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The North Paci f ic  Gyre  Osci l lat ion (NPGO)  i s  a  c l imate  pattern that  emerges  as  the  2nd
dominant  mode of  sea  surface  height  var iabi l i ty  (2nd EOF SSH )  in  the  Northeast  Paci f ic .  The
NPGO is  s igni f icant ly  corre lated with  previously  unexplained f luctuat ions  of  sal ini ty ,  nutrients
and chlorophyl l -a  measured in  long-term observat ions  in  the  Cal i fornia  Current  (CalCOFI)  and
Gulf  of  Alaska  (Line  P) .  We use  the  term NPGO because  i ts  f luctuat ions  ref lect  changes  in  the

intensi ty  of  the  central  and eastern branches  of  the  North  Paci f ic  gyre  c irculat ions  as  evident  from the  NPGO SSHa
anomalies .  F luctuat ions  in  the  NPGO are  dr iven by  regional  and basin-scale  var iat ions  in  wind-driven upwel l ing  and
horizontal  advect ion-  the  fundamental  processes  control l ing  sa l ini ty  [figure]  and nutr ient  [figure]  concentrat ions.
Nutr ient  f luctuat ions  dr ive  concomitant  changes  in  phytoplankton concentrat ions,  and may force  s imi lar  var iabi l i ty  in
higher  trophic  levels .  The  NPGO thus  provides  a  s trong indicator  of  f luctuat ions  in  the  mechanisms driv ing  planktonic
ecosystem dynamics .

ENSO and NPGO: an integrated framework for Pacific decadal dynamics -   [ENSO/NPGO webpage]  

The decadal  dynamics  of  the  Paci f ic  Decadal  Osci l lat ion (PDO) and the  North  Paci f ic  Gyre  Osci l lat ion (NPGO) are
l inked through their  re lat ionships  to  ENSO.  This  resul ts  provides  the  basis  for  a  f ramework for  quasi-determinist ic
decadal  osc i l lat ions  of  Paci f ic  c l imate .  [see  E N S O / N P G O  W e b p a g e ]

Relation between NPGO, PDO and Victoria Mode

North Pacific Gyre Oscillation (NPGO)

2nd dominant mode of sea surface height variability (2nd EOF SSH) in the North Pacific.
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It is thought that NPGO is characteristic signals in the eastern North Pacific, however, 
the signal has deep relationship with decadal variability in the western North Pacific.



Decadal variation of KE and NPGO
Stable/unstable KE 
Qiu and Chen (2005, 2011)

which high (low) EKE level is observed in 1996–2001
and 2006–09 (1993–95 and 2002–05). A comparison be-
tween the spatial EOF pattern of Fig. 2a and Fig. 1
reveals that the elevated EKE band closely follows the
mean path of the KE jet, a result not unexpected be-
cause it is the baroclinicity of the KE jet that supplies
the energy source for the enhanced eddy activity.

What is surprising from Fig. 2a is that the decadally
modulating eddy activities have opposite signs in the
upstream versus downstream KE regions. In other words,
when the mesoscale eddy variability was enhanced in
1996–2001 and 2006–09 in the upstream region west of
1528E, the downstream EKE level east of 1528E was
in fact reduced. This out-of-phase relationship between
the upstream and downstream eddy activity levels can
also be verified if we compare the EKE time series av-
eraged in the upstream and downstream KE regions as
shown in Figs. 3a,b. The linear correlation coefficient
between these two EKE time series is r 5 20.56.

This longitudinal EKE variation along the KE path
is related to the intensity changes in the KE jet and its
southern recirculation gyre. To illustrate this point, we
contrast in Fig. 4 the yearly averaged EKE and SSH
maps in 2004 versus 2008. Here, 2004 and 2008 are chosen
to represent the low and high EKE state in the up-
stream KE region, respectively. Compared to 2008, Fig. 4a
shows that the KE jet in 2004 was more intense (i.e.,
having a greater cross-stream SSH jump), extended more
coherently eastward of 1528E, and was accompanied by
the presence of a better defined southern recirculation
gyre. The reduced EKE level in the upstream KE region
in 2004 is due to the strengthened recirculation gyre that
stabilizes the upstream KE jet (Fig. 4c). In the down-
stream region east of 1528E, on the other hand, the en-
hanced eddy activity is likely a result of interaction by the
zonally extended and strengthened KE jet with the un-
derlying Shatsky Rise along ;1588E (see Fig. 1).

To quantify the connection between the time-varying
EKE signals and the strength of the KE jet, we define
the KE axis by the 100-cm SSH contours and plot in Fig.
3c the time series of SSH difference hdhi across the KE
jet averaged from 1408E to 1658E. Here dh is evaluated
at each longitude by first averaging the SSH values over
the 1.58 bins centered 18 north and south of the KE’s axis
(hN and hS) and then taking the difference dh 5 hS 2 hN.
Consistent with the scenario inferred from Fig. 4, a fa-
vorable correspondence exists between a zonally strength-
ened KE jet and a reduced (enhanced) eddy activity in
the upstream (downstream) KE region.2 Notice that the

peak-to-peak hdhi changes (35 cm versus 85 cm) are as
large as the time-mean hdhi value (55 cm) itself. Al-
though not quantified in this study, it is possible to verify
that the decadal strengthening/weakening of the KE jet
is in sync with the temporal evolution of the southern
recirculation gyre (see Qiu and Chen 2005). In associa-
tion with the intensity fluctuations of the KE jet, there
exists a concurrent change in the latitudinal position of
the KE jet. As shown in Fig. 3d, the zonally averaged KE
jet position tends to migrate northward when the KE jet
intensifies and vice versa (the two time series shown in
Figs. 3d,c have a linear correlation coefficient r 5 0.75).
The peak-to-peak changes in KE position are ;2.58 in
latitude.

It is worth emphasizing that the decadal variability
observed in the KE jet and recirculation gyre is not a
phenomenon initiated by the local nonlinear ocean dy-
namics. The strengthening (weakening) of the recirculation

FIG. 3. (a) Time series of eddy kinetic energy in the upstream
KE region of 328–388N, 1408–1528E. (b) EKE in the downstream
KE region of 328–388N, 1528–1658E. (c) SSH difference across
the KE jet averaged from 1408 to 1658E. (d) Latitudinal position of
the KE jet averaged from 1408 to 1658E. Dark lines denote the
periods when the upstream (downstream) KE is in the unstable
(stable) state.

2 The linear correlation coefficients between Figs. 3c and 3a and
between Figs. 3c and 3b are r 5 20.56 and 0.80, respectively.
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FIG. 3. Yearly paths of the Kuroshio and Kuroshio Extension defined by the 170-cm contours in the weekly SSH fields.
Here paths are plotted every 14 days.
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Yearly paths of the Kuroshio and Kuroshio Extension defined by the 170-cm contours  
in the weekly SSH fields. Here paths are plotted every 14 days.  Qiu & Chen (2005)

SSH difference across the KE jet averaged from 140°E to 160°E.  
Qiu & Chen (2011)

(δh is  evaluated at each longitude by first averaging  
the SSH values over the 1.5° bins centered 1° north and south of the KE’s axis.)

FIG. 3. Yearly paths of the Kuroshio and Kuroshio Extension defined by the 170-cm contours in the weekly SSH fields.
Here paths are plotted every 14 days.

2094 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y VOLUME 35

unstable unstable



Decadal variation of KE and NPGO
Stable/unstable KE 
Qiu and Chen (2005, 2011)

which high (low) EKE level is observed in 1996–2001
and 2006–09 (1993–95 and 2002–05). A comparison be-
tween the spatial EOF pattern of Fig. 2a and Fig. 1
reveals that the elevated EKE band closely follows the
mean path of the KE jet, a result not unexpected be-
cause it is the baroclinicity of the KE jet that supplies
the energy source for the enhanced eddy activity.

What is surprising from Fig. 2a is that the decadally
modulating eddy activities have opposite signs in the
upstream versus downstream KE regions. In other words,
when the mesoscale eddy variability was enhanced in
1996–2001 and 2006–09 in the upstream region west of
1528E, the downstream EKE level east of 1528E was
in fact reduced. This out-of-phase relationship between
the upstream and downstream eddy activity levels can
also be verified if we compare the EKE time series av-
eraged in the upstream and downstream KE regions as
shown in Figs. 3a,b. The linear correlation coefficient
between these two EKE time series is r 5 20.56.

This longitudinal EKE variation along the KE path
is related to the intensity changes in the KE jet and its
southern recirculation gyre. To illustrate this point, we
contrast in Fig. 4 the yearly averaged EKE and SSH
maps in 2004 versus 2008. Here, 2004 and 2008 are chosen
to represent the low and high EKE state in the up-
stream KE region, respectively. Compared to 2008, Fig. 4a
shows that the KE jet in 2004 was more intense (i.e.,
having a greater cross-stream SSH jump), extended more
coherently eastward of 1528E, and was accompanied by
the presence of a better defined southern recirculation
gyre. The reduced EKE level in the upstream KE region
in 2004 is due to the strengthened recirculation gyre that
stabilizes the upstream KE jet (Fig. 4c). In the down-
stream region east of 1528E, on the other hand, the en-
hanced eddy activity is likely a result of interaction by the
zonally extended and strengthened KE jet with the un-
derlying Shatsky Rise along ;1588E (see Fig. 1).

To quantify the connection between the time-varying
EKE signals and the strength of the KE jet, we define
the KE axis by the 100-cm SSH contours and plot in Fig.
3c the time series of SSH difference hdhi across the KE
jet averaged from 1408E to 1658E. Here dh is evaluated
at each longitude by first averaging the SSH values over
the 1.58 bins centered 18 north and south of the KE’s axis
(hN and hS) and then taking the difference dh 5 hS 2 hN.
Consistent with the scenario inferred from Fig. 4, a fa-
vorable correspondence exists between a zonally strength-
ened KE jet and a reduced (enhanced) eddy activity in
the upstream (downstream) KE region.2 Notice that the

peak-to-peak hdhi changes (35 cm versus 85 cm) are as
large as the time-mean hdhi value (55 cm) itself. Al-
though not quantified in this study, it is possible to verify
that the decadal strengthening/weakening of the KE jet
is in sync with the temporal evolution of the southern
recirculation gyre (see Qiu and Chen 2005). In associa-
tion with the intensity fluctuations of the KE jet, there
exists a concurrent change in the latitudinal position of
the KE jet. As shown in Fig. 3d, the zonally averaged KE
jet position tends to migrate northward when the KE jet
intensifies and vice versa (the two time series shown in
Figs. 3d,c have a linear correlation coefficient r 5 0.75).
The peak-to-peak changes in KE position are ;2.58 in
latitude.

It is worth emphasizing that the decadal variability
observed in the KE jet and recirculation gyre is not a
phenomenon initiated by the local nonlinear ocean dy-
namics. The strengthening (weakening) of the recirculation

FIG. 3. (a) Time series of eddy kinetic energy in the upstream
KE region of 328–388N, 1408–1528E. (b) EKE in the downstream
KE region of 328–388N, 1528–1658E. (c) SSH difference across
the KE jet averaged from 1408 to 1658E. (d) Latitudinal position of
the KE jet averaged from 1408 to 1658E. Dark lines denote the
periods when the upstream (downstream) KE is in the unstable
(stable) state.

2 The linear correlation coefficients between Figs. 3c and 3a and
between Figs. 3c and 3b are r 5 20.56 and 0.80, respectively.

506 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y VOLUME 41

FIG. 3. Yearly paths of the Kuroshio and Kuroshio Extension defined by the 170-cm contours in the weekly SSH fields.
Here paths are plotted every 14 days.
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in the weekly SSH fields. Here paths are plotted every 14 days.  Qiu & Chen (2005)

SSH difference across the KE jet averaged from 140°E to 160°E.  
Qiu & Chen (2011)

(δh is  evaluated at each longitude by first averaging  
the SSH values over the 1.5° bins centered 1° north and south of the KE’s axis.)
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Stability of KE corresponds to NPGO with several years lag 
   Taguchi et al. (2007), Ceballos et al. (2009) 
   OFES hindcast (1950‒2003/4) (Principal component of SSH near KE vs NPGO)

whether the low-frequency variability of SSHa in the
western boundary and the NPGO share the same at-
mospheric forcing, namely, the NPO.

4. Dynamics and processes

On decadal time scales, the subsurface thermocline
responds to changes at the surface Ekman pumping, that
is, changes of the wind stress curl. In the central North
Pacific, anomalies of Ekman pumping associated with the
Aleutian low variability excite Rossby waves of the first
baroclinic mode that propagates to the western boundary
producing the observed decadal variability in the KOE
(Deser et al. 1999; Miller et al. 1998; Seager et al. 2001;
Kwon and Deser 2007). The concept of linear Rossby
waves has been used widely to explain the oceanic re-
sponse in the KOE to changes in the wind stress in the
central Pacific. Using a simplified Rossby wave model,
Schneider and Miller (2001) successfully hindcast decadal
anomalies of the thermocline depth and use it to predict
KOE SST anomalies. Qiu (2003) used the same model to
hindcast the SSHa field for the midlatitude North Pacific

and found that the model was able to reproduce the low-
frequency SSHa variability in the KE region.

Assuming a 1½-layer reduced-gravity model, under the
longwave approximation, the linear vorticity equation is

›h

›t
! cR

›h

›x
5!g9

g
we, (1)

where h is the SSH of interest, cR is the zonal phase
speed of the long baroclinic Rossby wave, g is gravity, g9
is the reduced gravity, we 5 curl(t/fr0) is the Ekman
pumping velocity, r0 is the density, f is the Coriolis pa-
rameter, and t is the wind stress vector. A detailed
derivation of this equation and its solution is presented
by Qiu (2002). Integrating Eq. (1) along the baroclinic
Rossby wave characteristic and ignoring the SSHa signal
from the eastern boundary, we obtain

h(x, t) 5
g9

cRr0gf

ðx

0
we x9, t 1

x! x9
cR

" #
dx9. (2)

To hindcast h(x, t) using Eq. (2), monthly wind stress
anomalies from NCEP–NCAR reanalysis were use to

FIG. 3. (a),(c) NPGO (red), KOE mode 2 (blue), and KOE SSHa (gray). The NPGO time axis is shifted (a) 2.5 and (c) 1.5 yr forward in
time to match the time of the maximum correlation coefficient (b) between NPGO and KOE mode 2 and (d) between NPGO and KOE
SSHa. Positive lag corresponds to NPGO leading and negative lag indicates that NPGO is lagging.
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Chiba et al. (2013)： 
 Negative correlation between 
 KE Strength and abundance of  
 warm-species-zooplankton  
 in the north of KE 
 → transport of mesoscale eddies

it takes 1 to 5 months for Kuroshio transport to carry fish
eggs/larvae from its spawning region, which overlaps the
source region in this study, to 150–160°E along the KE axis.
As the life cycles of the warm-water species are generally
shorter than 3 months [Mauchline et al., 1998], we assumed
that population of multiple generations of these species ex-
panded their distribution northward and reached the observa-
tion region with a couple of months lag.

2.3. Indices of KE Dynamics
[11] We investigated the influence of KE dynamics on

the distribution of the warm-water species by comparing
the KE indices [Taguchi et al., 2007] to the observed zoo-
plankton time series. The decadal variability of the KE is
driven by the arrival of westward-propagating large-scale
Rossby waves from the central and eastern North Pacific at
the western Pacific boundary [Qiu et al., 2007; Ceballos
et al., 2009]. The response of the KE to this remote wave

forcing can be separated into two dominant modes of vari-
ability [Taguchi et al., 2007]: the first mode is associated with
a southward/northward shift in the axis of the KE (KE Axis
Index), which is defined by the zonal mean of the midlatitude
between the northern and southern KE fronts, and the second
mode is associated with a strengthening and weakening of
the mean KE (KE Strength Index), which is defined by differ-
ence in sea surface height (SSH) between 34.5 and 37°N.
[12] The correlations between the KE Indices and zooplank-

ton time series were computed using the KE indices values
averaged over the months ofMarch–June assuming the several
month timescale when the zooplankton is transported from the
southern source region toward the northern sampling region
[Noto and Yasuda, 1999]. Because the PDO and NPGO are
closely related to the KE Axis Index and KE Strength Index,
respectively [Taguchi et al., 2007], we also compared these in-
dices and zooplankton time series to the March–June average
PDO index and NPGO index. As the NPGO signal reaches the
KE with a delay of about 2.5 years [Ceballos et al., 2009],
NPGO time series was plotted with a lead time of 2.5 years.
All time series are normalized by their standard deviations.

3. Results and Discussion

3.1. Advection Transport and Impact on Zooplankton

[13] The observed warm-water zooplankton abundance,
which peaked in the late 1960s, early 1980s, and mid-1990s,
was significantly correlated with the KE Strength Index
(R=0.62, p< 0.05; KE Index was reversed in Figure 2), indi-
cating more warm-water species in years with a weak KE.
Similar high correlations were found between the NPGO
and KE Strength Index (R=0.75, p< 0.01), as well as the
NPGO and the zooplankton time series (R=0.65, p< 0.05)
(Figure 2). The results evidence that the KE dynamics driven
by NPGO can determine the biogeography of the zooplankton
community in the KOE region. In contrast, we detected no sig-
nificant correlations between the KE Axis Index and either
zooplankton time series or the PDO.
[14] The strong correlation between weak KE years and the

zooplankton suggests that during weaker KE years, the re-
duced offshore advection of southern waters along the KE
axis generates retention of these waters in the region of zoo-
plankton observation. To verify this hypothesis, we exam-
ined the circulation regimes and passive tracer dispersions
calculation (see section 2.2) during years of weaker KE
Strength Index. A regression map between the KE Strength
Index and the OFES model SSH anomalies (SSHa) and
currents (Figure 3a) reveals that weaker states of the KE are
characterized by strong recirculating meanders along the
KE axis. By performing the same regression analyses on
the passive tracer monthly anomalies, we examined how
the spread of waters from the southern region (Figure 3b,
red box) into the KE is affected during the weak KE regime.
Figure 3b shows that during weak KE, a significantly higher
than usual concentration of tracer is found both to the south
and north of the KE axis (Figure 3c). These positive correla-
tion and tracer concentration values follow closely the struc-
tures of the ocean meanders. However, while the OFES
model has been shown to capture the macro-scale properties
of mixing and transport in the KOE region, the model cannot
resolve the exact structure of the meanders, which is at the
scale of the sampling box (Figure 3b). For this reason, we

Figure 2. Time series abundance of warm-water zooplank-
ton species (Zooplankton WS) in the study area, Kuroshio
Extension (KE) Strength Index (sign reversed), and North
Pacific Gyre Oscillation (NPGO). The NPGO is plotted with
a lead time of 2.5 years consistent with the time takes for
the NPGO sea surface height anomaly (SSHa) to reach the
Kuroshio-Oyashio Extension (KOE) region. Zooplankton
data are May–September averages; the KE Strength Index
and NPGO were averaged over March–June period when
the zooplankton is transported from the southern source re-
gion. All time series are normalized by their standard devia-
tions (SDs) so that the y axis indicates units of SD.

CHIBA ET AL.: ZOOPLANKTON BIOGEOGRAPHY IN THE KOE
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Detailed descriptions of the sampling methods and data
sources were provided byOdate [1994]. We used zooplankton
data sampled between May and September for 1966–1999, as
the sampling frequency for other months was not sufficient
to examine interannual variation. As zooplankton biomass is
highest from spring to summer and remains small during
late autumn and winter in this region [Odate, 1994], we as-
sumed that the May–September average biomass represented
interannual biomass variation. The compositions of copepod
species in a total of 1164 samples were analyzed in the area
within 36°00′–40°00′N, 143°00′–150°00′E (Figures 1a and 1b,
black boxes) in the area north of the KE axis, which roughly
covers the transition region lying between the Oyashio
and Kuroshio.
[7] Copepod compositions in this research area are mix-

tures of northern, cold-water species and southern, warm-
water species, which are mainly distributed in the Oyashio

and Kuroshio, respectively. Among the major species oc-
curring in >30% of all samples, we selected warm-water
species according to the scheme established by Chihara and
Murano [1997] and estimated the interannual variation of their
area-mean abundance (number of individuals per 1000 m!3).
The warm-water species group consisted mainly of small spe-
cies in comparison with the cold-water species group (mean
total length, 1.3 mm and 4.1 mm, respectively).

2.2. Advection Model Using the Ocean General
Circulation Model for the Earth Simulator
[8] Warm-water species in the KOE region are found

mainly within the upper 50 m of the water column (>90%)
[Shimode et al., 2006]. This depth is within the mix layer
depth of 150–200 m [Ohno et al., 2009] during the months
when the zooplankton is being transported. To model the
horizontal advection of zooplankton, we treated the upper
ocean 50 m as a uniform 2-D layer and used an offline 2-D
horizontal advection model to track a passive tracer released
in the hypothesized source regions of the warm-water zoo-
plankton species over the Kuroshio pass (29°00′–34°00′N
and 132°00′–139°00′E) (Figure 1b, red box), in which the
warm-water copepods species are abundant [Nakata and
Hidaka, 2003].
[9] The model used a simple Euler scheme for the time de-

rivatives and a second-order up-wind scheme to discretize
the spatial derivatives where the upper ocean velocity field
(0–50 m) is prescribed from the 3 day average hindcast of
the global eddy-resolving Ocean General Circulation Model
for the Earth Simulator (OFES) over the period 1950–2008
[Sasaki et al., 2008]. No explicit diffusion term is added in
the advection model because the second-order up-wind
scheme introduces already numerical diffusion that is suffi-
cient to make the scheme stable. The OFES ocean model
horizontal resolution is 1/10° with 54 vertical level (5 m in-
terval for the surface 0–330 m). The OFES topography is
computed from the 1/30° bathymetry data set of the Ocean
Circulation and Climate Advanced Modelling Project. The
OFES hindcast was forced by surface wind stress, heat,
and freshwater fluxes derived from daily reanalyses by the
National Centers for Environmental Prediction-National
Center for Atmospheric Research [Kalnay et al., 1996].
This hindcast has successfully been used in previous studies
to analyze different aspects of decadal variability in the KOE
region [Nonaka et al., 2006; Taguchi et al., 2007].
[10] The passive tracer was continuously released from the

source region. To avoid accumulation of the tracer with time,
we introduced a decay or dissipation term in the advection
model with a timescale of 6 months. This implies that taking
the long-term mean of the tracer will provide information on
the average spread of the tracer from the release region over a
period of 6 months (Figure 1b). Given that the tracer concen-
tration in the release area is set to 100, the tracer concentra-
tion is also representative of the probability distribution
function (PDF) of the tracer (0–100%) from the release
region at lag 6 months. This PDF (Figure 1b) shows that on
average over a period of 6 months, the tracer is transported
from the source region along the main axis of the Kuroshio
to the region where the zooplankton data were collected
(Figures 1a and 1b, black box). The timescale of 6 months
for the decay was selected in order to compute a PDF that
is consistent with the timescale of advection of the particles
estimated by Noto and Yasuda [1999], which shows that

Figure 1. (a) Map of mean sea surface height (SSH)
obtained by Ocean General Circulation Model for the Earth
Simulator (OFES) and currents for the period 1950–2008.
Thick white line shows the mean position of the Kuroshio
Extension (KE) axis during those years. (b) Mean tracer con-
centration over the same period. The tracer is released in the
region outlined by the red box and is advected by the 3 day
average currents of the OFES model and decays to zero with
a timescales of 6 months. Therefore, Figure 1b can also be
interpreted as the probability distribution function of the
tracer from the red box at a 6 month lag. The black box in
Figure 1b outlines the boundaries of the Odate zooplankton
sampling grid.
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Fig. 5  Same as Fig. 2, but for 
standard errors (mg m−3) for 
monthly mean Chl-a composites 
north of the Kuroshio Exten-
sion in April (see Fig. 4b, f). 
Standard errors were calculated 
assuming that the degrees of 
freedom were the number of 
identical eddies (Ni)
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Fig. 6  Relationships between changes in Chl-a, nitrate concentra-
tion, and physical state in the region south of the main stream. a One-
year running mean of area-averaged Chl-a (green), EKE (blue) along 
the main stream in the upstream region of the Kuroshio Extension 
(140°E–152°E and 28°N–39°N), and subsurface nitrate concentra-
tions (red dots) at σθ = 25.4. EKE is defined as 12

(

u2
g + v2

g

)

, where 
ug and vg are geostrophic velocities calculated from high-pass-filtered 
SSHAs. b One-year running mean of area-averaged Chl-a (green, 
left ordinate) and the contribution of cyclonic (blue, right ordinate) 
and anticyclonic (red, right ordinate) eddies. The contributions of 

cyclonic and anticyclonic eddies were calculated by multiplying the 
ratios of the eddy cores to whole areas and the differences between 
the area-averaged Chl-a in the eddy cores and outside the eddies, and 
are shown as anomalies from long-term mean. (c, d) Maximum (red, 
right ordinate) and minimum (blue, left ordinate) area mean values 
of σθ at 100 and 10 m depths, respectively, in the given year. Dashed 
black lines show the area mean SSHA. e One-year running mean of 
area mean momentum (black line; N m−2) and net heat fluxes (dashed 
line; W m−2). Thick gray bars denote the period of instability in the 
Kuroshio Extension for all figures (color figure online)
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Whereas south of the Kuroshio Extension, the variability 
in Chl-a concentrations in the cyclonic eddy cores was a 
substantial contributor to concentrations throughout the 
area (Fig. 6b), the variability in the southern part of the 
recirculation gyre could not be explained by variability in 
the eddies (Fig. 7b). Because the patterns around both the 
anticyclonic and cyclonic eddies in this area of the gyre 
corresponded to the “eddy advection” mechanism (Fig. 3), 
the decadal-scale changes were not strongly affected by 
isopycnal heaving in the cyclonic eddies or cyclonic eddy 
propagation of nutrient-rich water. Instead, these changes 
may have been caused by decadal-scale changes in the 
region south of the Kuroshio Extension (Fig. 6a) that were 
transferred by eddies and mean currents and by changes in 
forcing processes. The relatively low Chl-a concentrations 
after 2008 during an unstable phase of the Kuroshio Exten-
sion (Fig. 7a) were due to densities in the bottom of the 
euphotic zone, mixed-layer densities, and a reduction in 
surface forcing from 2002 and 2010 (Fig. 7c–e), as well as 
changes transferred from the region south of the Kuroshio 

Extension (Fig. 6a), suggesting a decrease in nutrient-rich 
water supplied by mixing and isopycnal surface heaving 
from deep layers.

In the region north of the Kuroshio Extension, high Chl-a 
concentrations were observed from 2003 to 2005 and from 
2009 to 2011 (Fig. 8a), and were associated with low Chl-
a and low EKE south of and along the Kuroshio Extension, 
respectively. In this region, decadal-scale changes in Chl-a 
concentrations were not directly affected by the contribu-
tions of the cyclonic and anticyclonic eddy cores (Fig. 8b), 
whereas the relationships between conditions in eddy cores 
and Chl-a concentrations were relatively clear from compos-
ite analysis (Fig. 4), and a negative correlation was detected 
(Fig. 1). The decadal-scale changes in this region may have 
been influenced by the advection of low-nutrient warm water 
from south of the Kuroshio Extension, and not by eddy core 
migration (Fig. 8b). In other words, these regional decadal-
scale changes were caused by the fine-scale phenomena 
around eddies, such as advection by more fine-scale currents 
and disturbances around the strong fronts at the eddy edges. 
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Fig. 8  Same as Fig. 6, but for the region north of the main stream. The subsurface nitrate concentrations are not shown
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using Argo profiling float data from 2001 to 2012 (Hosoda 
et al. 2008).

3  Correlation of SSHA and Chl-a

Before focusing on the Kuroshio Extension region, we 
examined correlations between SSHAs and Chl-a concen-
trations in other areas (Fig. 1) in order to gain perspective 
on the impact of eddies on surface Chl-a concentrations. 
High (low) Chl-a concentrations were frequently observed 
in the core of cyclonic (anticyclonic) eddies, where high-
nutrient (low-nutrient) water transported from deeper (shal-
lower) water was generally observed near the surface due 
to shallow (deep) isopycnal surfaces in the core. A nega-
tive correlation between SSHA and Chl-a was therefore 
expected.

Indeed, a negative correlation was broadly observed in 
the North Pacific between the anomalies of the logarithms 
of weekly Chl-a concentrations from the long-term mean 
(1992–2012) weekly climatology and high-pass (time scale 
<300 days) SSHA (Fig. 1), with an especially high correla-
tion (<−0.3) near the Kuroshio Extension (from 140°E to 
180° along 35°N) and along the coast of California (25°N 
to 40°N), where strong eddies are frequently observed 
(e.g., Itoh and Yasuda 2010a; Gruber et al. 2011). In con-
trast, positive correlations (~0.2) were observed along the 
Alaskan Stream (180° to 150°W around 55°N), which may 
reflect conditions favorable for phytoplankton growth as 
a result of the  entrainment of coastal waters into anticy-
clonic eddies (Ueno et al. 2010).

In this study, we focused on the upstream regions south and 
north of the Kuroshio Extension (Fig. 1), where the cyclonic 
(anticyclonic) environment was expected to be favorable 
(unfavorable) for phytoplankton growth. However, a weak 
correlation was found between SSHA and Chl-a in the south-
ern part of the recirculation gyre, around 30°N, where the role 
of the eddies was expected to differ from their role near the 
Kuroshio Extension. After 2010, relatively frequent subsurface 
nutrient observations were available from the S1 site.

4  Chl-a distribution around eddies in the 
Kuroshio Extension region

Siegel et al. (2011) showed that the dominant effect of 
eddies on Chl-a concentrations could be deduced from 
the distribution of Chl-a around the eddies. In the region 
south of the Kuroshio Extension (142°E–152°E and 
31.5°N–34.5°N in Fig. 1), local Chl-a maxima were often 
clearly apparent in the cores of cyclonic eddies (Fig. 2a, 
c, e, g), whereas weak local minima were observed in the 
cores of anticyclonic eddies (Fig. 2b, d, f, h), correspond-
ing to “eddy pumping”, with the resulting clear negative 
correlation in Fig. 1. Because the local Chl-a maxima were 
separated from the high Chl-a concentrations around the 
northernmost pixels in the composite images (e.g., Fig. 2a), 
many of the cyclonic eddies were not meanders of the 
Kuroshio Extension. Thus the composites largely com-
prised eddies detached from the main stream and moving 
in the recirculation gyre, along with water containing high 
concentrations of Chl-a and nutrients that had originated 
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Fig. 1  Correlation between SSHA and Chl-a anomaly correspond-
ing to eddies from 1998 to 2012. SSHA are high-pass-filtered  
(< 300 days) to remove long-term changes. Chl-a anomalies are loga-
rithmic deviations from weekly climatology from 1998 to 2012. Gray 
areas denote insignificant correlations at a 90 % confidence level. White 

boxes are focus areas in this study: the southern part of the recirculation 
gyre (142°E–152°E and 28.5°N–31.5°N), the region south of the main 
stream (142°E–152°E and 31.5°N–34.5°N), and the region north of the 
main stream (143°E–152°E and 36.5°N–39.5°N). The green diagonal 
cross denotes the location of S1 (145°E, 30°N) (color figure online)

Mesoscale eddy effects on temporal variability

1 3

using Argo profiling float data from 2001 to 2012 (Hosoda 
et al. 2008).

3  Correlation of SSHA and Chl-a

Before focusing on the Kuroshio Extension region, we 
examined correlations between SSHAs and Chl-a concen-
trations in other areas (Fig. 1) in order to gain perspective 
on the impact of eddies on surface Chl-a concentrations. 
High (low) Chl-a concentrations were frequently observed 
in the core of cyclonic (anticyclonic) eddies, where high-
nutrient (low-nutrient) water transported from deeper (shal-
lower) water was generally observed near the surface due 
to shallow (deep) isopycnal surfaces in the core. A nega-
tive correlation between SSHA and Chl-a was therefore 
expected.

Indeed, a negative correlation was broadly observed in 
the North Pacific between the anomalies of the logarithms 
of weekly Chl-a concentrations from the long-term mean 
(1992–2012) weekly climatology and high-pass (time scale 
<300 days) SSHA (Fig. 1), with an especially high correla-
tion (<−0.3) near the Kuroshio Extension (from 140°E to 
180° along 35°N) and along the coast of California (25°N 
to 40°N), where strong eddies are frequently observed 
(e.g., Itoh and Yasuda 2010a; Gruber et al. 2011). In con-
trast, positive correlations (~0.2) were observed along the 
Alaskan Stream (180° to 150°W around 55°N), which may 
reflect conditions favorable for phytoplankton growth as 
a result of the  entrainment of coastal waters into anticy-
clonic eddies (Ueno et al. 2010).

In this study, we focused on the upstream regions south and 
north of the Kuroshio Extension (Fig. 1), where the cyclonic 
(anticyclonic) environment was expected to be favorable 
(unfavorable) for phytoplankton growth. However, a weak 
correlation was found between SSHA and Chl-a in the south-
ern part of the recirculation gyre, around 30°N, where the role 
of the eddies was expected to differ from their role near the 
Kuroshio Extension. After 2010, relatively frequent subsurface 
nutrient observations were available from the S1 site.

4  Chl-a distribution around eddies in the 
Kuroshio Extension region

Siegel et al. (2011) showed that the dominant effect of 
eddies on Chl-a concentrations could be deduced from 
the distribution of Chl-a around the eddies. In the region 
south of the Kuroshio Extension (142°E–152°E and 
31.5°N–34.5°N in Fig. 1), local Chl-a maxima were often 
clearly apparent in the cores of cyclonic eddies (Fig. 2a, 
c, e, g), whereas weak local minima were observed in the 
cores of anticyclonic eddies (Fig. 2b, d, f, h), correspond-
ing to “eddy pumping”, with the resulting clear negative 
correlation in Fig. 1. Because the local Chl-a maxima were 
separated from the high Chl-a concentrations around the 
northernmost pixels in the composite images (e.g., Fig. 2a), 
many of the cyclonic eddies were not meanders of the 
Kuroshio Extension. Thus the composites largely com-
prised eddies detached from the main stream and moving 
in the recirculation gyre, along with water containing high 
concentrations of Chl-a and nutrients that had originated 

−0.5

0.0

0.5

150˚E

150˚E

180˚

180˚

150˚W

150˚W

120˚W

120˚W

20˚N

30˚N

40˚N

50˚N

60˚N

Fig. 1  Correlation between SSHA and Chl-a anomaly correspond-
ing to eddies from 1998 to 2012. SSHA are high-pass-filtered  
(< 300 days) to remove long-term changes. Chl-a anomalies are loga-
rithmic deviations from weekly climatology from 1998 to 2012. Gray 
areas denote insignificant correlations at a 90 % confidence level. White 

boxes are focus areas in this study: the southern part of the recirculation 
gyre (142°E–152°E and 28.5°N–31.5°N), the region south of the main 
stream (142°E–152°E and 31.5°N–34.5°N), and the region north of the 
main stream (143°E–152°E and 36.5°N–39.5°N). The green diagonal 
cross denotes the location of S1 (145°E, 30°N) (color figure online)

142°E‒152°E and 31.5°N‒34.5°N 

143°E‒152°E and 36.5°N‒39.5°N 

Kouketsu et al. (2016): 
 Stability of KE could change 
 subsurface nitrate and Chl-a. 

 During unstable phase: 
  North of KE: lower nitrate/Chl-a 
  South of KE: higher nitrate/Chl-a 
    → transport of mesoscale eddies

South

Impact on lower trophic levels
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P above 1000 dbar is 7 days since the time period, ex-
cluding parking, is set to 0.5 days. The data obtained from
their deployment to December 2002 are analyzed here
(Table 1).

The float’s CTD is considered to be quite stable while
drifting in seawater since the sensor drift of the recap-
tured APEX floats is quite small after 4–9 months from
their deployments (Oka and Ando, 2004). On the other
hand, the standard deviations in parking potential den-
sity are not so small: 0.146–0.248σθ for the present six
floats (Table 2). Most of the inaccuracy in the parking
density is probably due to the error in adjusting buoy-
ancy since we frequently see large errors of over 0.2σθ in
parking density during the first few weeks from their first
dives or when the floats traverse a steep isopycnal slope
(for example, when the floats C and D moved from the

Oyashio area to Kuroshio front, Table 2). After removal
of such outlying data, the error becomes smaller, about
0.1σθ. Thus the usual parking potential density range is
considered to be 26.7 ± 0.1σθ (Table 2).

Our float stays on the sea surface for about 0.5 days
and has an error of about ±0.1σθ in parking density. Thus
it might be unsuitable to trace detailed movements of
water particles on an isopycnal surface as Bower and
Rossby (1989) did. The isopycnal floats of Bower and
Rossby (1989) were not profiling floats and remained in
seawater all the time. By contrast, our float is a profiling
float, which has advantages in tracing changes in water
characteristics. Therefore we regard the present float as a
tracer in the isopycnal layer of 26.7 ± 0.1σθ, which can
trace changes in water characteristics along its trajectory.

Floats All data Removing the first 2 weeks data

Samples Average S.D. Samples Average S.D.

A 2187 26.714 0.146 2139 26.729 0.096
B 2117 26.703 0.196 2069 26.725 0.139
C 1892 26.731 0.248 1213* 26.735 0.076
D 1899 26.719 0.229 1214* 26.721 0.101
E 1872 26.738 0.148 1824 26.739 0.120
F 1898 26.727 0.198 1850 26.732 0.145

Fig. 1.  Schematic representation of NPIW formation and circulation, based on Yasuda et al. (1996). The well-defined currents or
fronts are indicated with thick arrows. Possible flows are also indicated with thin broken arrows. “SP” means the Kuroshio
separation points, which separates the Kuroshio and the Kuroshio Extension.

Table 2.  Average and standard deviations (SD) in parking density for each 26.7σθ-isopycnal float. The left and right columns are
SD for all data and without the first two weeks of data. For the floats C and D, the data during May 26–Dec. 14, 2001 (they
moved from the Oyashio area to the Kuroshio Extension during this period) are also removed in the right column to check the
influence of the water structure change on parking density inaccuracy.

*Also removing data until Dec. 14, 2001.

Distribution of NPIW* and its origin water

Formation region of NPIW is thought to be the area  
around KE including transition area (PTA).
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At mid-depth beneath  
subtropical gyre, 

Characterized as vertical  
salinity minimum centered  

at 26.8σθ

http://www.data.jma.go.jp/kaiyou/db/vessel_obs/hq/ltflobs/137e/ave137.html


Shimizu et al., 2004
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P above 1000 dbar is 7 days since the time period, ex-
cluding parking, is set to 0.5 days. The data obtained from
their deployment to December 2002 are analyzed here
(Table 1).

The float’s CTD is considered to be quite stable while
drifting in seawater since the sensor drift of the recap-
tured APEX floats is quite small after 4–9 months from
their deployments (Oka and Ando, 2004). On the other
hand, the standard deviations in parking potential den-
sity are not so small: 0.146–0.248σθ for the present six
floats (Table 2). Most of the inaccuracy in the parking
density is probably due to the error in adjusting buoy-
ancy since we frequently see large errors of over 0.2σθ in
parking density during the first few weeks from their first
dives or when the floats traverse a steep isopycnal slope
(for example, when the floats C and D moved from the

Oyashio area to Kuroshio front, Table 2). After removal
of such outlying data, the error becomes smaller, about
0.1σθ. Thus the usual parking potential density range is
considered to be 26.7 ± 0.1σθ (Table 2).

Our float stays on the sea surface for about 0.5 days
and has an error of about ±0.1σθ in parking density. Thus
it might be unsuitable to trace detailed movements of
water particles on an isopycnal surface as Bower and
Rossby (1989) did. The isopycnal floats of Bower and
Rossby (1989) were not profiling floats and remained in
seawater all the time. By contrast, our float is a profiling
float, which has advantages in tracing changes in water
characteristics. Therefore we regard the present float as a
tracer in the isopycnal layer of 26.7 ± 0.1σθ, which can
trace changes in water characteristics along its trajectory.

Floats All data Removing the first 2 weeks data

Samples Average S.D. Samples Average S.D.

A 2187 26.714 0.146 2139 26.729 0.096
B 2117 26.703 0.196 2069 26.725 0.139
C 1892 26.731 0.248 1213* 26.735 0.076
D 1899 26.719 0.229 1214* 26.721 0.101
E 1872 26.738 0.148 1824 26.739 0.120
F 1898 26.727 0.198 1850 26.732 0.145

Fig. 1.  Schematic representation of NPIW formation and circulation, based on Yasuda et al. (1996). The well-defined currents or
fronts are indicated with thick arrows. Possible flows are also indicated with thin broken arrows. “SP” means the Kuroshio
separation points, which separates the Kuroshio and the Kuroshio Extension.

Table 2.  Average and standard deviations (SD) in parking density for each 26.7σθ-isopycnal float. The left and right columns are
SD for all data and without the first two weeks of data. For the floats C and D, the data during May 26–Dec. 14, 2001 (they
moved from the Oyashio area to the Kuroshio Extension during this period) are also removed in the right column to check the
influence of the water structure change on parking density inaccuracy.

*Also removing data until Dec. 14, 2001.

Distribution of NPIW* and its origin water

Formation region of NPIW is thought to be the area  
around KE including transition area (PTA).
Stability of KE is expected to affect decadal variability  
of salinity around NPIW density.
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At mid-depth beneath  
subtropical gyre, 

Characterized as vertical  
salinity minimum centered  

at 26.8σθ
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Variation of KE stability (correlated with 
NPGO) would affect water mass 

distribution around KE including PTA

Target: 
 Horizontal/vertical structure of relationship  
 between KE stability and property of water 
 mass, such as NPIW



Variation of KE stability (correlated with 
NPGO) would affect water mass 

distribution around KE including PTA

(1) Observational data along monitoring lines 
(2) Reanalysis data provided from eddy resolved model

Target: 
 Horizontal/vertical structure of relationship  
 between KE stability and property of water 
 mass, such as NPIW



Data & Methods
1. Observational Data 
　　① A-line (1987‒2015, seasonal） 
　　② Observational lines of  
          Iwate Fisheries Technology Center 
　　　(1980‒2015, monthly)

2. Reanalysis Data 
　　① FRA-ROMS  
          (Japan Fisheries Research and Education Agency,  
           1/10°, 1992‒2012) 
　　② FORA-WNP30 (JAMSTEC, 1/10°, 1982‒2015)

Oyashio

Kuroshio 
Extension

①②



KES agrees well to NPGO with about 2 years lag. 
(c.f. Taguchi et al., 2007; Ceballos et al., 2009)

KE Strength (KES) vs NPGO
KES:  

zonal average (142‒165°E) of 
meridional difference of  
sea surface height  

between 34.5°N and 37°Nunstable

Lag correlation

FRA-ROMS

FORA-WNP30

Time Series
unstable



KES agrees well to NPGO with about 2 years lag. 
(c.f. Taguchi et al., 2007; Ceballos et al., 2009)

We made a correlation analysis between salinity data and KES 
instead of NPGO in the present study.

KE Strength (KES) vs NPGO
KES:  

zonal average (142‒165°E) of 
meridional difference of  
sea surface height  

between 34.5°N and 37°Nunstable

Lag correlation

FRA-ROMS

FORA-WNP30

Time Series
unstable



Observational data (A-line)
A-line

Negative correlation at the mid-depths north of KE

Correlation map of salinity with KES without lag

Mean section of salinity (color) & temperature (contour)



Observational data (A-line)
A-line

Negative correlation at the mid-depths north of KE

Correlation map of salinity with KES without lag

Mean section of salinity (color) & temperature (contour)

We also focused on lag correlations.



Lag correlation of salinity with KES
A-line

Lag 0 year

Lag 1 year

Lag 2 years

Lag 3 years

Southward propagation 
of negative anomaly 
with increase of lag  
around 26.8σθ, 

suggesting advection  
of fresh Oyashio water 
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Correlation map of S300m and KES in IWATE
Salinity (averaged in 0.5° grids, winter) to KES



Lag 0 year Lag 1 year

Lag 2 years Lag 3 years
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Correlation map of S300m and KES in IWATE

Significant negative correlation appears with lag 1~2 years.

Salinity (averaged in 0.5° grids, winter) to KES



Examination based on reanalysis data

2. JAMSTEC FORA-WNP30 1/10° (1982‒2015)

1. FRA： 
FRA-ROMS 1/10°  
(1992‒2012)

	
��



Examination based on reanalysis data

2. JAMSTEC FORA-WNP30 1/10° (1982‒2015)

1. FRA： 
FRA-ROMS 1/10°  
(1992‒2012)

	
��

Isopycnal data was estimated by linear interpolation (each 0.2 kg m‒3). 
Composite data during stable/unstable was made based on KES value.



Correlation map between salinity @ 26.8σθ with KES

FRA-ROMS
Hokkaido

KE

Lag 0

Lag 1 year

Lag 3 yearsLag 2 years



Correlation map between salinity @ 26.8σθ with KES

Negative anomaly south of Hokkaido moved southward and 
anomaly north of KE was enhanced until lag 1 year.

FRA-ROMS
Hokkaido

KE

Lag 0

Lag 1 year

Lag 3 yearsLag 2 years



FRA-ROMS FORA-WNP30

Comparison with FORA-WNP30 & A-line section

Tendency of southward propagation of negative anomaly is 
consistent with that of FORA/observational data.

Lag 0

Lag 1 
year



Composite salinity distribution
Upper/lower 30% of KES 
Monthly mean at 26.8σθ 
(FRA-ROMS, Apr. as example)

We calculated difference between the composites  
for each month.

○: High KES years

✖ : Low KES years



Difference of salinity at 26.8 σθ  
(High KES year composite ‒ Low KES year composite)

Apr.

Jul.

Jan.

Oct.

FRA-ROMS

Prominent negative anomaly is spread around PTA.



Box average of salinity anomaly (vertical distribution)

Negative  
anomaly is 
 found from  
25.5 to 27.4σθ.

negative anomaly > Salinity around KE from subsurface to 
mid-depths would decrease when KE is stable.



Summary

Future works: 
* Mechanism about negative salinity anomaly propagation 
* Other decadal/bidecadal variations in the PTA including tidal 
oscillation and Aleutian low (PDO) 

* Relationship between salinity variation at lighter density  
(such as subtropical mode water) and NPGO

1. Salinity at NPIW density tends to decrease in PTA 
from stable to unstable period of KE. 

2. KES is correlated with NPGO with ~2 years lag. 
3. Around KE, salinity at depths deeper than 

subsurface might be strongly affected by NPGO.



Thank you!




