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• CGCMs show that OHC signals 
often propagate eastward, setting 
decadal time-scale of extra-
tropical air-sea coupled variability.   

• Decadal OHC variability is at 
the heart of mechanism and 
predictability of  PDV. 

Eastward-propagating Ocean Heat Content (OHC) signals

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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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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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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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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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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10-30yr-filtered OHC  
(Coupled GCM)

Temp 0-300m 
Teng & Branstator (2010) 
also Latif & Barnett (1994)

Temp 0-400m 
subsurface Temp. analysis 

Ishii and Kimoto (2009)

yearly OHC anomaly  
(Historical Obs.)

1999

2000

2001

2002

• What physical processes are responsible for westward and eastward 

propagating oceanic signals? 

• What are the origins of these signals ? 

To characterize interannual-to-decadal OHC variability in the North Pacific 
using a historical observation analysis and an OGCM hindcast simulation. 

Objective   



contour: 
isopycnals

Data and method

dT

d�
=
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• Objective analysis (1945-2012, monthly T&S)   Ishii and Kimoto (2009,JO) 
• OFES hindcast run (1950-2012, monthly T&S)　Sasaki et al. (2008) 

• Remove linear trend & monthly climatology（focus on natural variability) 

• Decompose T’ into dynamical component T’ρ and spiciness component T’χ 
  ( The former acts as Rossby waves while the latter passive tracers)

• Define upper OHC anomalies as T’ averaged over 100-400m depth 
  (remove diabatic effect of air-sea heat exchange) 
• T’ρ & T’χ → OHC’ρ (dynamical component) & OHC’χ (spiciness component)

depth

:monthly climatology

T � = T � T � ��T (x) · �x �x = �x� + �x�
⊥ to isopycnals // to isopycnals

( )



OHC variability: dynamical vs spiciness (Ishii data)
OHCρ

contour: dynamic  
height to 2000db (CI= 0.1m2/s2) 

OHCχ

mean spiciness grad magnitude  (0.2K/100km 毎)

standard deviation

✓OHCρ variability is large in KE region while OHCχis large in subpolar region.

standard deviation



OHC variability: dynamical vs spiciness (Ishii data)
OHCρ

contour: dynamic  
height to 2000db (CI= 0.1m2/s2) 

OHCχ

mean spiciness grad magnitude  (0.2K/100km 毎)

standard deviation

✓OHCρ variability is large in KE region while OHCχis large in subpolar region.

cont.: dynamic height to 2000db (CI= 0.1m2/s2) 

mean spiciness meridional gradient

✓OHCχvariability corresponds in space to mean spiciness meridional gradients.

standard deviation



Contours: SSH  
(every 10cm) 

mean spiciness grad magnitude  (0.2K/100km 毎)

mean spiciness meridional gradient

Contours: SSH (every 10cm) 

✓ OHCρ (OHCχ) variability is confined in KE (subarctic) front.

OHC variability: dynamical vs spiciness (OFES)
OHCρ

OHCχ

standard deviation

standard deviation
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✓ OHCρ (OHCχ) variability is confined in KE (subarctic) front.

OHC variability: dynamical vs spiciness (OFES)
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Latitude-depth section (150º-170ºE averaged)

T’ρ

T’χ

T’ standard deviation Ishii data

✓ T’ρ is large along mean pycnocline; T’χ is large along mean spiciness gradient.

meridional gradient  
of mean spiciness

contour: climatological mean potential density 　contour: mean temperature



Latitude-depth section (150º-170ºE averaged)

T’ρ

T’χ

T’ standard deviation Ishii data

✓ T’ρ is large along mean pycnocline; T’χ is large along mean spiciness gradient.

meridional gradient  
of mean spicinessT’ρ

T’χ

T’ standard deviation OFES  

contour: climatological mean potential density 　contour: mean temperature



Temporal evolution of OHCρ,χ (OFES)
Lag regression (contours) & correlation (color shading)

OHCρ OHCχ

✓ OHCρ propagates westward and concentrated along the KE. (cf. YN Sasaki et al. 2013） 
✓ OHCχ is advected eastward along subarctic frontal zone and North Pacific current.



✓ mean spiciness gradient + axial variability in SAFZ ➡ spiciness/OHC generation
(A hypothesis based on non-ocean eddy-resolving CGCM analysis)

	

Contour:  
Salinity

((�T )�)y

Latitudinal 
displacement

OHC$spiciness+(Tχ+0$400m+ave)+standard+devia8on+(color+shading)

OHCx anomalies onto a reference time series of OHCx

at 438N, 1808. The eastward-propagating OHCx anom-
alies (Fig. 9a) originate from the KOE region at a26-yr
lag (i.e., 6 years ahead of the OHCx signal passing across
the date line). This generation ofOHCx anomalies in the
KOE region is confirmed by a high correlation in 150-yr
simulated time series (0.56 for raw monthly series and
0.68 for 3-yr running mean series) between OHCx

anomalies averaged over the upstream SAFZ (398–
448N, 1458–1608E) and the latitudinal fluctuation of the
SAFZ (Fig. 8a). This is also consistent with the good
correspondence between the occurrence of large SSH

anomalies in Fig. 2a and the generation of spiciness
anomalies in Fig. 6b near the western boundary.

b. Generation of higher baroclinic modes

While the spiciness anomalies dominate the total
OHC variability in the northern analysis band along the
SAF with little density signature, the spiciness and the
higher baroclinic mode signals exist in the southern
analysis band in latitudes of 368–398N. We show in this
section how the spiciness anomalies generate the higher
baroclinic mode Rossby waves. The eastward propaga-
tion of OHCx is associated with SST anomalies (blue

FIG. 8. (a) Time series of the latitudinal position of the SAFZ (red and blue charts; degree from
418N, the long-term mean frontal axis) defined as the latitude of maximum meridional SST
gradient, based on the 150-yr CFES integration. The maximum latitude is computed at each
longitude and then averaged over 1458–1608E. Superimposed with the black line is OHCx av-
eraged over the SAFZ (398–448N, 1458–1608E).A 3-yr runningmeanwas applied to both the time
series after the linear trend and climatology had been removed. (b) Linear regression coefficients
of anomalous advection ofOHCx (shading; K s21) onto the standardized time series of the SAFZ
latitude. The anomalous advection ofOHCx represents advection of themean spiciness gradients
by anomalous currents (vectors; cm s21) associated with the SAFZ shifts. Superimposed with
purple contours is the mean spiciness gradient ($T)x computed using (8). All the quantities,
based on the 150-yr CFES integration, are averaged temporarily for the winter months from
January to March and vertically over the upper 400-m depth.
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Contour: 
Mean 
spiciness 
gradient

Vector: Anomalous currents associated w/ SAFZ shift 

Analysis of 150-year CFES control simulation   Taguchi and Schneider (2014, JC)
Generation of OHCχ due to meridional shift  

of subarctic frontal zone (SAFZ)



Hypothesis: 

meridional gradient 
 of mean spiciness

meridional  
displacement  
of the front

OHC anomalies  
(spiciness）

OHC �
�(t) = �dOHC�/dy · �y(t)

Generation of OHCχ due to meridional shift  
of SAFZ in OFES hindcast
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thin line : 
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Generation of OHCχ due to meridional shift  
of SAFZ in OFES hindcast
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the KE, since the KEI only resolves relatively long time
scales for which the subtropical–tropical link may be-
come effective.

Previous observational studies of North Pacific SST
influence have attempted to remove the ENSO tele-
connections by regression using various degrees of com-
plexity, ranging from linear regression on the concurrent
(Qiu et al. 2007) or time lagged (Liu et al. 2006) Niño-3.4
index to seasonally varying regression on two ENSO in-
dices (FS07). In this paper, the ENSO signal is removed
by seasonally varying, asymmetric regression onto the
first three principal components of the tropical Pacific
SST anomalies, which seems quite effective (refer to the
appendix). Prior to the analysis, a cubic polynomial was
removed from all variables by least squares fit, to reduce
the influence of trends and ultra-low frequencies. Similar
results were obtained by removing a quadratic trend.

Statistical significance was estimated in two ways, with
similar results. First, we tested the correlation between
X(t) and T(t 2 t), taking into account the time series
persistence (e.g., Bretherton et al. 1999). Statistical sig-
nificance was then verified nonparametrically, using a
block bootstrap approach (randomly permuting the at-
mospheric time series 500 times in blocks of 2 yr for the
OEI and 3 yr for the KEI) (e.g., von Storch and Zwiers
1999). The nonparametric approach is used in all figures.
Since the Ekman pumping field is noisy, we use the 10%
significance level; however, similar results are found at
the 5% level.

5. Response of the atmosphere to OE and KE
fluctuations

a. Influence of the OE shifts

While the correlations between tropical SSTs and the
OEI are relatively small after the cubic trend is removed,
they are virtually uncorrelated when the ENSO signal is
also subtracted out (Fig. 5). A significant and robust in-
fluence of the OE variability onto the large-scale atmo-
spheric circulation in the North Pacific sector is detected
using (4) when the OEI leads by 2 to about 6 months, with
broadly similar patterns. The signal is not significant
when the OEI leads by 1 month, presumably because
of contamination by the atmospheric forcing of the OE
fluctuations and insufficient time for the response to the
latter to fully develop.

As illustrated in Fig. 7, the atmospheric response is
primarily an equivalent barotropic meridional dipole over
the North Pacific, with a large low centered near the date
line at 558N and an elongated midlatitude high with
two maxima. The pattern is similar to the wintertime
NPO/WP patterns (cf. Linkin and Nigam 2008), except

for the local high maximum found south and slightly
downstream of the OE front. However, the latter is not
as strong when the atmospheric response is estimated
for the cold season (Fig. 8, top, versus Fig. 10, bottom).
The signal is most significant in the middle and upper
troposphere (Z250 and Z500, respectively). Based on
lag 3, it reaches about 25 m for the southern lobe and
35 m for the northern lobe at 250 hPa, 25% less at
500 hPa, and 0.8 and 1.7 hPa, respectively, for SLP. It is
associated with significant hemispheric teleconnections,
in particular, significant highs above northeastern America
and western Europe, as in the WP pattern (Fig. 8, top).
Since the OEI is normalized, this represents the typical
magnitude of the signal. However, the amplitude (but not
the pattern or the significance) is uncertain, as it depends
on the lag and the assumed 2-month response time. Using
lag 2 to estimate the amplitude reduces it by a factor of 3
at 250 hPa if (4) is used. However, the amplitude is only
reduced by a factor of 2 if only the persistent part of

FIG. 7. Estimated response in geopotential height at (top)
250 hPa, (middle) SLP, and (bottom) Ekman pumping to a unit
value of the OEI (typical northward displacement), assuming d 5
2 months, based on lag 3. White (gray) contours are for negative
(positive) values. The dark contours indicate 10% significance.
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cf. Taguchi et al. (2012), Smirnov et al (2015)

OEI impacts on large-scale atmosphere 
(Frankignoul et al. 2011)

Hypothesis:    Isoguchi jet (J1) variability -> OHCχin Transition Zone   
       -> apparent “shift” of large-scale SAFZ (OE) -> atmospheric circulation response



• Both dynamical (associated with density change) and spiciness (density-
compensated) components contribute to interannual-to-decadal OHC 
variability, while the latter dominates in sub-polar regions.   

• OHCρ variability represents heaving of thermocline yielding westward 
propagation and intensification along the Kuroshio Extension (jet-
trapped Rossby waves) while OHCχ variability is eastward-propagating 
along subarctic frontal zone (SAFZ).  

• The eastward propagating OHCχ signals are originated from SAFZ off 
Japan where background spiciness gradient its large and anomalous   
currents associated w/ meridional shifting of the front generate large 
spiciness anomalies.  

Summary
Analysis of oceanic subsurface observations and OFES hindcast shows … 


