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ABSTRACT
This study examines the increase in the sea surface temperature (SST) in the western North Pacific Ocean
(WNPO) during December–February for the period 1959–2008. The relationship of this SST increase with
significant interdecadal changes in the baroclinicity and the energetics of transient eddy activity is also examined. These results show that the interannual variations of the WNPO SST and atmospheric conditions
including baroclinicity and turbulent heat flux are responses to the upstream atmospheric forcings associated
with the East Asian winter monsoon (EAWM). For the interdecadal variations, the intensified baroclinicity
downstream of the Pacific storm-track activity is responsible for an increase in the baroclinic energy conversion (BCEC) from the mean available potential energy (MAPE) to the eddy available potential energy
(EAPE) to the east of 1808. This in turn increases the BCEC from the EAPE to the eddy kinetic energy (EKE)
over this region. The BCEC and generation of EAPE by diabatic heating are enhanced to the east of 1808 as a
result of the intensified baroclinicity. This could be responsible for the development of transient eddy activity
downstream of the Pacific storm track over the North Pacific.

1. Introduction
The variability of sea surface temperature (SST) over
the western North Pacific Ocean (WNPO) is an important factor influencing midlatitude climate variation due
to SST-induced heating and the resultant transient eddy
activities (Peng and Whitaker 1999), as well as destabilizing the low-level atmosphere (Xie 2004). Frauenfeld
et al. (2005) reported that interdecadal warming occurs
in the western subtropical Pacific off the east coast of
Asia, in the vicinity of the Kuroshio Extension (KE),
around 208–408N, 1208E–1708W, since 1976/77. In addition, Yeh and Kim (2010) and Park et al. (2011) have
demonstrated that a warming region in the Yellow/East
China Sea has been stretched out in a northeast–southwest
direction and extends eastward to Japan during the boreal winter, and the warming rate in winter increases up
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to 3.08C (100 yr)21. The increased WNPO releases more
heat and moisture to the atmosphere through strong
northwesterly winds, with a cold/dry air mass associated
with the winter monsoon (Hsu et al. 2001). In spite of the
aforementioned evidence, there are just a few studies on
the relationship between decadal and interannual variability of the SST and atmospheric circulation over the
WNPO (Chan and Liu 2004; Peng and Whitaker 1999)
and the impact of WNPO warming on the atmospheric
response during the boreal winter (Frauenfeld et al. 2005).
WNPO warming can create a low-level meridional
temperature gradient, producing a source of low-level
baroclinicity that has the potential for promoting storm
activity in the North Pacific (Blackmon et al. 1977;
Chang et al. 2002; Cai et al. 2007). The increases in the
midlatitude SST gradient generally lead to stronger
transient eddy activity, consistent with the changes in the
lower-tropospheric baroclinicity (Brayshaw et al. 2008).
Because the large-scale atmospheric response is sensitive to the position of the SST gradient, the changes in
the WNPO SST may result in changes in climate response.
In particular, Minobe and Mantua (1999) emphasized that
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the abrupt shift of 1976/77 led to weather changes in
various regions of the North Pacific Ocean. Nakamura
et al. (2002) presented evidence of an enhancement
(reduction) in transient eddy activity over the northwest
(northeast) midlatitude Pacific region associated with
the weakened monsoonal flow. However, the short data
length (16 yr) and the strong interannual variability in
monsoonal flow make it difficult to examine the interdecadal changes in storm-track activity.
Although previous studies have established that
tropical and midlatitude SST forces wintertime midlatitude atmospheric circulation (Lau and Nath 1994;
Minobe and Mantua 1999) and results in both the generation of midlatitude stationary eddies (Okumura et al.
2001) and transient eddy activity (Inatsu et al. 2002;
Kushnir et al. 2002; Xie et al. 2002), the effects of interdecadal changes in the WNPO SST are still not fully
understood. In addition, the low-level meridional temperature gradient is extremely high over the WNPO
region, and there is an abundant supply of heat and
moisture from the warm ocean surface to the monsoonal
flow (Esbensen and Kushnir 1981), which sustains the
high lower-troposphere baroclinicity (Nakamura 1992).
The objective of our study is to illustrate how interdecadal
changes in the WNPO SST affect the midlatitude baroclinicity. To examine how the WNPO warming affects
the interdecadal shift of transient eddy activity over the
North Pacific region in midwinter [December–February
(DJF)], the energetics of transient eddy activity is
calculated.

2. Data and analysis methods
The data analyzed in this study include (i) DJF mean
fields obtained from the National Centers for Environmental Prediction–National Center for Atmospheric
Research (NCEP–NCAR) Global Reanalysis 1 (NCEP1; Kalnay et al. 1996) for the period from 1958/59 to
2007/08, and (ii) SST and surface turbulent heat flux data
obtained from the third version of the global oceansurface heat flux products (1958–2008), developed by
the objectively analyzed air–sea fluxes (OAFlux) project
at the Woods Hole Oceanographic Institution (WHOI;
Yu et al. 2008). The WHOI OAFlux dataset (http://
oaflux.whoi.edu/data.html) consists of latent and sensible heat fluxes, ocean evaporation, and flux-related
surface meteorological variables on a daily and 18 latitude–
longitude grid. The WHOI latent and sensible heat fluxes
are compared to the direct observation datasets (http://
ieodo.nori.go.kr/eng/open_content/observation), acquired
from the Ieodo Ocean Research station passing the
quality control and tilt correction method suggested by
Oh et al. (2011). To clarify the change in SST, we analyzed
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the Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST) dataset, acquired by the British Atmospheric Data Centre (BADC; Rayner et al. 2003) for the
period 1958–2008. To explore whether the interdecadal
variability of WNPO SST has any linkage with circulation or ocean variability, the relationship with teleconnection patterns is examined. We obtained the
monthly West Pacific (WP) pattern, the Pacific–North
American (PNA) pattern, the North Pacific (NP) pattern,
and the Niño-3.4 indices for 50 yr, 1959–2008, from the
Climate Prediction Center (CPC) of the National Oceanic
and Atmospheric Administration. We calculated the DJF
mean of WP, PNA, and NP indices from their respective
monthly indices.
The atmospheric response to the warming of the
WNPO could be explained by the baroclinic development
that was evaluated on the basis of the maximum Eady
growth rate (MEG), defined in appendix A, which shows
that baroclinic eddies develop under strong vertical
westerly shear. Previous studies have shown that baroclinic instability is the primary mechanism for the
generation of transient eddies that make up storm tracks
(Blackmon et al. 1977; Chang et al. 2002; Cai et al. 2007).
In addition, a strong baroclinic energy conversion (BCEC)
from the mean available potential energy (MAPE) to
the eddy available potential energy (EAPE) is responsible for the rapid increase in storm tracks downstream
of the BCEC region (Blackmon et al. 1977; Cai et al.
2007; Inatsu et al. 2003). In this study, to interpret the
changes in transient eddy activity in the midlatitude
troposphere during DJF, we analyze the DJF mean
BCEC. The BCEC is computed in terms of the energy
conversion from MAPE to EAPE (BCEC I) and from
the EAPE to the eddy kinetic energy (EKE) (BCEC II),
and a generation of the EAPE by diabatic heating
(BCEC III) is described in appendix B.
In previous studies, several bandpass-filtered quantities
have been used to represent the storm-track intensities. These quantities include the meridional velocity
variance at the upper level (300 hPa), the northward
heat flux at the low level (850 hPa; e.g., Nakamura
1992; Chang and Fu 2002; Orlanski 2005), eddy kinetic
energy (Williams et al. 2007), and the root-mean-square
(RMS) of the synoptic component of the geopotential
height (Blackmon et al. 1977; Hurrell and van Loon
1997). In this study, we use the RMS of 2–8-day bandpassfiltered geopotential height to evaluate storm-track activity.
The statistical significance is inferred when the composite difference and the regression against the interannual component of the WNPO SST exceed the 95%
confidence level, based on a two-tailed Student’s t test.
The degree of freedom is simply determined by n 2 2.
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FIG. 1. (a) Spatial patterns of EOF1 of the western North Pacific SST in DJF, (b) principal component (PC) of the
EOF1, (c) temporal variation of area mean SST over 208–358N, 1208–1608W, and (d) composite difference of SST
during the period 1959–2008. The shading in (d) denotes the region within a 95% confidence level. ‘‘PT’’ and ‘‘NT’’ in
(b) indicate the periods 1961/62–1980/81 and 1988/89–2007/08, respectively. (e) The interannual component and
(f) interdecadal component of the area mean SST. The dashed lines in (a) and (d) indicate negative.

It is clear that the SST data has strong year-to-year lag
correlation, and the individual years cannot be regarded
as independent. Therefore, effective degree of freedom
(EDOF) has to be taken into account when assessing
statistical significance for the regression based on the
PC1 time series or the interdecadal component of the
WNPO SST. More detailed discussion on the significance tests of the regression is given in appendix C.

3. WNPO warming
To identify the interdecadal warming in the WNPO,
we first performed an empirical orthogonal function
(EOF) analysis of the SST in the domain 108–608N,
1008E–1408W. Figure 1 depicts the first leading EOF
mode (EOF1) of SST, obtained for DJF. Distinct warming
of the WNPO occurs, and the strongest SST variance is
observed off the east coast of China, where the Taiwan
warm current originates from the Kuroshio (Fig. 1a). It
should be noted that the principal component (PC) time

series of SST show a prominent shift and significant
warming around the mid-1980s (Fig. 1b). The EOF1
explains 28.4% of the total variance and is clearly separated from the rest of the modes (not shown).
Previous studies have suggested possible causes of
WNPO warming: the interdecadal variability of KE SST
is associated with the subsurface dynamics (Taguchi
et al. 2007; Tanimoto et al. 2003), the change of magnitude of subtropical and subpolar gyres (Ishi and
Hanawa 2005; Taguchi et al. 2007; Yukimoto et al.
1996), and interdecadal variation of the Aleutian low
activity (Sugimoto and Hanawa 2009). Park et al. (2011)
have demonstrated that Yangtze River discharge results
in the interdecadal increase of SST over East China Sea,
through a barrier layer formation that tends to enhance
stratification at the mixed layer base, and thus reduces
both vertical mixing and entrainment. Frauenfeld et al.
(2005) reported the interannual variability of the KE SST,
which seems closely linked to interannual ENSO-related
variability. Over the KE region, the PC time series of
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detrended KE SST and Niño-3.4 index correlate significantly in interannual variability with a correlation coefficient of 0.46 above 99% confidence level, which implies a
close relationship between interannual variabilities of KE
SST and ENSO.
Figure 1c shows the time series of area mean SST in
DJF over WNPO, namely 208–358N, 1208E–1608W. This
time series corresponds well to the PC1 time series of the
WNPO SST (R 5 0.98). Figure 1d shows the composite
analysis of SST during winter, between two periods,
from 1961/62 to 1980/81 (hereafter referred to as ‘‘NT’’)
and from 1988/89 to 2007/08 (hereafter referred to as
‘‘PT’’). The WNPO SST has a strong interdecadal variability as well as an interannual variability. The period
of the WNPO SST can be divided into the interannual
component (period of 1–9 yr) and the interdecadal
component (period of more than 10 yr; Figs. 1e,f). It is
noted that the WNPO SST is dominated by the interdecadal component between the PT and NT periods.
The interdecadal variation of the WNPO SST may be
concerned with the change in relationship between
the WNPO SST and the East Asian winter monsoon
(EAWM). In actuality, the close relationship between
the interannual variations of the WNPO SST and the
EAWM during NT period is not found during PT period
(not shown).
Using observational data and GCM simulations, it has
been noted that the teleconnection patterns WP, PNA,
and NP also show substantial variability on interannual
and interdecadal time scales (Wallace and Gutzler 1981;
Overland et al. 1999). To better understand the relationship between teleconnection patterns and the WNPO
SST, the 21-yr sliding correlations of the interannual
component of the WNPO SST shown in Fig. 1e during
1958/59–2007/08 with the WP pattern, PNA pattern, and
NP pattern during the years 1958/59–2007/08 are presented in Fig. 2. Note that the correlation value at the
95% significance level is 0.44. The result shows that the
variation of WNPO SST is closely coupled with the variation of the WP pattern that is related to the strength and
latitudinal location of KE (Frankignoul et al. 2011). The
significant relationship between the interannual component of the WNPO SST and the WP pattern persists for
50 years, whereas PNA and NP patterns show insignificant correlation for the period. Therefore, the variation
of WNPO SST may be related to the Pacific storm-track
activity because the WP pattern is related to the latitudinal
location of the entrance region and intensity of Pacific jet
stream.
To explore the relationship between surface turbulent
heat fluxes (THF) and SST variation, Fig. 3 displays the
regressed THF against PC1 time series of the WNPO
SST. Note that a positive sign is indicative of an anomalous
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FIG. 2. The 21-yr sliding correlations between the interannual
component of WNPO SST and teleconnection patterns including
West Pacific pattern (solid line), Pacific–North American pattern
(short dashed line), and North Pacific pattern (long dashed line) in
DJF during the period from 1958/59 to 2007/08. The horizontal
dashed lines show the 95% significance levels for the correlations.

heat flux from the ocean into the atmosphere. The
WNPO warming results in a significant increase in THF
into atmosphere between 308 and 508N. The THF increases over the regions with significant negative SST to
the north of 408N, and it decreases over the region,
namely 208–308N, 1508E–1608W, with a significant positive SST anomaly. Figure 3b shows a composite difference of THF between the PT and NT periods. The THF
increases from the WNPO to the North Pacific Ocean.
The spatial pattern of the increase in THF corresponds
with the increase in SST shown in Fig. 1d. To investigate
the possible causes of the interdecadal variation in
THF, Figs. 3c–e show the regressed THF based on the
interdecadal component of the WNPO SST, surface air
temperature, and surface wind speed. The enhanced THF
between 308–408N is associated with the interdecadal
variation in the WNPO SST and the surface wind speed
with a statistical significance. Over the region, the regression of the THF based on the SST variation displays
values between 20 and 30 W m22, while that based on
the wind speed displays values between 15 and 20 W m22
(Figs. 3d,e). The change in SST is the most important
contributor of the change in THF. For the interannual
time scale, the reduced THF to the south of 308N is associated with the interannual variation of the WNPO
SST (Fig. 3f) that has a significant negative correlation
with the variation in the upstream East Asian winter
monsoon to the west of 1758W, especially during the NT
period (Fig. 3h). This result supports the inconsistency
of spatial patterns between the variations of the WNPO
SST and THF. Figure 3h shows that the interannual
component of WNPO SST has a negative correlation
with THF in the NT period, with significant negative
correlations in the region 208–358N, 1108E–1708W. However, the SST–THF relationship does not persist to the
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FIG. 3. (a) The regressed turbulent heat fluxes (latent heat flux 1 sensible heat flux, unit: W m22) in DJF based on
PC1 time series for WNPO SST during the period from 1958/59 to 2007/08. (b) Composite difference between PT and
NT of the turbulent heat fluxes. (c)–(e) As in (a), but based on the interdecadal component of WNPO SST, surface air
temperature, and surface wind speed, respectively. (f) As in (a), but based on the interannual component of the
WNPO SST. (g),(h) As in (f), but for in the PT and NT periods, respectively. The shaded areas represent the
significant values at the 95% confidence level. The dashed lines indicate negative.

PT period (Fig. 3g). Recently, Park et al. (2012) have
shown that the EAWM is predominantly responsible for
the WNPO SST in the period 1970–80, whereas ocean
dynamics become increasingly important in the Kuroshio Extension region in the period 1990–2005. Tomita
and Kubota (2005) also showed the increase in latent
heat fluxes (LHF) over Kuroshio and Kuroshio/Oyashio
extension region due to the increase in SST during the
1990s. The positive differences of surface heat fluxes
(SHF) and LHF between PT and NT are evident along

the Kuroshio in the western North Pacific (258–408N,
1208E–1408W), with a 99% confidence level. This increase of THF could be responsible for the reduction of
the lower-tropospheric static stability and the enhanced
baroclinic wave growth over the storm-track regions.
Previous studies showed that the interannual variability of surface THF is associated with the sea ice
variability over North Pacific (Liu et al. 2007) and the
East Asian winter monsoon (Hsu et al. 2001). The correlation coefficients of SHF, LHF, and THF with East
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FIG. 4. Horizontal distribution of (a) climatology of root-mean-square of the 2–8-day bandpass-filtered 300-hPa
geopotential height (storm-track activity) in DJF. (b) Regressed storm-track activity based on the PC1 time series for
the WNPO SST during the period from 1958/59 to 2007/08. Regressed storm-track activity in DJF against the interannual component of WNPO SST during the (c) PT and (d) NT periods. The shading in (b)–(d) denote the region
within a 90% confidence level. The dashed lines in (b)–(d) indicate negative.

Asian winter monsoon index, calculated following
the method of Jhun and Lee (2004) are 0.74, 0.44, and
0.53, respectively, above a 99% confidence level during
1958/59–2007/08. Since the East Asian monsoon shows
interdecadal variability (Nakamura et al. 2002) and variability in THF involves changes in surface wind and air
temperature, the separation of the SST impact on THF
from the impact of the changes in East Asian monsoon is
not simple.

4. Change in the Pacific storm-track activity and its
possible causes
The Pacific storm-track activity is characterized by
distinctive double peaks in late fall and early spring with
midwinter suppression (Nakamura 1992). The stormtrack activity exhibited a significant interdecadal change
during the early-to-mid-1970s over the North Pacific
(Chang and Fu 2002, 2003; Lee et al. 2012). In particular,
Nakamura et al. (2002) demonstrated that the midwinter
Pacific storm-track activity during the late 1980s and
early 1990s is significantly stronger than that during the
early-to-mid-1980s.
To investigate the characteristics of the change in
the Pacific storm-track activity, we first investigate the

climatology of the Pacific storm-track activity and its
regression map based on the PC1 time series of the
WNPO SST during midwinter (Figs. 4a,b). The largest
mean intensity of the Pacific storm-track activity is found
around 408N, 1808 in midwinter (Fig. 4a). The regressed
Pacific storm-track activity in midwinter shows the intensification and eastward extension of the storm-track activity
(Fig. 4b). However, several previous studies have shown
that the trends in Pacific storm-track activity as depicted
in the reanalysis datasets including NCEP–NCAR and
the European Centre for Medium-Range Weather Forecasts (ECMWF) are larger than those in sonde data
(Harnik and Chang 2003) and in ship observations and
obtained in a statistical model (Chang 2007). Thus, the
actual change in storm-track activity over the Pacific
between the PT and NT period is likely to be much less
than that shown in Fig. 4b. Figures 4c,d show the change
in the relationship between interannual variation of
the WNPO SST and the storm-track activity between
PT and NT periods. Comparing the PT and NT periods, the regressed storm-track activity based on the
interannual component of the WNPO SST is much
stronger for the NT period between 1308E and 1508W,
with the maximum occurring at 1708E and 1758W. But
that during PT shows that its weakening and the
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FIG. 5. Longitude–height cross sections of the regressed maximum Eady growth in DJF based on the interannual
component of WNPO SST during PT along 308–508N: (a) maximum Eady growth (1022 day21), (b) meridional
temperature gradient [›T/›y, 8C (1000 km)21], and (c) Brunt–Väisälä frequency (N2, 1024 s22). (d),(e),(f) As in
(a),(b),(c), but they show the regressed baroclinicity based on PC1 time series for WNPO SST during NT. The shaded
areas represent the significant values at the 95% confidence level. The dashed lines indicate negative.

development of the storm-track activity occur around
1808 and 1408W.

a. Interannual variations
1) CHANGE IN BAROCLINICITY RELATED TO
WNPO WARMING
The effect of temperature on MEG can be divided into
the effect of meridional temperature gradient (›T/›y) and
the effect of static stability (Brunt–Väisälä frequency, N2).
Figures 5a–c show the vertical structures of the regressed

MEG, ›T/›y, and static stability in DJF obtained by
calculating the latitudinal average over the large MEG
region based on the interannual component of the
WNPO SST during PT, namely 358–508N. The regressed
MEG during PT increases significantly in all the levels
below about 400 hPa between 1308E and 1608W, with
the maximum MEG occurring at the 925-hPa level (Fig.
5a). The change in MEG was predominantly associated
with the increase in ›T/›y to the east of 1308E (Fig. 5b).
The baroclinicity in response to the interannual component of the WNPO SST during PT can be differentiated
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from that during NT. In Figs. 5a–c, the effect of ›T/›y on
the MEG is clearly larger than that of the static stability
during PT. Comparing the PT and NT periods, the regressed MEG during PT has a significant signal at the
925-hPa level between 1308 and 1608E. In addition, the
MEG during PT is seen to be eastward shifted compared
to that during NT due to the eastward extension of significant ›T/›y (Figs. 5b,e). The significantly eastward
extension of ›T/›y leads to an enhancement in the westerly flow in the jet stream due to the thermal wind balance.
During NT, the effect of a decreased static stability is to
increase baroclinicity in the mid- and upper troposphere,
from 500 to 300 hPa, to the west of 1608E (Figs. 5e,f). The
regressed MEG during the period from 1958/59 to 2007/08
increased significantly in all levels below 300 hPa, between 1108E and 1508W (not shown). The eastward shift
of the MEG can be one of the possible sources of the
eastward extension of storm-track activity in midwinter.

2) CHANGE IN THE ENERGETICS OF TRANSIENT
EDDY ACTIVITY

In general, a positive BCEC is an important energy
source for the development and enhancement of transient eddy activity. Nakamura et al. (2002) showed that
the stronger correlation between eddy temperature and
eddy meridional (or vertical) velocity in the presence of
the weakened westerlies indicates more efficient BCEC.
Lee et al. (2011) also suggested that the noncollocation
between meridional eddy heat flux (y9T9) and meridional temperature gradient (›T/›y) is a source of the
midwinter suppression of Pacific storm-track activity. To
examine the relationship between variations in WNPO
SST, MEG, and BCEC I, and to better understand which
component of the BCEC I is responsible for the change in
the transient eddy, Fig. 6 shows the regression map of SST,
850-hPa temperature, MEG, and BCEC I at the 850-hPa
level in DJF as a function of the interannual component of
the WNPO SST during the PT and NT periods. During
the periods, the regressed SST shows a more pronounced
SST dipole pattern with a positive value located around
258–308N and a negative value located around 358–508N
(Figs. 6a,b). The SST variation during PT is characterized
by an eastward extension and intensification of the positive pole, which induces the eastward extension and increase of the meridional SST gradient to east of 1708E.
Low-level MEG between 850- and 700-hPa levels is enhanced by the sharp SST gradient to the east of 1808
during PT (Figs. 6c,d) in response to the change in meridional temperature gradient (Figs. 6e,f). The regressed
MEG during PT also shows its southeastward shifting
compared to that during NT. The spatial pattern of the
regressed MEG is remarkably coincident with that of
meridional temperature gradient for the periods. The
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change in MEG in the NT period is much stronger, especially upstream of the SST signal over northeast Asia,
despite small changes in WNPO SST shown in Figs. 6a,b.
Actually, the variation of low-level air temperature over
the WNPO region has a significant negative correlation
with the East Asian winter monsoon index to the west of
1758W between 308–408N for the NT period, but to the
west of 1608E during the PT period. In addition, the
magnitude of the temperature change during NT is more
than twice as much as that during PT. Figures 6e,f show
the regression of 850-hPa temperature based on the interannual component of the WNPO SST. The magnitude of the 850-hPa temperature change ranging from
0.48 to 1.08C during the NT period (Fig. 6e) is much
stronger than that during the PT period (Fig. 6f) and
strongly exceeds the magnitude of the WNPO SST
change. These results show that much of the MEG variability during the NT period may be driven by upstream
atmospheric conditions including the variation in the East
Asian winter monsoon with the contribution of SST
variation.
Although the contribution from the west–east temperature contrast of regressed BCEC is mainly determined by the zonal temperature gradient (›T/›x), the
contribution of this to the total BCEC is small (not
shown). The transient poleward eddy heat flux (y9T9) is
one of the primary fluxes associated with baroclinic
instability, and downgradient (from high to low mean
temperature) eddy heat fluxes generate EAPE. The
regressed BCEC I field onto the interannual component
of the WNPO SST during PT is seen to be eastward
shifted compared to that during NT with a 95% confidence level at the 850-hPa level although significant area
reduction is evident (Figs. 6g,h). This eastward propagation of BCEC I is related to the change in MEG and
850-hPa temperature shown in Figs. 6c–f. During the PT
period, the MEG is much weaker to the west of 1608E
although the SST signal is much stronger than the NT
period, but the MEG is enhanced to the east of 1708W.
The weaker amplitudes of the 850-hPa temperature and
meridional temperature gradient during PT, which is
much smaller than during NT to the west of 1608E, may
result in a weaker signal of y9T9 over the region. However, the larger amplitudes of the 850-hPa temperature
and meridional temperature gradient during PT to the
east of 1708W result in a larger signal of y9T9 over the
region. The collocation between latitudinal and longitudinal locations of the increase in y9T9 and the meridional temperature gradient is a determining factor in
increase of the BCEC I. As the result, the enhanced
BCEC I at the 850-hPa level moved eastward after the
mid-1980s. The regression maps of the components
consisting of BCEC I at the 500-hPa level are similar to
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FIG. 6. The regressed SST on the interannual component of WNPO SST during (a) PT and (b) NT. (c)–(h) As in
(a),(b), but are for maximum Eady growth (1022 day21) between the 850–700-hPa level, 850-hPa air temperature,
and baroclinic energy conversion from the mean available potential energy to the eddy available potential energy at
the 850-hPa level, respectively. The shaded areas represent the significant values at the 95% confidence level. The
dashed lines indicate negative.

those at the 850-hPa level. A term in BCEC I, which is
related to mean static stability, is of significance in relation to the variations of the WNPO SST and EAWM
(Figs. 5c,f).
To examine the changes in the BCEC, Fig. 7 shows the
vertical structures of the regressed BCEC I, BCEC II,
and BCEC III obtained by calculating the latitudinal
average over the maximum MEG region based on the
interannual component of the WNPO SST during PT
and NT, namely, 358–508N. The regressed BCEC I and
BCEC II during PT show the maximum at the midlevel

between 400–600 hPa (Figs. 7a,b), similar to the result of
Lee et al. (2011). Figures 7a,b also show that the regressed BCEC I and BCEC II during PT increase over
1508E–1808 and 1708–1508W within a 95% confidence
level. The comparison between the regressed BCEC II
and BCEC III during PT supports the result of the increase in the EAPE and EKE between 1708–1508W and
between 1708E–1808. The vertical structure of the regressed BCEC II based on the interannual component
of the WNPO SST during PT and NT increase in the
enhanced BCEC I levels. Interestingly, the enhanced
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FIG. 7. The regressed (a) baroclinic energy conversion from the MAPE to the EAPE, (b) baroclinic energy
conversion from EAPE to EKE, and (c) generation of EAPE by diabatic heating between 358 and 508N against the
interannual component of WNPO SST during PT. (d),(e),(f) As in (a),(b),(c), but during NT. The shaded areas
represent the significant values at the 95% confidence level. The dashed lines indicate negative.

BCEC III between 1708–1508W and between 1708E–1808
at the midlevel during PT contributes to the increase in
BCEC II over the region (Fig. 7c).
The production of EAPE by the BCEC III at the
midlevel implies that the mid- and upper-level diabatic
heating due to large-scale condensation is the source of
EAPE for the transient eddy activity in the region. The
reinforced BCEC I, BCEC II, and BCEC III over the
region coincide with the enhanced MEG, which is responsible for the downstream development (eastward
extension) of Pacific storm-track activity. During NT,
the variations of the BCEC I and BCEC II show similar
changes over the same region. The loss of EAPE through
the conversion to EKE to the west of 1708W is maintained
predominantly by the BCEC I (Figs. 7d–f). These results
are evidence of a close relationship between the changes

in the low-level MEG or meridional temperature gradient
and the resultant BCEC.

b. Interdecadal variations
To analyze an impact of the warming of the WNPO
SST on the interdecadal change of the Pacific stormtrack activity, Fig. 8 shows the regressed MEG, BCEC I,
BCEC II, and BCEC III based on the interdecadal
component of the WNPO SST. The MEG is intensified
in the upstream and downstream of the storm-track activity at upper and midlevels (Fig. 8a). The enhanced
baroclinicity zone in the downstream coexists with enhanced THF region in the interdecadal time scale. The
strong baroclinicity zone provides a favorable condition
for the activation of synoptic eddies, resulting in a development of storm-track intensity and its eastward shift. The
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FIG. 8. The regressed (a) maximum Eady growth (1022 day21), (b) baroclinic energy conversion from the MAPE
to the EAPE, (c) baroclinic energy conversion from EAPE to EKE, and (d) generation of EAPE by diabatic heating
between 358 and 508N against the interdecadal component of the WNPO SST during the period from 1958/59 to 2007/08.
The shaded areas represent the significant values at the 95% confidence level. The dashed lines indicate negative.

change in BCEC I shows a significant between 1808–
1608W at the mid- and low levels owing to the enhanced
baroclinicity over the east of 1808 (Fig. 8b). Although
the increase in MEG is not significant in some part over
the region, significant eddy activity can be triggered over
less baroclinic regions by the upstream eddy seedingfeeding process (Chang and Orlanski 1993). This process
results in stronger and wider storm tracks those expected from local baroclinic energy conversion (Son
et al. 2009). The increase in BCEC II is associated with
the increases in BCEC I to the east of 1808 (Fig. 8c). The
enhanced BCEC I is responsible for the increase in the
BCEC II at upper and midlevels over the region. This
anomalous BCEC may enhance the transient eddy
activity at the levels. The direct effect of the surface heat
flux associated with the WNPO warming on the BCEC
in the lower troposphere is less evident. The intensification of the diabatic heating at the upper level to the
east of 1808 may provide a favorable condition for the
enhancement of BCEC over the region although statistically insignificant. Therefore, the changes in low-level
MEG and the BCEC, in response to the interdecadal
change in the WNPO SST variation, may be the cause
of the significant downstream development of Pacific
storm-track activity that occurred during the late 1980s
and early 1990s.

5. Discussion and conclusions
It is clear that the WNPO SST increased for the period
from 1958/59 to 2007/08, especially during midwinter. A
significant increase in the WNPO SST occurred around
the mid-1980s, having the linear trend of the SST. The
turbulent heating and meridional temperature gradient
have hinted at the changes in transient eddy activity. The
intensity of the Pacific storm track from November to
March has been enhanced after the early-to-mid-1970s.
In particular, the midwinter suppression of Pacific stormtrack activity has significantly reduced after the late 1980s,
and eventually midwinter Pacific storm-track activity has
been significantly intensified. This paper investigates the
changes in baroclinicity and BCEC that took place in
response to the interdecadal change in the WNPO SST,
which is responsible for the change in midwinter Pacific
storm-track activity.
For the interannual time scale, the regressed MEG
during PT is observed more to the east than during NT,
due to the eastward extension of a significant meridional
temperature gradient, which is associated with the increase in THF. In response to the change in MEG during
PT, the enhanced y9T9 and meridional temperature gradient between 1708–1508W result in the eastward shift of
the enhanced BCEC I at low levels. However, the weaker
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amplitudes of low-level air temperature and the signal of
the meridional temperature gradient during PT may
result in a weaker signal of y9T9. The results of the interannual time scale show that the atmospheric temperature change and resultant changes in MEG and
BCEC may be driven by upstream atmospheric conditions including the interannual variation in EAWM; the
interannual variation in the WNPO SST is likely a response to the atmospheric forcing. Based on the interdecadal component of the WNPO SST variation, the
BCEC I significantly increases between 1808–1608W at
upper and midlevels. The production of EAPE by the
BCEC III due to large-scale condensation is the additional source of EAPE for the transient eddy activity in
the region. Consequently, the interdecadal warming in
WNPO SST could be responsible for the eastward extension of the Pacific storm-track activity after the mid1980s. This result is consistent with Inatsu et al. (2003),
who showed that enhanced storm activity is located northeast of the positive SST forcing center, when the SST
forcing is centered south of the storm track, which is consistent with the result of the regressed storm-track activity.
The results are highlighted by the following summary:
1) the interannual variations of the WNPO SST and
atmospheric conditions are responses to the upstream
atmospheric forcings associated with EAWM; 2) the
MEG is intensified in the downstream of the Pacific
storm-track activity in response to WNPO warming
during midwinter; 3) the eastward extension of the MEG
is responsible for an increase in the transient eddy heat
flux and the potential energy conversion rate from MAPE
to EAPE downstream of the storm-track activity, which
in turn increases the EAPE and EKE; 4) the generation
of EAPE by diabatic heating contributes to the potential
energy conversion from EAPE to EKE downstream of
the storm-track activity; and 5) the enhanced BCEC
coincides with the enhanced MEG provides a favorable
condition for the activation of synoptic eddies, which is
responsible for the eastward extension of Pacific stormtrack activity.
This study demonstrates that WNPO warming is one
of the important factors for the eastward extension of
the Pacific storm track. However, it also calls for further
study to explore the processes that explains the intensification around the center of the Pacific storm track. In
the future study, the transient eddy activity tied to the
Hadley cell width (Kang and Polvani 2011) and uppertropospheric cooling might be carried out. Nevertheless,
an understanding of the impact of interdecadal changes
in the WNPO SST on the midlatitude baroclinicity and
energetics of transient eddy activity may facilitate an understanding of the changes that may occur in the Pacific
storm-track regimes.
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APPENDIX A
Maximum Eady Growth
A meridional temperature gradient is directly linked
to the maximum Eady growth (Lindzen and Farrell 1980)
as a measure of baroclinicity:
 
 
f ›U
g ›T 
,
(A1)
sBI 5 0:31   ’ 0:31
N ›z
NT  ›y 
where f is the Coriolis parameter, U is the horizontal
wind vector, and N is the Brunt–Väisälä frequency, which
showed that baroclinic eddies develop under strong vertical westerly shear.

APPENDIX B
Baroclinic Energy Conversion
The baroclinic generation from mean available potential energy to eddy available potential energy (BCEC
I) is roughly proportional to the poleward eddy heat flux
multiplied by the meridional temperature gradient (Cai
et al. 2007):
C1 5

 c /c
p0 V P R
,
g
p

(B1)


 R/c 
p0
dQ
P
2
,
C2 5 C1
dp
p

(B2)



›T
›T
1 y9T9
,
BCEC I 5 2C2 u9T9
›x
›y

(B3)

where R is the gas constant for dry air and cP (cV) is the
specific heat of dry air at the constant pressure (volume).
The Q indicates potential temperature; 2dQ/dp measures the mean atmospheric static stability in the extratropics, which has been set to be 3.5 K (100 hPa)21.
The energy conversion between eddy available potential
energy and eddy kinetic energy (BCEC II) can be expressed by upward heat flux (Cai et al. 2007):
BCEC II 5 2C1 (v9T9).

(B4)
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The generation of EAPE by diabatic effects as external heating (cooling) is applied to warm (cold) air
parcels (BCEC III; Lau and Lau 1992):
Q91 5 cp

›T9
2 cp (v9s 2 V9h $h T) 2 cp (vs9 2 Vh $h T9)
›t

2 cp (v9s9 2 V9h $h T9)
’ cp

›T9
2 cp (v9s 2 V9h $h T),
›t

(B5)

g 5 Gd /(Gd 2 G),

(B6)

Q91 T9

(B7)

BCEC III 5 g

T

,

where V is three-dimensional velocity vector, $ is the
three-dimensional gradient operator, and G and Gd are
the observed and the dry-adiabatic lapse rates, respectively. The u9, y9, v9, and T9 are the RMS of 2–8-day
bandpass-filtered horizontal u, y, and w wind components, and air temperature, respectively.

APPENDIX C
Significance Test for the Regression Analysis
We apply a technique to estimate the number of independent samples in the PC1 time series and the interdecadal component of the WNPO SST, or the EDOF.
These time series are subject to autocorrelation from one
year to the next. This condition affects the statistical significance of the regression analyses based on the time
series for individual years. We employ a technique modified from Davis (1976) following Yuan and Martinson
(2000). An estimation of the effective time between independent samples is calculated from the autoregressive
properties of the time series being correlated:
M,N
i
h
t 5 1 1 2 å CXX CYY Dt,

(C1)

t51

where Dt is the sampling interval (in this study, Dt 5 1);
N is the sample length (in this study, N 5 50 for the
period 1958/59–2007/08); M is the number of lags used in
estimating t; CXX and CYY are the lag autocorrelation
coefficients of two time series X(t) and Y(t), respectively. Based on t, the number of independent samples,
or EDOF, is given as
EDOF 5

NDt
.
t

(C2)

We determine a significance level in the standard way
using EDOF at each grid point.
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