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Fig. 6 C shows the time-longitude plot of the h0 field in the
3232343N band modeled by Eq. (3) with the use of g0 ¼ 0:04ms"2

and the monthly wind stress curl data from the National Centers
for Environmental Prediction–National Center for Atmospheric
Research (NCEP–NCAR) reanalysis (Kistler et al., 2001). Being the
western boundary current extension in the subtropical gyre of the
North Pacific Ocean, the KE jet has its associated density surfaces
outcropping near 373N. Because of this, much of the observed
surface KE variability has been shown to be related to the time-
varying SSH signals in this southern RG band of 3232343N (Qiu
and Chen, 2005; Taguchi et al., 2007). As expected, the Rossby
wave model captures well all the large-scale SSH anomaly signals
that changed signs on the decadal timescales and this includes the
recent sign change in SSH occurring in 2007 in the central North
Pacific Ocean around 1603W. The linear correlation coefficient
between the observed and modeled h0 fields is r¼ 0:42 and this
coefficient increases to 0.59 when only the interannual SSH
signals are retained in Fig. 6 B. This quantitative comparison
confirms the notion that the decadal KE modulations detected by
the satellite altimeter data over the past 16 years are initiated by
the incoming SSH anomalies signals generated by the PDO-related
wind forcing in the eastern North Pacific Ocean.

While we emphasized the initiation of phase changes of the KE
system by the remote wind-induced SSH signals above, it is

equally important to point out that the wind-driven Rossby wave
model underestimates the observed SSH anomaly signals in the
western North Pacific (i.e., west of the dateline). In fact, altimeter
measurements reveal that the level of eddy kinetic energy in the
upstream KE region of 141321533E modulates with the incoming
SSH anomalies: the eddy kinetic energy level increases when the
incoming SSH anomalies are negative and vice versa (cf. Figs. 6 A
and B). Such a change in characteristics of the mesoscale eddy
field cannot be explained by the linear Rossby wave dynamics,
Eq. (2).

At a first glance, the correspondence between a high regional
eddy kinetic energy level and a negative SSH anomaly south of the
KE jet appears paradoxical: a negative SSH anomaly south of
the KE jet represents a weakened zonal KE jet and, based on the
theory of baroclinic instability (Pedlosky, 1987), less mesoscale
eddies might be expected in this state because of reduced
instability of the KE jet. A careful look at the sequential SSH
maps indicates that much of the KE path variability and the
enhanced mesoscale eddy signals in the upstream KE region (i.e.,
west of 1583E; Fig. 1 B) originate around the Shatsky Rise. Fig. 7 A
shows the SSH values averaged zonally from 1623E to 1803 as a
function of time and latitude. The thick black line in the figure
denotes the 170-cm contour and represents in this case the zonal-
mean KE jet axis downstream of the Shatsky Rise. One consistent
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Fig. 5. Maps of yearly averaged sea-surface-height anomaly field. Zero SSH anomaly contours are highlighted by the black lines.
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calculate the horizontal convergence of temperature flux on

the native grids at each layer, followed by the vertical
averaging. As for B, in this equation for depth average

temperature, it equals the vertical temperature flux at

300 m. Other terms including diffusion and penetration of
solar radiation etc. make up the residual. Note the rela-

tionship in Eq. 8 remains valid if we bandpass filter each

term provided we make clear that the filtering is of each
term, not of each variable. Below we apply Eq. 8 with

each term filtered by the same 10–30 year filter used in the
Fig. 6 composites. We denote this filter by a prime.

In Sect. 3b, we have constructed T
0
composites at several

different phases (Fig. 6, left panels). The subsurface tem-
perature change from phase 0! to 90! is plotted in Fig. 7d.

Now we want to quantify how much each of the three terms
on the right-hand side of Eq. 8 contributes to this tem-

perature change. To do this, we make composites of the

three terms, ! Q
0
net

q0CpH
;A

0
; and B

0
at phases 15!, 45!, 75!.

Assuming it takes about 1 year for the leading propagating

mode to develop 30! (consistent with the robust peak at
12 years we saw in several Fig. 3 spectra), we multiply the

composite of the three terms at phases 15!, 45!, 75!,
respectively, by 1 year to get the corresponding DT 0 from
phase 0! to phase 30!, from 30! to 60!, and from 60! to

90!. Summing DT
0
from each phase for each term in the

tendency equation yields the contribution to the total
temperature change in Fig. 7d by the surface heat flux

Fig. 6 Composite of 10–30 year bandpass filtered upper-300 m
temperature (left panels), SST (shading, right panels) and SLP
(contour, right panels) at phase 0!, 45!, 90! and 135! of the
subsurface propagating mode with the phase calculated using

normalized PC1 and PC2 of upper-300 m temperature in the control
run. Each composite map is derived from about 60 episodes and the
stippling indicates the 95% significance level of Student’s t test
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Propagation of ssh & OHC

 monthly climatological mean removed, 3-year running mean
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Summary
•Processes governing North Pacific decadal variability have been clarified, 
and the central role played by spiciness anomalies identified.

1. equiv. baroclinic RW

2. displacement of gyre boundary 3. generation of spiciness 

4. mean flow advection 
of spiciness anomaly

5. T’ associated w/ spiciness damped by air-
sea heat exchange             higher modes RWs��

westward-propagating SSHa eastward-propagating OHCa 
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Figure 1. (a) Total number of Argo profiles and Argo observed long−term mean of (b) depth (m), and (c) potential vorticity
(× 107 kg m−4 s−1) averaged over 25 < s! < 25.5 kg m−3 isopycnals, and (d) mixed layer depth (m) in February for the period
2001–2008. White contours in Figure 1a–1c and black contours in Figure 1d denote 1.6 and 3.4 m2 s−2 isopleths of the mean
Montgomery potential averaged over 25 <s! < 25.5 kgm−3 isopycnals. s! = 25.25 kgm−3 outcrops in February along the black
dashed line in Figure 1b. Potential vorticity in Figure 1c is defined as f ∂s!/∂z, where f is the Coriolis parameter.White contours
in Figure 1d denote s! = 24, 25, and 26 kg m−3 at the mixed layer base. Mixed layer depths are estimated using a temperature
criterion [Kara et al., 2000] with a temperature difference of 0.2°C [de Boyer Montégut et al., 2004].

Figure 2. Propagation of the cool/fresh spiciness anomaly (blue contours) on 25 < s! < 25.5 kg m−3 isopycnals along iso-
pleths of the mean Montgomery potential (white contours). Blue contours denote −0.03 PSS‐78 isopleths of annual mean sa-
linity anomaly in 2004, 2006, 2007 and 2008 (thin in 2004 and 2007 and thick in 2006 and 2008). In 2005 the anomaly lies
between its 2004 and 2006 position, but is omitted for clarity. The plot is based on the interpolated Argo product, with addi-
tional spatial smoothing applied to improve the visualization. Color indicates the long‐term mean of salinity average on the
same isopycnals from the Argo observations from 2001–2008. s! = 25.25 kg m−3 outcrops in February along the orange line.
Red dots are placed from the outcrop line along the subduction path at an interval of 103 km, so the westernmost dot is the
terminus of a 12 × 103‐km long trajectory.
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