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ABSTRACT

Recent studies have identified the North Pacific Gyre Oscillation (NPGO) as a mode of climate variability
that is linked to previously unexplained fluctuations of salinity, nutrient, and chlorophyll in the northeast
Pacific. The NPGO reflects changes in strength of the central and eastern branches of the subtropical gyre and
is driven by the atmosphere through the North Pacific Oscillation (NPO), the second dominant mode of sea
level pressure variability in the North Pacific. It is shown that Rossby wave dynamics excited by the NPO
propagate the NPGO signature in the sea surface height (SSH) field from the central North Pacific into
the Kuroshio-Oyashio Extension (KOE), and trigger changes in the strength of the KOE with a lag of 2-3 yr.
This suggests that the NPGO index can be used to track changes in the entire northern branch of the North
Pacific subtropical gyre. These results also provide a physical mechanism to explain coherent decadal climate
variations and ecosystem changes between the North Pacific eastern and western boundaries.

1. Introduction

Decadal time-scale climate variability in the North
Pacific has received considerable attention in the recent
years because of its impact on tropical and extratropical
climate (e.g., Deser et al. 1999; Graham 1994), weather
over North America (e.g., Latif and Barnett 1994;
Barlow et al. 2001), and regional marine ecosystems
(e.g., Mantua et al. 1997; Francis et al. 1998; Fiedler
2002). Analyses of sea level pressure (SLP) data suggest
that there are two dominant modes of atmospheric
variability in the North Pacific. The first one (Fig. 1a) is
associated with changes in the Aleutian low and its
temporal evolution is called the North Pacific index
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(NPIL; e.g., Trenberth and Hurrell 1994). The second one
is termed the North Pacific Oscillation (NPO; Walker
and Bliss 1932; Rogers 1981; Linkin and Nigam 2008).
In the central North Pacific, a strengthened Aleutian
low is associated with a decrease of sea surface tem-
perature (SST) as a result of cold air advection from the
north, an increase of ocean—atmosphere turbulent heat
fluxes, and equatorward advection of temperature from
Ekman currents. In the eastern North Pacific, a deep-
ened Aleutian low intensifies poleward winds, leading to
warm SST anomalies along the west coast of North
America, the Gulf of Alaska, and across the eastern
subtropics and tropics (Schneider and Cornuelle 2005).
Changes in the Aleutian low also affect the western
Pacific because anomalous wind stress curl in the central
Pacific force the circulation to change and baroclinic
Rossby waves to propagate from the central North Pa-
cific to the western boundary, arriving several years after
the Aleutian low changes, resulting in a lagged SST re-
sponse in the Kuroshio—Oyashio Extension (KOE) re-
gion (Miller et al. 2004). The pattern of SST anomalies



5164

a) SLP EOF-1

150°E 180°E 150°W  120°W
c) SLP PC-1
47 T
8 2 103
T WAL b [l 2
g 0 ‘, |\‘ ‘llv“‘ |“‘.\l H‘ W I ! 1 ,“ H!"‘ ‘ | ‘.l“‘} 8
< | y r I } <
2 1B
n 2r )
-4 . . . .
1970 1980 1990 2000

JOURNAL OF CLIMATE

VOLUME 22

b) SLP EOF-2

150°E 180°E  150°'W  120°W
d) SLP PC-2
4 .
2
,‘ i“lm il b || “| I ¢ W) II ! »“E
-2
-4 . . . .
1970 1980 1990 2000

FIG. 1. (a) EOF1 and (b) EOF2 of monthly sea level pressure anomalies during 1950-2004 over the North Pacific
and its associated (c) PC-1 and (d) PC-2. The EOFs explain 32.5% and 18.7% of the total SLP variance. In (c),(d),

the thick black lines represent a 12-month running mean.

associated to the Aleutian low variability is consistent
with the spatial pattern of the Pacific decadal oscillation
(PDO; Mantua et al. 1997) defined as the leading em-
pirical orthogonal function (EOF) of SST anomalies in
the Pacific, north of 20°N. This pattern similarity has led
to studies linking PDO to changes in the atmospheric
SLP following the earlier study of Davis (1976). Using
the first-order autoregressive (AR-1) model processes,
Schneider and Cornuelle (2005) and Chhak et al. (2009)
found that SLP anomalies in the Aleutian low had high
skill in reconstructing the observed PDO amplitude.

In contrast to the Aleutian low mode, the NPO spatial
pattern consists of a dipole structure in which SLP var-
iations in the central Pacific near 40°N oppose those over
Alaska (Fig. 1b). Walker and Bliss (1932) found signif-
icant correlation between the NPO and precipitation
and surface air temperature anomalies over North
America and Asia. Rogers (1981) linked the NPO with
the advance and retreat of the sea ice edge in the Bering
Sea. Chiang and Vimont (2004) linked the NPO with the
Pacific meridional mode and with the forcing of El Nifio—
Southern Oscillation (ENSO) via the SST footprint
mechanism (Vimont et al. 2001, 2003). Recently, Chhak
et al. (2009) found that the NPO has an oceanic ex-
pression termed the North Pacific Gyre Oscillation
(NPGO; Di Lorenzo et al. 2008), which is evident from

an analysis of sea surface height anomalies (SSHas) in
the northeast Pacificc. The NPGO mode, defined as
the EOF/principal component (PC)-2 of SSHa over the
region of 25°-62°N, 180°-110°W, is independent from
the PDO (R = 0.15) and is characterized by a dipole
structure in SSHa. This NPGO dipole structure is evi-
dent in the high-resolution ocean model hindcast of the
OGCM for the Earth Simulator (OFES; discussed in
section 2) over the period of 1950-2004 (Fig. 2a).
Physically the NPGO reflects variations in the strength
of the eastern and central branches of the subpolar and
subtropical gyres, as is shown in Fig. 2b, where the red
curve corresponds to the NPGO index (PC-2 of SSHa)
and the black curve is a measure of the strength of North
Pacific Current (Fig. 2a, black box), which is inferred by
taking the SSHa meridional gradient in the region
marked by the black rectangle in Fig. 2a. Di Lorenzo
et al. (2008) showed that previously unexplained fluc-
tuations of salinity, nutrient, and chlorophyll observed
in the northeast Pacific track the NPGO index.

In this work, we explore the relationship between
decadal variations in the eastern and western boundary
current systems of the North Pacific Ocean. Specifically,
we show how NPGO variability in the central and
eastern North Pacific is connected to decadal variations
in the KOE with a phase lag of approximately 2-3 yr. We
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FI1G. 2. (a) Correlation map between the NPGO index and the
OFES SSHa in the North Pacific (shaded contours). The red box
delimits the region where the NPGO index is defined. The contour
lines represent the mean sea level. (b) Time series of the NPGO
index (red line) and the SSHa gradient (black box). This gradient
represents the strength of the central/eastern branches of the
subpolar and subtropical gyres. (c) Time series of the second mode
of variability in the KOE (blue curve) and the SSHa gradient in the
KOE region (blue box), which corresponds to the strength of the
Kuroshio Extension jet.

explore this connection using both a statistical and a
dynamical approach. The statistical approach involves
time-lagged spatial correlation maps that show how the
NPGO SSHa pattern propagates westward in the KOE,
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where it tracks decadal variations in the strength of the
KOE and of the average SSHa. The dynamical approach
explores the east-west relationship using a simple linear
Rossby wave model. The role of Rossby wave dynamics
in explaining climate variability of the KOE has been
pointed out in several studies (e.g., Kwon and Deser
2007; Qiu 2003; Schneider et al. 2002; Seager et al. 2001).
Using a reduced-gravity model, Qiu (2003) tracked the
baroclinic oceanic response back to surface winds and
showed that variability on the Kuroshio Extension is
remotely forced by wind stress anomalies in the eastern/
central North Pacific. We follow Qiu’s methodology to
explore whether the NPO—the forcing of the NPGO—
modulates SSHa variability on the western boundary.
To do this we decompose the wind stress in two com-
ponents: one associated with the Aleutian low mode and
one related with the NPO. This allows us to assess the
relative contribution of the two dominant atmospheric
forcing modes on SSHa variability in the KOE. We also
use SSH data from satellite [Archiving, Validation, and
Interpretation of Satellite Oceanographic data (AVISO);
information online at http://www.jason.oceanobs.com|
and from a high-resolution eddy-resolving model hind-
cast of the Earth Simulator (Masumoto et al. 2004; Sasaki
et al. 2008). The OFES model captures the decadal var-
iations in the KOE realistically (Taguchi et al. 2007), as
well as the NPGO pattern (see Fig. 2a; the regression
map between OFES SSHa and the NPGO index is taken
from http://ocean.eas.gatech.edu/npgo).

This article is organized as follows. Section 2 describes
the observational and modeling datasets used in this
study. Section 3 examines the statistical relationship
between the NPGO and low-frequency variability in the
KOE using the OFES model hindcast. Section 4 shows
the results from the Rossby wave model and a com-
parison with SSHa from satellite and OFES. Discussions
and conclusions are given in section 5.

2. Data

Monthly sea surface height fields from a hindcast by
the OFES (Masumoto et al. 2004; Sasaki et al. 2008)
are used in this study. The model extends from 75°S
to 75°N, with a horizontal resolution of 0.1° and 54
vertical levels, spanning the period of 1950-2004.
In this study, we analyze data from the 1962-2004 pe-
riod (as in Taguchi et al. 2007). The OGCM was forced
by surface wind stress, heat, and freshwater fluxes de-
rived from daily National Centers for Environmental
Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis (Kalnay et al. 1996), and
there is a relaxation of surface salinity to the observed
climatology. The model hindcast has been successfully
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used in previous studies to analyze different aspects of
the decadal variability in the KOE (Nonaka et al. 2006;
Taguchi et al. 2007). In particular, the observed south-
ward shift and the intensification of the Kuroshio and
Oyashio jets after the 1976/77 climate shift of the North
Pacific were detectable on the OFES output (Nonaka
et al. 2006).

Surface wind stress from the NCEP-NCAR reanalysis
is used to represent the atmospheric forcing field. This
dataset has a spatial resolution of 1.9° latitude X 1.875°
longitude and covers the same time period as the OFES
integration. Sea level pressure from NCEP-NCAR
reanalysis with a 2.5° spatial resolution is also used
to determine the principal modes of North Pacific at-
mospheric variability. Ocean Topography Experiment
(TOPEX)/Poseidon altimeter data (Ducet et al. 2000)
from 1993 to 2004 are used for comparison with the
OFES and the Rossby wave model output.

3. KOE decadal variability

The Kuroshio—Oyashio Extension has been identified
in several studies as a region where strong ocean—
atmosphere interaction takes place in the North Pacific
(Latif and Barnett 1994; Pierce et al. 2001; Schneider
et al. 2002; Qiu et al. 2007). It also has been recognized
as a region where the ocean circulation is most variable
and where the subsurface ocean variability strongly af-
fects sea surface temperature via vertical entrainment
(Schneider et al. 2002) or horizontal advection by the
Kuroshio and Oyashio jets (Qiu 2000; Seager et al. 2001;
Kwon and Deser 2007). The Kuroshio Extension SSH is
highly variable on interannual and decadal time scales.
An EOF analysis of the zonal mean SSH anomalies
averaged between 142°E and 180° within 30°-45°N
identified two dominant modes of SSH variability in the
Kuroshio Extension (Taguchi et al. 2007). The first
mode corresponds to changes in the mean latitudinal
position of the Kuroshio Extension jet and shows the
southward shift of the jet since the 1976/77 North Pacific
climate shift. The second mode displays quasi-regular
oscillations with a period of 10-15 yr (Fig. 2c, blue curve)
and represents an intensification of the Kuroshio jet. It
tracks the SSH meridional gradient in the latitudinal
band of the KE jet core between 34.5° and 37°N very
well [Fig. 2¢, black curve R = 0.71; see Taguchi et al.
(2007)]. After 1976/77, when the SSHas show strong
low-frequency fluctuations, these two modes of KOE
variability are strongly correlated with SSHa. This im-
plies that a positive SSHa corresponds to a shift in axis
and intensification of the KOE. However, we note that
the second mode is more strongly correlated (R = 0.9)
with the KOE SSHa after 1976/77 (Fig. 2d).
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We find that the quasi-regular decadal oscillations in
the strength of the KOE [Taguchi et al.’s (2007) mode 2]
and SSHa are strongly coherent with the NPGO in-
dex (Fig. 3). This is evident if we lag the time series of
KOE mode 2 and NPGO by approximately 3 yr with
the NPGO leading the KOE mode (Fig. 3a). The cor-
relation function between KOE mode 2 and NPGO at
different lags (Fig. 3b), shows that the maximum cor-
relation (0.56) between the two time series occurs when
NPGO leads KOE by 2.5 yr. Similar results are found
if we compare the NPGO with the average SSHa in
the KOE (Figs. 3c,d). We also note that a maximum
negative correlation occurs when the KOE leads the
NPGO by approximately 5 yr (Fig. 3b). The oscillatory
nature of the correlation function is interesting and
may indicate self-sustaining oscillations of the ocean—
atmosphere system in this region as suggested by Pierce
et al. (2001) and Qiu et al. (2007). However, in this study
we limit our focus only on the dynamics when NPGO is
leading.

A lead-lag relationship in the space-time domain
reveals that variations in KOE mode 2 are associated
with the arrival of NPGO SSHa from the central/eastern
Pacific. By performing a time-lagged regression of the
OFES North Pacific SSHa with the KOE mode-2 index
we obtain spatial maps of the SSHa evolution associated
with KOE mode-2 index. Figures 4a,b show correlation
maps between SSHa and KOE mode 2 at 0- and —2.5-yr
lag (NPGO leading). At lag 0 much of the North Pacific
(north of 45°N) is occupied by negative correlations,
whereas positive correlations span from the eastern to
the western boundary in the KOE latitudinal band.
However, 2.5 yr before (Fig. 4b) negative correlations
extended from the eastern to the western boundary,
including the KOE latitudinal band, opposing positive
correlations south of the Kuroshio region in a pattern
that resembles the projection of the NPGO onto the
SSHa (Fig. 4c). The similitude between these correlation
maps (pattern correlation coefficient = 0.75) indicates
again that NPGO leads SSHa variability in the western
boundary of the North Pacific, particularly the one as-
sociated with the KOE.

Lagged regression maps computed using the monthly
anomaly data (not shown) suggest that KOE-related
SSH anomalies propagate from the eastern to the
western boundary. A time-longitude plot of the lagged
correlation maps at 35.25°N (Fig. 4d) shows a propa-
gation of anomalies from the eastern basin into the
western North Pacific confirming the east-west phase
relationship and suggesting that ocean dynamics may
be involved in carrying the NPGO signal from the east
into the west. In the next section we will explore this
relationship in a dynamical framework to determine
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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.

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 1%2-layer reduced-gravity model, under the
longwave approximation, the linear vorticity equation is

%—c oh £y (1)

where £ is the SSH of interest, cg is the zonal phase
speed of the long baroclinic Rossby wave, g is gravity, g’
is the reduced gravity, w, = curl(7/fpy) is the Ekman
pumping velocity, pg is the density, fis the Coriolis pa-
rameter, and 7 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)= g J we(x’,H— xjx)dx’. (2)

- CRPng 0 CR

To hindcast h(x, t) using Eq. (2), monthly wind stress
anomalies from NCEP-NCAR reanalysis were use to
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FIG. 4. Spatial correlation pattern between (a) KOE mode 2 and OFES SSHa at 0-yr lag and (b) at lag —2.5 yr (NPGO leading).
(c) Spatial correlation between NPGO and SSH anomalies at lag 0. (d) Time-longitude section at 35.25°N (black line on the left panel) of
the lagged correlation maps between KOE mode 2 and SSHa. The black box in (a) and (b) represents the region of the KOE, and the box

in (c) corresponds to the region of the NPGO.

compute w, on the grid of the NCEP-NCAR reanalysis.
Because the Rossby wave speed cy varies with latitude,
we use the values reported by Qiu (2003) for each latitude
of the wind stress curl grid, that is, from 0.041 m s lat
32°N to 0.024 m's~ ! at 38°N. Finally, the reduced-gravity
valueis g’ = 0.027 m s 2,

Figure 5c shows the hindcast monthly SSH anoma-
lies averaged over the latitudinal band of the KOE
(32°-38°N) as a function of time and longitude. For
comparison, the SSH anomalies from OFES and sat-
ellite data from AVISO are shown in Figs. 5a,b. In
both plots, the western boundary shows low-frequency

SSH anomalies arriving from the east during the entire
record in the satellite data and since the early 1980s in
the OFES output. This confirms the important role
that remotely forced SSH anomalies play in modulat-
ing the KOE. As noted by Qiu and Chen (2005), the
arrival of positive (negative) SSH anomalies to the
KOE region corresponds to the strengthening (weak-
ening) of the KE jet and the recirculation gyre. It is
worth noting that the Rossby model only captures SSH
anomalies resulting from changes in the wind stress
and does not account for other dynamic processes such
as instabilities and eddy mean flow interaction present
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curl-forced Rossby wave model. (d) The black boxes correspond to the KOE region where (32.38°-38.09°N, 142°E-180°) SSHa was

averaged to obtain the time series.

in the KOE region and evident in the OFES data. Also
the OFES and satellite data show small-scale high-
frequency variability near the western boundary that
is not captured by the simple Rossby wave model.
However, the Rossby model successfully hindcasts
SSH anomalies in the KOE region as shown in Fig. 5d,

which compares time series of mean SSHa between
142°E and 180° from the Rossby model, OFES (R = 0.7),
and satellite.

Figure Sc also shows that most of the low-frequency
SSH signals arriving at the western boundary originate
near 150°-160°W in the eastern/central North Pacific,
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which is the region where the wind stress curl has its
largest amplitude in the North Pacific.

To understand how Pacific decadal oscillations in the
eastern North Pacific such as the PDO and the NPGO
are linked to the SSH signals in the KOE, we decompose
the wind stress curl into the two dominant modes of
North Pacific atmospheric variability, the Aleutian low
mode, and the NPO mode, which drive the PDO and
NPGO, respectively (Chhak et al. 2009). The decom-
position was done using a regression analysis between
the wind stress curl and each atmospheric mode (PC-1
for the PDO-related wind stress curl and PC-2 for the
NPGO case). The regression coefficients were used to
reconstruct, separately, the wind stress curl that is then
used to force the Rossby model Eq. (2) and hindcast the
SSH anomalies in the KOE region. A comparison of
SSHa time series in the KOE region shows no corre-
spondence between the SSHa obtained with the Aleu-
tian low forcing and the OFES hindcast (Fig. 6c, top
panel). In contrast, the SSHa obtained with the NPO
forcing (Fig. 6d, top panel) closely tracks the OFES
hindcast (R = 0.71) especially after 1976/77 when large-
amplitude fluctuations become more apparent. These
results indicate that the NPO-related wind stress curl
anomalies explains an important fraction of the SSH
decadal variability in the KOE. Because the NPO is the
forcing pattern of the NPGO in the central and eastern
North Pacific (Chhak et al. 2009; Di Lorenzo et al. 2008),
this result gives further evidence that SSH variability in
the KOE region is dynamically linked to NPGO.

Taguchi et al. (2007) isolate the KOE mode 2 and
showed that it is associated with changes in the Kuroshio
Extension’s strength, but did not provide any forcing
mechanism. By linking the NPGO forcing with SSH
variability in the KOE we have revealed the forcing of
the KOE mode 2 and provided the physical foundation
for this mode to exist.

5. Summary and discussion

Using a hindcast experiment by the high-resolution
eddy-resolving OFES and sea level pressure, and wind
stress curl from the NCEP-NCAR reanalysis, we have
studied the relationship between a recently identified
mode of decadal variability in the northeast Pacific, the
North Pacific Gyre Oscillation (NPGO; Di Lorenzo
et al. 2008), and climate variability in the western
boundary of the North Pacific. To achieve this goal, we
analyzed the low-frequency variability of the SSH
anomalies in the Kuroshio—Oyashio Extension region
between 32°-38°N and 142°E-180°, which is character-
ized by two modes of variability. The first mode is as-
sociated with changes in the latitudinal position of the
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Kuroshio Extension jet, whereas the second one repre-
sents variations in the strength of the jet (Taguchi et al.
2007) and displays quasi-decadal oscillations compara-
ble to those of the NPGO index (Fig. 2).

To explore the east-west relationship between the
central/eastern North Pacific and the KOE, we used two
different approaches. First, we looked for statistical
evidence of the link between the NPGO and SSHa
variability in the KOE, and second, using a simple linear
Rossby wave model, we explored the dynamics under-
lying the east-west connection. The statistical approach,
which involved time-lagged correlations, showed that
the NPGO index leads SSHa variability in the KOE by
approximately 2-3 yr, which is associated with the
strength of the Kuroshio Extension jet. This result is sup-
ported by time-lagged spatial correlation maps that show
how the NPGO pattern propagates from the eastern/
central North Pacific toward the western boundary (Fig. 4),
highlighting the role of Rossby waves in carrying the
SSHa signature of the NPGO across from the eastern to
the western boundary.

Linear baroclinic Rossby wave models have been used
to link wind stress curl anomalies in the eastern/central
North Pacific with SSHa variability in the Kuroshio
Extension (Qiu 2003; Schneider and Miller 2001). The
success of these models had lead to the hypothesis that
Pacific decadal oscillations modulate decadal variability
on the western boundary via changes in the wind stress
curl field of the eastern/central North Pacific. Here we
used a linearized Rossby wave model to hindcast the
SSHa in the KOE region and determine to what extent
wind stress curl anomalies associated with the forcing of
the NPGO, namely the NPO, drive the low-frequency
SSHa variability in that region. By decomposing the
wind stress curl field into the first two dominant SLP
modes of North Pacific variability—the Aleutian low and
the NPO mode—we found that the dominant fraction of
the KOE SSHa is explained by NPO-related wind stress
curl anomalies, whereas the Aleutian low SSH-related
anomalies did not compare well with the OFES KOE
SSHa (Fig. 6). These results lead us to conclude that the
eastern Pacific NPGO and the western Pacific KOE
SSHa variability share the same atmospheric forcing,
that is, the NPO, and that low-frequency variation the
KOE strength are modulated by the NPO.

These results may appear in contrast with previous
findings by Qiu (2003), who showed that the westward
propagation of positive (negative) SSH anomalies in the
KOE are caused by negative (positive) wind stress curl
anomalies in the east associated with variability in the
PDO rather than NPGO. This difference with Qiu
(2003) may be reconciled by noting that Qiu focuses its
analysis over a shorter period of 1982-2002. During this
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FIG. 6. Comparison between (a) PC-1 of sea level pressure and PC-1 of wind stress curl and PC-2 of sea level
pressure and PC-2 of wind stress curl. A 12-month running mean was applied to all the time series. (c)—(d) Time series
of SSH a from the Rossby wave model averaged in the KOE region (32.38°-38.09°N, 142°E-180°). In all panels the
gray curve represents SSHa average from OFES, and the black line corresponds to SSHa from the Rossby model
using PC-1 of SLP, PC-1 of wind stress curl, NPI, PC-2 of SLP, PC-2 of wind stress curl, and Chhaks’s NPO index as
forcing. The time series were standardized for comparison.

time the PDO and NPGO index share some correlation
of their low-frequency modulations. This correlation,
although not statistically significant, is particularly evi-
dent after 1990 (R = 0.4), indicating that over this time
period it is difficult to separate the relative contributions
of PDO and NPGO based on correlation analysis. We
also note that Qiu (2003) uses the EOF1 of the wind
stress curl anomaly (WSCa) rather than the EOF of the
SLP anomaly (SLPa) to characterize the atmospheric
driver of the PDO. Although the first EOFs of WSCa

and SLPa are significantly correlated in their low-
frequency variability (Figs. 6a,b), their spatial patterns
have some important differences in their center of ac-
tions (Fig. 7) that lead to changes in the Rossby model
hindcast skills (Figs. 6c,d, top panel versus middle
panel). We note that the SSHa reconstruction of the
Rossby wave model using PC-1 of the WSCa (Fig. 6c,
middle panel) exhibits a higher correlation with the
KOE SSHa after 1990, consistent with Qiu’s findings.
However, if we compare the skill of the reconstruction
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FIG. 7. Wind stress curl anomalies (a) EOF1 and (b) EOF2. Regression map of wind stress curl anomalies vs (c) SLP
PC-1 and (d) SLP PC-2.

associated with PC-1 and PC-2 of WSCa over the longer
period of 1950-2004, we find that the PC-2 of WSCa
leads to higher skill than PC-1 in the SSHa reconstruc-
tion (Figs. 6¢,d, middle panels). The results obtained
with the PCs of the WSCa are consistent with the ones
obtained using SLPa and further support the hypothesis
that NPO/NPGO variability captured by the second PCs
is linked to the dominant SSHa variations in the KOE.

Before concluding we must also remark that the NPO
wind stress curl pattern isolated by Chhak et al. (2009) as
the forcing of NPGO reveals spatial differences with the
NPO pattern inferred as the second EOF of SLP in the
North Pacific. These differences reflect the different
definitions used for the NPO. In Di Lorenzo et al. (2008)
and Chhak et al. (2009), the NPO pattern emerges from
a regression of the NPGO index with the atmospheric
SLPa, which is equivalent to the second EOF of wind
stress curl over the northeast Pacific. In this study we
used the more recent definition of NPO by Linkin and
Nigam (2008) as the second EOF of North Pacific SLPa.
It is important to verify that both definitions of the NPO
are consistent with the statement that NPGO is forced
by NPO. Using the same approach of Chhak et al. (2009)
we use an AR-1 model forced by the NPO indices to

reconstruct the NPGO index. We find that both defini-
tions of the NPO lead to a skillful reconstruction of the
NPGO with 99% level significant correlations of 0.48
(NPO defined as the second EOF of SLPa) and 0.71
(NPO defined as the second EOF of wind stress curl
in the northeast Pacific). We also verify that using the
Chhak et al. (2009) NPO definition as forcing of the
Rossby SSHa hindcast model leads to significant skill
(R = 0.58) in reconstructing the KOE SSHa (Fig. 6d,
bottom panel).

Collectively, the results shown in Fig. 6 are consistent
with our hypothesis that the NPGO and a significant
fraction of SSHa variability in the KOE share the same
forcing, namely, the NPO. These results are robust to
different definitions of the NPO, which include the PC-2
of SLPa (Linkin and Nigam 2008), PC-2 of WSCa, and
the Chhak et al. (2009) index. We also conclude that
between 32° and 38°N, low-frequency changes in KOE
SSHa are more strongly affected by atmospheric vari-
ability associated with the NPO rather than the Aleutian
low. To further confirm this statement we perform an
additional integration with the Rossby model using the
WSCa obtained by regressing the curl anomalies with
the NPI index (Trenberth and Hurrell 1994), which is a
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measure of the strength of the Aleutian low. The re-
constructed SSHa skill using the NPI is very poor com-
pared (R = 0.25) to the ones obtained using the various
definitions of the NPO (R = 0.71, R = 0.48,and R = (0.58).

Our findings have implications for the predictability of
the western North Pacific Ocean climate. Schneider and
Miller (2001) showed that wintertime sea surface tem-
perature anomalies in the Kuroshio-Oyashio could be
predicted at lead times of up to 2 yr, using the wind stress
over the North Pacific and oceanic Rossby wave dy-
namics. Therefore NPGO-KOE connection may be
used to predict western boundary sea surface height
fluctuations. Additionally, the results of this study could
be extended to determine to what extent, and by what
mechanisms, modes of North Pacific variability, such as
the NPGO, drive coherent changes in the marine eco-
systems of the KOE region.
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