitions, we further
compare the spatial patterns of the simulated and the
observed EKE fields. Figure 6 shows the composite
maps of square root of EKEs (color shade) based

I'Hereafter “bimodal states” are referred to as two contrasting
states of the KE system with respect to the NRG intensity, KE’s
quasistationary meanders (Section 3.3), and EKE level in the
upstream KE region (discussed in this section).
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Fig. 5 Time series of
regionally averaged square
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on the simulated NRG strength during the period
of altimeter observations (1992-2005) along with the
mean SSH (contours). Note that the surface expression
of the NRG is discernible around 37° N, 147° E in
both the observed and simulated SSH composite fields
when the simulated NRG intensity anomalies are
larger than their one standard deviation (hereafter re-
ferred to as NRG positive; similarly, NRG negative
refers to the composite when the intensity anomalies
are more negative than the minus one standard devia-
tion). Although the EKE is too high in the upstream
KE region during the NRG negative phase and in
the downstream KE region (east of 153° E) during
the NRG positive phase, the model otherwise reason-
ably captures the observed spatial pattern of the EKE
contrast associated with the NRG’s intensity change.
Specifically, the EKE in the upstream KE region de-
creases with the mean frontal strength; the EKE level
west of 153° E is low (high) during the NRG positive
(negative) phase. A similar negative correspondence
between the regional EKE and the strength of the KE
jet has been found in the altimeter observations (Qiu
and Chen 2005, 2010).
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4.2 Phase relationship between the EKE level
and the intensity of RGs

In this section, the analysis on the phase relationship
between the regional EKE and the intensity of the RGs
is extended to cover the longer period from 1980 to
2007 than the altimeter observation period. Figure 7
compares the time series of the surface EKE (Fig. 7a),
the middepth EKE at the depth of the 27.60y isopy-
cnal (Fig. 7b), and the intensity anomalies of the
NRG (Fig. 7c) and the SRG (Fig. 7d) along with
that of the SSH-PC2. The surface EKE is computed
based on the high pass-filtered surface geostrophic
current velocities, while the middepth EKE is based
on the filtered current velocities interpolated on the
isopycnal depth. The temporal phase evolution of
the EKE level is nearly identical between at the
surface and at the middepth, both of which exhibit
rather high-frequency variations whose time scales are
typically several months (black lines in Fig. 7a, b).
Although these high-frequency variations of the EKE
level are not well correlated with the NRG or SRG
intensity variation that has lower-frequency signals,
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a NRG > stddev

sqrt(EKE)
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Fig. 6 Composite maps with respect to the NRG intensity of the
square root of the EKE (color shade; units are in centimeters
per second) and SSH (black contours; contour interval is 10 cm)
based on the altimeter observations (a, b) and the OFES hind-
cast (¢, d) during the altimeter observation era (1992-2005). A

the EKE time series also display lower-frequency
modulations (3-year low-pass filtered; red lines in
Fig. 7a, b) on top of the mesoscale high-frequency
variability.

The temporal phase relationship between the EKE
level and the intensity of the RGs is better depicted in
a lagged-correlation plot between the two time series
with the 3-year low-pass filtering as shown for the NRG
case in Fig. 8a. The lag is defined here to be positive
when the EKE level leads the NRG intensity. The low-
pass filtered EKE time series exhibits nearly simulta-
neous negative correlation (~ —0.5) with the low-pass
filtered NRG intensity, which peaks when the former
leads the latter by about 10 months (Fig. 8a). The statis-
tical significance of the correlations is assessed based on
a two-sided Student’s ¢ test. Degrees of freedom for the
low-pass filtered time series of the NRG intensity are
estimated to be 17 from their decorrelation time scales
of 19 months and the total record length of 28 years.
The negative correlation of the low-pass filtered time
series between the EKE level and the NRG intensity is
marginally significant at 95% confidence level (dotted
line in Fig. 8a), while no significant correlation is found

@ Springer

Ocean Dynamics (2010) 60:673-691

C NRG > stddev sqrt(EKE) OFES (1992-2005)

140E 150E 160E

composite of the strong NRG (a, ¢) is defined as the averages
of snapshots in which the NRG intensity is larger than its one
standard deviation while the other weak NRG composite (b, d)
is defined according to the NRG intensity less than one standard
deviation

between the EKE level and the SRG intensity (not
shown).

In their most recent analysis of the altimeter obser-
vations, Qiu and Chen (2010) noted the phase delay
between the strengthened EKE level in the upstream
KE region and the gradual build-up of the SRG. From
the altimeter observations of the past 16 years, they
argued that the period of a strong EKE level (1998
2001 in their Fig. 3b) preceded that of a strong SRG
(2002-2005 in their Fig. 3d). This observed positive
correlation and the ~4-year phase delay of the SRG
intensity behind the EKE level is not captured in the
OFES simulation. A solid understanding of the phase
relationship between the RGs’ intensity and the re-
gional EKE level requires a longer observation record
and a better simulation of the decadal modulations of
the EKE level in the upstream KE region.

4.3 Relationship between the eddy modulation
and the wind-forced large-scale circulation

In this section, we discuss what controls the low-
frequency modulation of the simulated EKE level. Is
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Fig. 7 Time series of the
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it still stochastic on interannual-to-decadal timescales
or linked to the wind variations via the responding
large-scale circulation changes? To examine the ori-
gin of the low-frequency EKE modulations, lagged-
regression maps of the EKE levels onto the SSH-PC2
are constructed for the period from 1960 to 2007
(Fig. 9). The SSH-PC2 here can be regarded as a
reference time series of the variation of the large-
scale circulations in the KE region induced by wind

variations in the North Pacific basin (see Section 3)
and has been shown to lag behind the North Pacific
Gyre Oscillation index, an oceanic expression of the
atmospheric forcing associated with the North Pacific
Oscillation (Di Lorenzo and coauthors 2008) by 2-
3 years due to oceanic Rossby wave dynamics (Ceballos
et al. 2009). Hence, the lagged-regression maps depict
EKE evolutions in the KE region associated with the
incoming, westward-propagating Rossby wave signals
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Corr(EKE(t),NRG(t+Lag))
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Fig. 8 a Lagged correlation between the regionally averaged
EKE in the upstream KE region (32-38°N, 141-155° E) and the
NRG intensity. The sign is defined as positive when the EKE
leads the NRG. The correlation is based on low-pass filtered
time series with half cutoff period of 3 years. b Same as a but

of the large-scale ocean circulation changes from the
central-to-eastern Pacific. As the SSH-PC2 and the
NRG intensity are overall correlated each other (r =
0.58; Fig. 2e), the regression of EKE level at lag 0
represents, to a large degree, the difference in the EKE
level between the NRG positive and negative phases
(Fig. 6c, d). The 0-lag EKE regression displays the
reduced EKE levels in the upstream KE region and en-
hanced EKE levels in the downstream region, although
the latter one is likely overemphasized in light of the
model’s EKE bias during the altimeter observation
period (Section 4.1; Fig. 6). The regression maps at lags
from —2 to 0 year reveal that the increased EKE signals
come from the east and are associated with enhanced
anticyclonic circulation to the south of the KE (posi-
tive SSHA shown in contours) and cyclonic circulation
to the north, indicative of the wind-forced large-scale
circulation changes triggering the EKE modulation in
the downstream KE region. The enhanced EKE signals
further propagate westward and elevate the EKE level
in the upstream KE region at around lag 3 years.
Besides the influence of the strengthening of the
KE jet, Qiu and Chen (2010) argued that the en-
hanced EKE signals in the upstream KE region could
originate from the interaction between the southward

@ Springer

Author's personal copy

Ocean Dynamics (2010) 60:673-691

(b) Corr(PVflux(t),NRG(t+Lag))
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for the correlation between the NRG intensity and the eddy PV
flux convergence averaged over the NRG (34-38°N, 141-155° E).
Horizonal dotted lines indicate statistically significant correlation
limits with 95% confidene level

migrating deep KE jet and the shallow topography
of the Shatsky Rise located around 158-161° E. In
the OFES simulation, however, such correspondence
is not as obvious as observed (not shown), presumably
because of the model bias in simulating the KE path
around the Shatsky Rise (155-160° E). Specifically, the
model fails to simulate the KE’s mean path that deflects
southward downstream of the second crest of the KE’s
quasi-stationary meanders around 154° E (Fig. 1a and
Fig. 1a in Qiu and Chen 2010 for comparison), thereby
the KE jet tends to flow at around 35~36° N, further
north than observed. This KE path bias may be a reason
for the overestimated EKE level just west of Shatsky
Rise (Fig. 6¢c, d), where the northerly KE jet overly

Fig. 9 Lagged regressions onto the second principal componentP>
of zonal mean SSH averaged over the KE region (142-180° E,
SSH-PC2 of Taguchi et al. (2007) of square root of EKE (color
shade; units in color bar at the bottom is centimeters per second)
and SSH anomalies (contours; the contour interval is 10 cm;
negative contours are dotted) for the period 1960-2007. Positive
lags indicate that the SSH-PC2 leads the EKE. The SSH-PC2,
EKE, and SSH are all applied 3-year low-pass filtering after
removing seasonal signals to highlight low-frequency variations.
Total SSH of 50 cm, indicating the axis of the KE, is superposed
with a green contour
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interacts with a shallow topography north of 35° N. The
evolution of the EKE level in the upstream KE region
may also be influenced by the meandering variations of
the upstream Kuroshio south of Japan, which appears
to have more stochastic components than in the down-
stream KE region in the OFES simulation.

5 Eddy feedback on composite time-mean
recirculation gyres

One hypothesis that links the interannually modulating
EKE level to the variability of the NRG intensity is
that the eddy forcing associated with the former causes
the latter. By performing the PV budget analysis us-
ing the OFES hindcast output, Qiu et al. (2008) have
demonstrated that the convergent eddy PV fluxes are

Fig. 10 Composite maps with
respect to the NRG intensity

(a) NRG>1
45N

Ocean Dynamics (2010) 60:673-691

a primary driving mechanism for the time-mean NRG
at middepth. In this section, we explore the role of
the time-varying eddy forcing in the generation of the
bimodal states of the NRG. Specifically, we apply the
eddy PV flux analysis to each of the NRG bimodal
states separately and examine whether circulations at
middepth inferred from the convergent eddy PV fluxes
could explain the simulated contrast associated with the
NRG intensity change.

Following Qiu et al. (2008), we assume the PV bal-
ance given by the turbulent Sverdrup balance (Rhines
and Holland 1979) on the isopycnal at middepth for
each bimodal state.

UxVQO~-Vx(wQ) (7)

where the perturbations of PV and velocities are calcu-
lated from the three daily model output from 1980 to

Yy on 27.6 oy
|

of the the middepth stream
function on the isopycnal of
27.60y based on the OFES
hindcast (contours; contour
interval is 1,000 m? s~!) and
that based on the estimate by
turbulent Sverdrup balance
from convergent eddy PV
flux (color shade), during the
period from 1980 to 2007. A
composite of the strong NRG
(a) is defined as the averages
of snapshots in which the
NRG intensity is larger than
its one standard deviation
while the other weak NRG
composite (b) is defined
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2007 and derived by applying a high-pass filter with the
half power cutoff period of 300 days. In other words,
the perturbations here are defined relative to the slowly
modulating background fields whose periods are longer
than 300 days. Note that composite averaging with re-
spect to the NRG intensity, rather than the time mean,
is denoted by overbars in Eq. 7, as we are interested
in impacts of eddies for the bimodal states of the
NRG separately. The validity of this approach will be
discussed later in this section. The spatial distribution
of the composite eddy PV flux convergence is gener-
ally noisy by itself (not shown). Here, we attempt to
translate the convergent eddy PV fluxes into integrated
stream functions. Rescaling with the arc length p along
constant Q contours, defined by d|x|/dp = |V Q| where
x is the position of a fluid particle along the constant
'O contours (Rhines and Holland 1979), Eq. 7 can be
expressed as

o —

— / /

oy Vx(wQ) 3)

The instantaneous (three daily) convergent eddy PV
fluxes are first composite-averaged with criteria of one
standard deviation of the NRG intensity (the rhs of
Eq. 8). The composite averaging here can be consid-
ered as the combination of the time averaging over
a period when an individual NRG’s extreme event
exceeds the criterion and the ensemble averages of
all events. Then, the composite mean eddy PV flux
convergences are integrated pseudowestward along the
constant Q contours from p = 0 along 165° E, yielding
the stream function W that is inferred from the turbu-
lent Sverdrup balance. Figure 10 displays the compos-
ite mean stream functions on the isopycnal of 27.60y
derived from the simulated velocities interpolated on
the isopycnal (contours) and inferred by the turbulent
Sverdrup balance (color shade) for the NRG positive
(Fig. 10a) and negative phases (Fig. 10b). The com-
parison between the simulated and inferred stream
functions reveals that the turbulent Sverdrup balance
assumed separately for the bimodal NRG states ex-
plains well the simulated spatial contrast associated
with the NRG strength. Namely, the inferred stream
function for the NRG positive phase (Fig. 10a color)
indicates a cyclonic eddy PV flux forcing (bluish color)
reaching W value down to —8,000 m? s~! in the region
centered around 37° N, 147.5° E where the simulated
NRG is indeed located. The cyclonic forcing is far less
obvious in the inferred stream function for the NRG
negative phase (Fig. 10b color). Note that the minimum
W value in the NRG during its positive phase is even
smaller (larger amplitude) than that in the simulated
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NRG with & ~ —7,000 m? s~! at smallest. This indicates
that the turbulent Sverdrup balance is not exact and
other terms such as dissipation must play a role in
the exact PV balance as shown by Qiu et al. (2008)
for the time-mean NRG. It is also interesting to note
that the anticyclonic circulation in the first crest of
the KE’s quasistationary meanders is enhanced during
the NRG negative phase (bottom, contours), which is
also suggested to be eddy-driven by the corresponding
anticyclonic forcing in the inferred stream function
(bottom, color shade). It has been suggested that the
SRG variations also have an eddy-driven component
(Qiu and Chen 2010).

Different from the study by Qiu et al. (2008) who
investigated eddy’s impact on the time-mean circulation

Pv276 37N
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150E 160|E 1|70E

E———— — —
2.36 2.38 24 242 2.44 2.46

Fig. 11 Time-longitude section of the middepth PV on the isopy-
cnal of 27.60p along 37° N for the period from 1980 to 2007. Units
arein 107" m~!s~!
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Fig. 12 Longitude-time lag
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using the PV balance characterized by the turbulent
Sverdrup balance, we assumed the PV balance sepa-
rately for the composite means of the NRG bimodal
states. Since the turbulent Sverdrup balance (Eq. 7)
should hold in a steady state after all transient adjust-
ments are completed, there is a time scale issue for the
present composite approach to be valid. Specifically,
the time scale t,4; for the PV signals to propagate from
its source region to the center longitude of the NRG
should be much shorter than the time scale for the NRG
modulation twrg:

)

To evaluate the adjustment time scale 7,4j, the simu-
lated PV anomalies on 27.60y are plotted as a function
of time and longitude along 37° N (Fig. 11). PV signal
propagation is overall westward with a slower phase
speed in the downstream (east of 160° E) than the
upstream KE region (west of 160° E). The former is
possibly due to wind-forced Rossby waves, while the
latter due to westward-moving mesoscale anomalies
emanating from the unstable KE jet (Hogg 1988). The
adjustment time scale for the turbulent Sverdrup bal-
ance is the time required for the PV anomalies to
traverse from east to west. To better quantify the PV
propagations, we construct 2D lagged correlation maps
in space and time for the PV anomalies (Fig. 12; e.g.,
Qiu et al. 1991). A visual inspection of the slope in
the 2D correlation map yields the phase speed Cpp, =~
4°/[1~2 months] and 4°/[2~3 months] in the upstream
and downstream KE region, respectively. It is difficult,
however, to identify source regions for the PV anom-
alies from the time-longitudinal section (Fig. 11). We

Tadj << TNRG-
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test the sensitivity to the choice of the eastern boundary
by setting it at 158° E just west of the Shatsky Rise
and repeating the turbulent Sverdrup integration. The
integration reproduces a nearly identical stream func-
tion field to that estimated with the eastern boundary
set along 165° E (not shown), indicating that the NRG
is driven by eddy PV fluxe convergence west of the
Shatsky Rise and is independent of the eddy fluxes
further to the east. Therefore, we assume here that the
longitudinal distance that the PV anomalies have to
transverse across be the distance between the center of
the NRG (147.5° E) and the Shatsky Rise (159.5° E).
In this case, the adjustment time scale 7,q; is estimated
to be 3~9 months, which is much shorter than tngrg,
assuring that our composite turbulent Sverdrup balance
approach is valid.

Lastly, the control of the convergent eddy PV fluxes
on the NRG intensity modulation can be seen not only
in the composite analysis but also in a lagged corre-
lation between the NRG intensity and the area-mean
convergent eddy PV fluxes (Fig. 8b). The NRG inten-
sity is positively correlated, at lag about 10 months,
with the convergent eddy PV fluxes averaged over a re-
gion where the NRG is distinct (34-38°N, 141-155° E),
indicative of the eddy PV flux forcing causing the NRG
intensity modulation. It is, however, unknown what
determines the time lag of 10 months.

6 Summary and discussion

The multidecadal OFES hindcast simulation is ana-
lyzed to investigate the low-frequency variations of the
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two recirculation gyres present respectively to the north
and south of the KE jet and their relationship with the
modulations and forcings of mesoscale eddies. A partic-
ular focus is placed on the northern recirculation gyre,
which has recently been detected at middepth by the
profiling float and moored current meter observations.
The intensities of both the simulated recirculation gyres
exhibit pronounced interannual-to-decadal variations
particularly during the period after 1980. These inten-
sity variations of the KE recirculation gyres are overall
highly correlated with the second principal component
of the zonal mean SSH averaged over the KE region
(SSH-PC2; Fig. 2e), indicating that their temporal vari-
ations are largely controlled by the wind-forced large-
scale circulation change. The change in spatial patterns
associated with the NRG intensity is characterized by
a well-defined (less distinct) NRG, faster (weaker) KE
jet, and elongated (contracted) KE’s quasistationary
meanders during its strong (weak) phase. The well-
defined NRG is also discernible in the SSH composite
for the strong NRG phase in both the simulation and
altimeter observations (Fig. 6 contours).

The simulated EKE is compared with altimeter ob-
servations for the period from 1992 to 2007. Although
the simulated EKE time series averaged over the up-
stream KE region does not agree well with the observed
on their phase evolution, the frequency and the ampli-
tude of the EKE modulations are comparable between
the model and the observations (Fig. 5a). Composite
analysis demonstrates that the model reasonably cap-
tures the observed spatial patterns of the EKE change
associated with the NRG’s intensity; the EKE in the
upstream KE region decreases with the NRG intensity
or the mean frontal strength (Fig. 6 shade), consistent
with the finding previously noted by Qiu and Chen
(2005).

Further analysis of the simulated eddy fields suggests
that the modulating mesoscale eddy activity has a sig-
nificant influence on the low-frequency modulation of
the NRG intensity. We extend the method used by Qiu
et al. (2008) and quantify the eddy’s influence on the
composited mean flow fields. Assuming the turbulent
Sverdrup balance, mean circulations induced by the
convergent eddy PV fluxes are estimated separately
for the bimodal (strong and weak) NRG states. The
composite approach reveals that the change in the sim-
ulated NRG intensity is well explained by that in the
stream function inferred from the turbulent Sverdrup
balance, indicative of the eddy feedback modulating the
low-frequency NRG intensity variations at middepth
(Fig. 10).

Although we focused on the role of the mesoscale
eddies in modulating the RGs at depth, our results do
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not necessarily exclude other possible mechanisms that
could modulate the recirculation gyres. For example,
from a series of high-resolution semi-idealized OGCM
experiments, Nakano et al. (2008) argued that the gen-
eration of the high PV anomalies in the subinertial layer
along the western boundary and subsequent offshore
advection of the high PV anomalies are crucial for
the formation of the mean relative NRG in the upper
thermocline. Such high PV anomalies are also found
in the OFES hindcast simulation advecting from the
eastern slope of the Izu Ridge to a region to the north
of the KE jet in the upper thermocline (M. Nonaka, in
preparation).

The existence of the NRG could play an important
role in locating the mean KE jet as it is observed around
35° N, a few degrees southward to the subtropical-
subarctic gyre boundary in the Sverdrup circulations;
the NRG blocks the Kuroshio current that would other-
wise overshoot further north and causes its separation
from the Japan coast by creating an adverse pressure
gradient along the coast (Nakano et al. 2008) or by cre-
ating an intergyre area commonly known as the mixed
water region (Qiu et al. 2008). This study suggests that
the NRG may also be a crucial agent to induce the
low-frequency variability of the KE jet, especially for
its intensity variations through the low-frequency eddy-
driven modulation of the NRG intensity.
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