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Abstract Analysis of NCEP-NCAR I reanalysis data of

1948–2009 and ECMWF ERA-40 reanalysis data of

1958–2001 reveals several significant interdecadal changes

in the storm track activity and mean flow-transient eddy

interaction in the extratropics of Northern Hemisphere.

First, the most remarkable transition in the North Pacific

storm track (PST) and the North Atlantic storm track

(AST) activities during the boreal cold season (from

November to March) occurred around early-to-mid 1970s

with the characteristics of global intensification that has

been noticed in previous studies. Second, the PST activity

in midwinter underwent decadal change from a weak

regime in the early 1980s to a strong regime in the late

1980s. Third, during recent decade, the PST intensity has

been enhanced in early spring whereas the AST intensity

has been weakened in midwinter. Finally, interdecadal

change has been also noted in the relationship between the

PST and AST activities and between the storm track

activity and climate indices. The variability of storm track

activity is well correlated with the Pacific Decadal Oscil-

lation and North Atlantic Oscillation prior to the early

1980s, but this relationship has disappeared afterward and a

significant linkage between the PST and AST activity has

also been decoupled. For a better understanding of the mid-

1970s’ shift in storm track activity and mean flow-transient

eddy interaction, further investigation is made by analyzing

local barotropic and baroclinic energetics. The intensifi-

cation of global storm track activity after the mid-1970s is

mainly associated with the enhancement of mean meridi-

onal temperature gradient resulting in favorable condition

for baroclinic eddy growth. Consistent with the change in

storm track activity, the baroclinic energy conversion is

significantly increased in the North Pacific and North

Atlantic. The intensification of the PST and AST activity,

in turn, helps to reinforce the changes in the middle-to-

upper tropospheric circulation but acts to interfere with the

changes in the low-tropospheric temperature field.
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1 Introduction

Given the fact that storm track activity is intimately linked

to weather and short-term climate variability over the

extratropics of the Northern Hemisphere (NH) during the

cold season, changes in its intensity and location have a

significant climate impact (Blackmon 1976; Lau 1988;

Chang et al. 2002). Changes in storm track activity lead to

not only global circulation changes through vertical and

horizontal exchange of heat, water vapor, and momentum

(Jin 2010; Kug et al. 2010) but also significant changes in

the hydrological cycle through anomalous evaporation

from the warm ocean surface and precipitation (Nakamura
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et al. 2002). Understanding of interdecadal changes in

storm track activity in the past may give a hint of how a

future mean state change will modify the storm track’s

behavior and how its change, in turn, will have an effect on

the mean state.

Significant interdecadal changes of the NH storm track

activity have been seen during the early-to-mid 1970s over

the North Pacific and North Atlantic (Trenberth and Hurell

1994; Chang and Fu 2002, 2003; Harnik and Chang 2003)

and during the late 1980s and early 1990s over the North

Pacific (Chang and Fu 2002; Nakamura et al. 2002; Zhang

et al. 2007). The former is likely to be related to the

remarkable interdecadal change after the mid-1970s in the

low-frequency component of the background circulation

and SST (Trenberth 1990; Trenberth and Hurrell 1994;

Latif and Barnett 1994 and many others). Trenberth and

Hurrell (1994) suggested that the interdecadal change was

accompanied by a southward shift in the Pacific storm track

(PST) activity which, in turn, helped to reinforce and

maintain the anomalous upper-tropospheric atmospheric

circulation. It was further shown that a significant transition

from a weak to a strong storm track regime during early-to-

mid 1970s is evident over not only the North Pacific and

but also the North Atlantic in the reanalysis data (Chang

and Fu 2002) and radiosonde data (Harnik and Chang

2003). The latter, on the other hand, is characterized by the

enhanced PST activity in midwinter along with the weak-

ening of the east Asian winter monsoon and the Aleutian

low since the late 1980s (Nakamura et al. 2002). Zhang

et al. (2007) suggested that the decadal intensification of

the PST activity may be related with increase of deep

convective clouds over the Pacific due to the aerosol effect

from the increase of Asian pollution outflow.

In the meantime, there is considerable interannual-to-

interdecadal variability of storm track activity driven by

tropical heating, e.g. El Niño-Southern Oscillation (ENSO)

(e.g. Straus and Shukla 1997; Zhu and Sun 1999; Zhang

and Held 1999; Chang et al. 2002; Eichler and Higgins

2006) or linked with extratropical teleconnection patterns,

such as the Arctic Oscillation (AO), North Atlantic Oscil-

lation (NAO), and Pacific/North American (PNA) pattern

(e.g. Rivière and Orlanski 2007; Nie et al. 2008; Pinto et al.

2011). During El Niño years, the PST shifts considerably

eastward and southward and its intensity increases sub-

stantially (Zhu and Sun 1999). During winters with a strong

positive AO anomaly, the Atlantic storm track (AST)

activity intensifies significantly and shifts northward while

the PST activity extends westward (Nie et al. 2008). In the

positive phase of the NAO, the AST intensity increases

(Rivière and Orlanski 2007). Pinto et al. (2011) showed a

poleward shift of PST in the negative PNA phase based on

a multi-century coupled global circulation model (CGCM)

simulation. Previous studies pointed out the storm track

feedback forcing on the Icelandic and Aleutian lows, which

are closely related to the NAO and PNA (Honda et al.

2001, 2005; Honda and Nakamura 2001). The PST and

AST activity contributes to the development and mainte-

nance of the Icelandic and Aleutian lows.

Furthermore, the location of storm tracks is also related

to the stratospheric circulation which controls the correla-

tion between the North Pacific and the North Atlantic

pressure patterns (Castanheira and Graf 2003). During

weak polar vortex regimes, a significant southward dis-

placement of storm track is found over the Atlantic sector

(Baldwin and Dunkerton 2001).

This study revisits the interdecadal change of storm

track activity after the mid-1970s in order to better

understand how the interdecadal change of mean state

during this period affected the interdecadal shift of storm

track activity and how this change, in turn, played a role in

the mean state change. The approach to depict the inter-

decadal changes of storm track activity in this study is

similar as the one shown in Chang and Fu (2002) but

particular attention is paid to the change in mean flow-eddy

interaction by analyzing local energetics and eddy feed-

back to mean flow and important factors responsible for the

change. In addition, we investigate characteristics of

interdecadal changes of storm track activity during recent

decades. Section 2 introduces the observed data and anal-

ysis methods to depict changes in storm track activity and

mean flow-eddy interaction. In Sect. 3, the dominant mode

of storm track variability is investigated along with jet

stream variability. The changes in relationship between the

storm track activity and climate indices are also examined.

Section 4 explores the role of eddy feedback on mean state

change by analyzing local energetics and important factors

responsible for the mid-1970s’ shift. Finally, a summary

and discussion are provided in Sect. 5.

2 Data and analysis methods

In this study, the storm track activity is defined as the root

mean square (RMS) of the 2–8 day band-pass filtered

geopotential height at standard pressure levels (Blackmon

et al. 1977; Mak and Deng 2007). The main results pre-

sented here are the analysis of the storm track activity at

300-hPa averaged from November to March (NDJFM) for

1948–2009. Empirical Orthogonal Function (EOF) analysis

was used to identify the dominant mode of variability for

the cold season storm track activity in the extratropics of

NH (20�–70�N). This analysis identifies a pattern (EOF)

and a principal component time series (PC) associated with

each mode.

This study primarily uses the National Centers for

Environmental Prediction-National Center for Atmospheric

314 S.-S. Lee et al.: Interdecadal changes in the storm track activity

123



Research (NCEP-NCAR) reanalysis data set (NCEP-1;

Kalnay et al. 1996) covering 62 years from 1948 to 2009,

including horizontal and vertical winds, temperature, geo-

potential height at standard pressure levels, and surface

sensible and latent heat fluxes. To avoid problems arising

from NCEP-1 data before the early 1960s, we also utilize

the European Centre for Medium-Range Weather Forecasts

(ECMWF) 40-years reanalysis (ERA-40) data from 1958 to

2001 (Uppala et al. 2005).

In order to explore whether the interdecadal variability

of storm track activity has any linkage with circulation or

ocean variability, the relationship with climate indices is

examined. We obtained monthly AO, NAO, and PNA

indices for 60 years of 1950–2009 from the Climate Pre-

diction Center (CPC) website at http://www.cpc.noaa.gov/

products/precip/CWlink/daily_ao_index/teleconnections.sh

tml. The monthly Niño 3.4 index was obtained from CPC

website at http://www.cpc.ncep.noaa.gov/data/indices/sst

oi.indices. We also used the monthly Pacific Decadal

Oscillation (PDO) index from Joint Institute for the Study

of the Atmosphere and Ocean (JISAO) website at

http://jisao.washington.edu/pdo.

Both barotropic and baroclinic processes are important

for the development of storm track activity (e.g. Lee 2000;

Chang et al. 2002). The background flow, thermal gradient

and eddy heat fluxes are closely related to baroclinic eddy

growth (Lee et al. 2011). Changes of mean flow-eddy

interaction are interpreted by analyzing barotropic and

baroclinic energy conversion and eddy feedback to the mean

field in the quasi-geostrophic framework that was based on

the study by Cai et al. (2007). Detailed equations of the local

energetics and eddy feedback are given in the ‘‘Appendix’’.

3 Interdecadal variability of storm track

3.1 The dominant mode of the variability

We first investigate the dominant EOF mode of the inter-

annual-to-interdecadal variability of storm track activity

during NDJFM for 62 years of 1948–2009 in the extra-

tropics of NH using NCEP-1 and ERA-40 data. The first

EOF (EOF1) mode features enhancement of storm track

activity over most of the regions in the extratropics of NH

including East Asia, the North Pacific, eastern North

America, the North Atlantic, and western Europe after the

mid-1970s (Figs. 1a, 2a), supporting Chang and Fu

(2002)’s finding using the analysis of high-pass filtered

DJF 300-hPa meridional velocity variance. The variability

center over the North Pacific is located to the southeast of

Fig. 1 Spatial patterns of a the first eigenvector (shading) of root-

mean-square of the 2–8 day band-pass filtered 300-hPa geopotential

height (m) superimposed by its climatology (contour) and b the

second eigenvector of 300-hPa zonal wind (m s-1) superimposed by

its climatology using NCEP-1 reanalysis data. The percentage

variances explained by the first five EOFs of c storm track activity

and d 300-hPa zonal wind. The contour level of storm track activity in

a is 40, 60, 80, 90, and 100 m and that of zonal wind in b is 20, 30,

40, and 50 m s-1
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the climatological PST peak position and that over the

North Atlantic is located to downstream of the climato-

logical AST activity peak (Fig. 1a). The EOF1 is statisti-

cally well separated from other higher modes (Fig. 1c)

accounting for 21.9% of total variance and represents co-

variability between the PST and AST on both interannual

and interdecadal time scale. The transition from weak to

strong storm track activity regime during the mid-1970s is

evident in the first principal component (PC1) from both

NCEP-1 and ERA-40 (Fig. 2a). Furthermore, we also

examine the dominant EOF mode for 2–8 day band-pass

filtered 300-hPa meridional velocity variance for NDJFM

from 1948 to 2009 and obtain quite comparable spatial

pattern to that of geopotential height. The EOF1 of band-

pass filtered 300-hPa meridional velocity variance accounts

for 28.2% of total variance (not shown).

To find the change in jet stream related to the inter-

decadal variability of storm track activity, we perform EOF

analysis of 300-hPa zonal wind during NDJFM for

62 years (Figs. 1b, 2b). The second PC (PC2) of 300-hPa

zonal wind exhibits interdecadal variability (Fig. 2b). The

correlation coefficient between the leading PC1 of storm

track activity and the PC2 of zonal wind is 0.50 for

62 years which is statistically significant at 99% confi-

dence level. This indicates that the EOF1 of global storm

track intensity is related to the second EOF mode (EOF2)

of seasonal mean zonal wind variability at 300-hPa. The

EOF2 of zonal wind features eastward extension of the

Pacific jet and northeastward extension of the Atlantic jet,

accounting for 14.3% of total variance. Meanwhile, the

PC1 of zonal wind is characterized by dominant interan-

nual variability related to ENSO accounting for 26% of

total variance (not shown).

Normalized time series of area mean storm track activity

is also examined. The correlation coefficient between the

PC1 of storm track activity in the Pacific [20�–70�N, 120�–

240�E] and PST activity [35�–60�N, 150�–220�E]

(between the PC1 of storm track activity in the Atlantic

[20�–70�N, 120�W–0�] and AST activity [37.5�–62.5�N,

90�–20�W]) is 0.82 (0.96). It is evident that the transition

from weak to strong regime is more remarkable in the

North Atlantic than in the North Pacific. It is further noted

that the AST activity shows a decreasing trend after the late

1980s whereas the PST activity does not have any trend

during the period of interest (Fig. 2c, d). During recent

decades, the PC2 of zonal wind tends to be decreasing

(Fig. 2b) whereas the PC1 of storm track activity does not

exhibit a clear trend (Fig. 2a). The mid-1970s’ shift is also

seen in the PC1 for band-pass filtered 300-hPa meridional

velocity variance. The correlation coefficient between PC1

for band-pass filtered 300-hPa geopotential height and

meridional velocity variance is 0.97.

Harnik and Chang (2003) suggested that there may be

biases in the NCEP-NCAR reanalysis that spuriously

exaggerated the mid-1970s’ shift and long-term trend,

particularly over the North Pacific. To alleviate the data

problem, we compared results between NCEP-1 and ERA-

40. The pattern correlation coefficient between the first

eigenvector field from NCEP-1 and ERA-40 is 0.83 and the

temporal correlation coefficient between the PC1 from

NCEP-1 and ERA-40 is 0.89, suggesting that decadal

changes in the EOF1 of storm track activity depicted by the

reanalysis data may be significant.

Using observational data and GCM simulations, it has

been noted that the interannual climate variation over the

North Pacific is linked to that over the North Atlantic in the

form of a seesaw-like oscillation between Aleutian and

Icelandic lows (van Loon and Rogers 1978; Honda and

Nakamura 2001; Raible et al. 2001; Orsolini et al. 2008)

and its linkage has active and passive phases (Honda et al.

2005). Therefore, we examine the change in relationship

Fig. 2 a The first PC of 300-hPa storm track activity in the

extratropics of NH (20–70�), b the second PC of 300-hPa zonal

wind, c the first PC of 300-hPa storm track activity in the Pacific

(20�–70�N, 120�–240�E), and d the first PC of 300-hPa storm track

activity in the Atlantic (20�–70�N, 120�W–0�). The red dashed line in

c and d indicates normalized time series of storm track activity

averaged over the North Pacific (35�–60�N, 150�–220�E) and the

North Atlantic (37.5�–62.5�N, 90�–20�W), respectively
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between interannual-to-interdecadal variability of storm

track activity in the North Pacific and that in the North

Atlantic (Fig. 3). The significant relationship between the

PC1 of storm track activity in the extratropics of NH and in

the North Pacific persists for 62 years, whereas storm track

activity in the North Atlantic shows insignificant correla-

tion with global storm track activity from 1980s to 1990s.

It is interesting to note that the activities of PST and AST

were closely connected each other during the period of

1965–1975 (as the central correlation year), but the activ-

ities of PST and AST have been decoupled since the early

1980s. However, it was found that the PST activity during

winter is highly correlated to the AST activity during the

period 1975/1976–1998/1999 when month-to-month vari-

ations are considered and the linkage between two storm

tracks is weak during the period 1957/1958–1971/1972

(Chang 2004).

3.2 Interdecadal changes in annual cycle of storm track

activity

As previous studies demonstrated (Nakamura 1992; Lee

et al. 2011; and many others), the PST and the AST

activities have a different annual cycle. The former shows

distinctive double peaks in late fall and early spring with

midwinter suppression regardless of the strongest barocli-

nicity. On the other hand, the latter shows a single maxi-

mum in January when the baroclinicity is the strongest over

the North Atlantic. In this section, we investigate changes

in the climatological annual cycle of the PST and AST

intensity.

We first test significance of the mid-1970s’ shift in the

PC1 of global storm track intensity using the Lepage test

(Yonetani and McCabe 1994). The test indicates that the

shift occurring around 1970–1975 is highly significant at a

confidence level of 99% with the Lepage statistic more

than 10 (A brief summary is in the ‘‘Appendix’’). There is

no other significant shift in the test. Based on the PC1 of

storm track activity in Fig. 2a, the strong storm track per-

iod (hereafter ‘SP’) is defined the 20-year period of

1975/1976–1994/1995 and the weak storm track period

(hereafter ‘WP’) is defined the 20-year period of

1952/1953–1971/1972.

Figure 4a and b show interannual-to-interdecadal vari-

ability of the PST and AST intensity as a function of year

and month. In addition, features of the annual cycle in PST

and AST during SP, WP, and the most recent decade were

compared and changes in annual cycle are presented in

Fig. 4c and d. The PST activity exhibits three distinct

changes in its annual cycle and interannual variability.

First, after the mid-1970s, its intensity remarkably

increased all through a year. Figure 4c clearly indicates

that the amplitude of annual cycle was significantly

enhanced from WP to SP. Second, the PST activity during

midwinter was increased from the weak regime during the

early 1980s (about 65–70 m) to the strong regime during

the late 1980s (about 95–100 m) (Fig. 4a), which was

shown in Nakamura et al. (2002). Lastly, the comparison of

annual cycle between SP and the latest decade

(1999–2009) in Fig. 4c suggests that the intensity during

spring (March and April) increased in the latest decade

while the intensity during fall (October and November)

slightly decreased compared to that in SP. It is also shown

that the second peak of its annual cycle was stronger than

the first peak during the latest decade and WP whereas the

first peak was stronger during SP.

The AST activity exhibits two distinct interdecadal

changes (Fig. 4b). First, the amplitude of its annual cycle

was significantly increased after the mid-1970s similar to

the PST activity. In particular, the intensification from WP

to SP is the largest in December and January (Fig. 4d).

Second, since 1998/1999, the intensity during midwinter

has been decreased while that during transition seasons has

had no clear change. It is interesting to note that the

intensity of the AST in January has been weakened during

recent decade but that of the PST activity slightly

enhanced.

3.3 Relationship with climate indices

To better understand the relationship between global cir-

culation changes and storm track intensity, we investigate

the relationship between the storm track intensity and cli-

mate indices for 60 years.

Fig. 3 Twenty-one-year sliding correlation coefficient between the

PC1 of storm track activity in the extratropics of NH (global PC1) and

the PC1 of storm track activity in the Pacific (Pacific PC1), between

the global PC1 and the PC1 of storm track activity in the Atlantic

(Atlantic PC1), and between the Pacific PC1 and Atlantic PC1 in

NDJFM during 1948–2009. The green horizontal line shows the 95%

confidence level
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PC1 of global storm track intensity (ST PC1) well rep-

resents interannual-to-interdecadal variability of the PST

and AST index with correlation coefficients of 0.73 and

0.75, respectively, for the 60 years and is well correlated

with all climate indices used here except for AO shown in

Table 1. As previous mentioned, the PC1 of global storm

track intensity is also significantly linked with the PC2 of

zonal wind. It is better correlated with the PDO index

(correlation equals to 0.56) than other climate indices.

While the global mode of storm track variability is well

correlated with climate indices, the PST has a significant

correlation coefficient just with the NAO index for

60 years. The AST activity is significantly related to the

NAO and AO indices. This result is different from Chang

and Fu (2002) showing that the PST activity is significantly

correlated with the PDO while the AST activity with the

NAO index. This is because the relationship between the

storm track intensity and the climate indices has interdec-

adal changes shown in Fig. 5.

Figure 5 shows the 21-year sliding correlation between

the storm track activity and climate indices. The relation-

ships between storm track activity and climate indices

exhibit interdecadal variations. The PC1 of storm track

activity was highly correlated with the PDO and NAO

during roughly 1960–1980 (as the central correlation year).

However, those relationships have been much weakened

since the early 1980s. Particularly, the relationships

become nearly zero from mid-1980s to early 1990s. The

correlation between the storm track activity and PDO has

increased during recent the decade, whereas that between

the storm track activity and NAO became negative. The

changes of the sliding correlation between storm track

activity and NAO are comparable to those between storm

track activity and the AO. However, it is shown that PC1 of

global storm track activity has no significant relationship

with the AO for the entire period. The PC1 of storm track

activity in the Atlantic was highly linked to the AO during

1960–1980, while the PC1 of storm track activity in the

(a) (c)

(b) (d)

Fig. 4 Distribution of the

a PST and b AST intensity

(m) at 300-hPa with seasonal

and interannual variabilities.

The annual cycle of the c PST

and d AST activity at 300-hPa

during the 1952–1971,

1975–1994, and recent decade

of 2000–2009

Table 1 Temporal correlation

coefficient between storm track

activity and climate indices

during 1950/1951–2009/2010

Numbers in bold indicate

significant correlation

coefficients at 95% confidence

level

ST PC1 ZW PC2 PST AST PDO NAO AO PNA

ZW PC2 0.55 – – – – –

PST 0.73 0.11 – – – –

AST 0.75 0.41 0.48 – – –

PDO 0.56 0.47 0.25 0.20 – –

NAO 0.47 0.71 0.38 0.48 0.13 –

AO 0.28 0.54 0.22 0.46 -0.18 0.81

PNA 0.48 0.48 0.08 0.15 0.76 0.09 -0.16

NINO3.4 0.35 0.26 0.14 0.04 0.48 -0.02 -0.15 0.50
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Pacific has no significant linkage with the AO (not shown).

We found that storm track activity was strongly correlated

to the PNA index during 1970–1980 and this significant

correlation decreased continuously after the early 1980s.

The relationship with Niño 3.4 shows an interdecadal

change distinct from that with PDO or NAO, from a weak

correlation regime during 1960–1980 to a strong correla-

tion regime during 1980–2000. Causes of these interdeca-

dal changes in the relationship between the storm track

activity and climate indices addressed here deserve further

investigation.

4 The mid-1970s’ shift in mean flow-eddy interaction

This section is devoted to further examining the most

striking interdecadal shift during mid-1970s’ in storm tract

activity and mean flow-eddy interaction. Particular atten-

tion is paid to the important factors responsible for the

interdecadal change and eddy feedback to the mean flow by

comparing storm track activity, mean status, and a local

energetics between SP and WP periods.

4.1 Difference in storm track intensity

The storm track activity and jet intensity at 300-hPa

averaged from November to March during the SP and the

difference between the SP and WP using NCEP-1 are

shown in Fig. 6. The composite patterns and difference

between the two periods obtained from ECMWF ERA-40

are in highly agreement with those of NCEP-1 (not shown).

The spatial distributions of the difference in storm track

activity (Fig. 6b) and zonal wind (Fig. 6c) are similar to

the EOF1 of storm track activity (Fig. 1a) and the EOF2 of

zonal wind (Fig. 1b), respectively. Both the PST and AST

activities are much stronger in SP than WP, and the dif-

ference between the two periods over the North Pacific and

North Atlantic is significant at the 95% confidence level. In

particular, the intensification of the AST and its down-

stream extension is noteworthy in difference between two

periods. These results agree well with previous work on

link between NAO/PNA and storm track activity (Pinto

et al. 2011). During the period of 1973–1994 (negative

PNA and positive NAO phases), which is nearly coincident

with the SP, positive anomalies of storm track activity in

North Atlantic and its downstream extension were detec-

ted. In addition, a strong link between the circulation over

the North Pacific and North Atlantic during the period of

1973–1994 was found (Honda et al. 2001).

For the activity of the two storm tracks, latitudinal and

longitudinal locations of the maximum amplitude were

unchanged. However, a significant difference of jet con-

figuration is found over the North Pacific and North

Atlantic sectors. The maximum change in jet intensity is

found downstream of the jet core, i.e. in the storm track

core, and the increase of the Atlantic jet intensity is more

notable. The northward shift of the Atlantic jet is distinct in

Fig. 6c. It has been suggested that variability of the

Atlantic jet is closely related to NAO and East Atlantic

pattern (Woollings et al. 2010).

In order to see whether the storm track activity exhibits

a similar interdecadal shift at other vertical levels, we

examine the difference of storm track intensity between SP

and WP using the vertical-longitude cross section as shown

in Fig. 7. Since the storm track activity is measured in

terms of the RMS of the synoptic component of the geo-

potential height, the maximum activity is seen at the upper

levels, particularly at 300-hPa. The strength of the AST

activity during NDJFM is larger than the PST at all levels;

this may be attributable to the midwinter minimum of the

PST activity. The vertical structure of storm track intensity

is unchanged from WP (not shown) to SP and the differ-

ence between the two periods is significant at all levels,

implying that the interdecadal strengthening trend of storm

track activity occurs simultaneously at all vertical levels. It

has also been found that the storm track activity at the mid

and upper levels significantly increased over China, i.e.,

west of 120�E.

4.2 Change in mean temperature and surface heat flux

In order to causes of the interdecadal change in storm track

activity, we investigate changes in mean temperature

because baroclinic eddy activity is related to the meridional

temperature gradient (Lindzen and Farrell 1980). Since the

storm track activity is closely related to the low-level Eady

growth rate (e.g. Hoskins and Valdes 1990; Nakamura and

Fig. 5 Twenty-one-year sliding correlation coefficient between the

PC1 of storm track activity over the extratropics of NH (global PC1)

and climate indices
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Shimpo 2004; Penny et al. 2010), difference in temperature

between SP and WP at 925-hPa, 850-hPa, and 700-hPa

were examined (Fig. 8). It is noted that mean temperature

at low-levels significantly increased to the south and

decreased to the north of about 35�N (50�N) in the Pacific

(Atlantic). Thus, the latitudinal gradient of the mean

temperature is enhanced in those zones (i.e., storm track

regions) in SP. This suggests that the enhanced meridional

thermal gradient can be responsible for the increase of

storm track activity in SP.

Furthermore, sensible and latent heat fluxes in the ocean

surface play an important role in the energy balance

Fig. 6 Root-mean-square of the

2–8 day band-pass filtered

300-hPa geopotential height

(storm track activity)

(m) (shadings) and the

corresponding time mean zonal

wind (m s-1) (contours)

averaged from November to

March during the a SP (1975/

1976–1994/1995). Difference of

b 300-hPa storm track activity,

and c 300-hPa zonal wind

between the SP and WP. Shaded
areas in b and c represent the

values significant at the 95%

confidence level. The contour

level of zonal wind in a is 30,

40, and 50 m s-1. The contour

intervals are 3 m in b and

1 m s-1 in c, and dashed lines
indicate negative

Fig. 7 Vertical-longitude cross

sections of the storm track

activity (m) along 45�N in a SP

and b its difference between the

SP and WP. Shadings in

b represent the values

significant at the 95%

confidence level and contour

interval in b is 2 m. The thick
dotted lines indicate the axis of

maximum storm track activity

in SP
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between the ocean and atmosphere. The differential heat

supply across the oceanic frontal zones can effectively

maintain near-surface baroclinicity, and thus help the

development of storm track activity (Nonaka et al. 2009;

Taguchi et al. 2009; Sampe et al. 2010). Moreover, latent

heat fluxes can be important factors in relation to the

destabilizing effect of convective heating (Wang and

Barcilon 1986). Therefore, the interdecadal change in

surface sensible and latent heat fluxes can be one of the

possible sources that induce the interdecadal shift of the

storm track activity.

Figure 9 shows the surface sensible and latent heat

fluxes in SP and the difference between SP and WP using

NCEP-1 and ECMWF ERA-40. A positive flux represents

a transfer of heat from the ocean to the atmosphere. Large

sensible heat flux is evident along the Kuroshio Current in

the western North Pacific and over the Gulf Stream in the

Atlantic. Although the difference of sensible heat flux over

the continental region obtained from NCEP-1 is dissimilar

to that from ECMWF ERA-40, the flux over the North

Pacific and North Atlantic is similar as well as significant.

This increase of sensible heat flux can enhance the baro-

clinic wave growth over the storm track regions in SP.

Large latent heat flux is also found over the Kuroshio

Current and Gulf Stream regions (Fig. 9d). A significant

difference due to the increase of latent heat flux in SP is

seen over the North Pacific and the North Atlantic in the

results from both of the reanalysis data sets although the

region of significant difference in the North Atlantic is

relatively small in the results from NCEP-1 (Fig. 9e)

compared to that from ECMWF ERA-40 (Fig. 9f). Tomita

and Kubota (2005) also showed the increase in latent heat

flux over Kuroshio and Kuroshio/Oyashio extension region

due to the increase in SST during the 1990’s. The signifi-

cant increases in surface heat fluxes could be responsible

for the reduction of the lower tropospheric static stability

and baroclinic wave development in the two storm track

regions. On the other side, strong eddy activities can

enhance surface sensible and latent heat fluxes. We will

also discuss eddy feedback to mean field in the next

subsection.

4.3 Change in mean-eddy interaction

Given the fact that the combined effect of poleward and

upward heat fluxes and the horizontal momentum plays an

important role on the circulation of the atmosphere (Hare

and James 2001), we investigate the interdecadal shift in

mean flow-eddy interaction by analyzing barotropic and

baroclinic energetics. The barotropic and baroclinic energy

conversion from ERA-40 is comparable to that from

NCEP-1, thus we just present energy conversion from

NCEP-1.

4.3.1 Barotropic diagnostics

The barotropic energy conversion between the mean flow

and transient eddies in SP and WP is examined in order to

determine whether barotropic energetics is associated with

the interdecadal shift of storm track activity. Figure 10a

and d show the kinetic energy conversion from time-mean

flow to eddies at 500-hPa during SP and the difference

between SP and WP, derived from the deformation vector

(D-vector) of the mean flow and the eddy vector (E-vector).

The zonal wind at 300-hPa is superimposed using NCEP-1.

The regions where the eddies obtain the kinetic energy

from the mean flow (positive shading) is unchanged from

WP (not shown) to SP. Transient eddies obtain kinetic

energy north of the Pacific jet core and at the Atlantic jet

entrance region, which corresponds to the storm track

initiation regions (Lee et al. 2011). Over North America,

the region where kinetic energy is transferred into eddies

from the mean flow slightly expanded to the northeast and

eddies acquired much more kinetic energy in SP. Thus the

difference between the two periods is significant over the

genesis region of the AST, indicating the contribution of

barotropic energetics to the interdecadal shift of AST

activity. The barotropic decay (mean field gets energy from

eddies) is also enhanced, particularly over the North

Atlantic. However, it is noted that the change in positive

Fig. 8 Difference of mean temperature (K) during NDJFM between

SP and WP at a 700-hPa, b 850-hPa, and c 925-hPa. Shaded areas
represent the values significant at the 95% confidence level. The

contour interval is 0.4 K and dashed lines indicate negative
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barotropic energy conversion is insignificant over the North

Pacific, suggesting that barotropic energy conversion can-

not significantly contribute to the interdecadal strengthen-

ing trend of the PST activity. On the contrary, the enhanced

barotropic decaying over the eastern North Pacific may

enhance the eddy-driven jet and lead to eastward shift of jet

maximum shown in Fig. 6c.

4.3.2 Baroclinic diagnostics

The poleward and upward motion of warm air can produce

the energy source for the baroclinic wave development

(Chang et al. 2002). Therefore, a comparison of baroclinic

energy conversion between the two periods is carried out.

Figure 10b and e describe the energy conversion from

mean available potential energy to eddy available potential

energy at 500-hPa during NDJFM in the SP and the dif-

ference between SP and WP, which is related to the hori-

zontal eddy heat flux and mean temperature gradient. In

particular, meridional temperature gradient is directly

linked to the Eady growth rate (Lindzen and Farrell 1980)

as a measure of barocliniticy. Compared to the barotropic

energetics, the energy conversion from the mean available

potential energy to the eddy available potential energy is

relatively high. Moreover, the maximum energy conver-

sion occurs upstream of the two storm track regions. Over

the North Pacific and North Atlantic sectors, the energy

conversion from the mean available potential energy to the

eddy available potential energy is significantly increased

from WP to SP, consequently, this is indicative of the close

relationship with the interdecadal shift of storm track

activity. In particular, the pattern of increase in baroclinic

energy conversion in the North Atlantic is comparable to

that of the AST activity. As aforementioned, the AST

activity is closely related to the PNA and NAO. During the

negative PNA and positive NAO phases, an advection of

moist and warm air related to the latent heat from the Gulf

of Mexico and that of cold and dry air from Arctic can lead

to the strong storm track activity in the North Atlantic

(Pinto et al. 2011). They also noted that this advection

contributes to increase of baroclinicity which modulates

the growth condition for baroclinic waves in the North

Atlantic. This mechanism agrees with the sources for

intensification of storm track activity (i.e., surface heat

fluxes and temperature gradient) discussed in Sect. 4.2.

Fig. 9 Sensible heat flux (W m-2) in a SP, the flux difference

between the SP and WP obtained from b NCEP-1, and c ECMWF

ERA-40. Latent heat flux (W m-2) in d SP, the flux difference

between the SP and WP obtained from e NCEP-1, and f ECMWF

ERA-40. Shaded areas in b, c, e and f represent the values significant

at the 95% confidence level. The contour intervals are 4 W m-2 in b,

c, e and f and dashed lines indicate negative
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Meanwhile, the relatively weak increase of baroclinic

energy conversion in the North Pacific may be related to

the insignificant increment of the PST intensity during

midwinter (Fig. 4c). It is noted that the maximum ampli-

tude of PST activity (180�) is located further downstream

of the position of maximum baroclinic energy conversion

(160�E) compared to that in the North Atlantic. In addition,

the increase of baroclinic energy conversion is also sig-

nificant over eastern China and Korea.

Figure 10c exhibits the energy conversion between the

eddy available potential energy and eddy kinetic energy

induced by the upward eddy heat flux. This energy con-

version shows an increasing pattern (Fig. 10f) similar to

the energy conversion from the mean available potential

energy to the eddy available potential energy, particularly

over the North Atlantic. The results from ECMWF ERA-40

show very weak increase of this energy conversion in the

North Pacific (not shown).

Furthermore, the changes of baroclinic energetics in

the vertical structure are examined using the vertical-

longitude cross section (Fig. 11). The latitudinal band

[32.5�–57.5�N] showing large baroclinic energy conver-

sion in the North Pacific and North Atlantic is averaged.

Over the PST and AST regions, as in the storm track

intensity, the baroclinic energetics significantly increased

from WP to SP at all vertical levels. The significant

increase of energy conversion from the mean available

potential energy to the eddy available potential energy is

found in the upstream of the PST, i.e., to the west of

180�, at the upper level. In the North Atlantic, energy

conversion from the mean available potential energy to

the eddy available potential energy significantly increased

from surface to the 300-hPa (Fig. 11a). The conversion

from eddy available potential to eddy kinetic energy and

its difference are the greatest at mid-level along the axis

of maximum storm track activity, particularly in the North

Atlantic (Fig. 11b). This indicates that the increase of

baroclinic energy conversion over the North Pacific and

North Atlantic is related to the enhancement of storm

track activity in SP.

Fig. 10 a Energy conversion (W m-2) (shading) from mean kinetic

energy to eddy kinetic energy (MKE ? EKE) at 500-hPa in SP and

d its difference (contour interval: 0.4 W m-2) between the SP and

WP. b Energy conversion (W m-2) from mean available potential

energy to eddy available potential energy (MAPE ? EAPE) at

500-hPa in SP and e its difference (contour interval: 2.0 W m-2)

between the SP and WP. c Energy conversion (W m-2) from eddy

available potential energy to eddy kinetic energy (EAPE ? EKE) at

500-hPa in SP and f its difference (contour interval: 1.0 W m-2)

between the SP and WP. The contour in a indicates zonal wind at

500-hPa (15, 20, 25, 30 m s-1). Shaded areas in d–f represent the

values significant at the 95% confidence level. Dashed lines in

d–f indicate negative
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4.3.3 Changes in eddy feedback to mean field

This subsection investigates whether the mid-1970s’ shift

in storm track activity, in turn, played a certain role in the

changes in mean field. Figure 12 shows the 500-hPa geo-

potential height and 850-hPa temperature tendency. The

transient eddies basically tend to enhance (reduce) north–

south gradient of the height (temperature) field shown in

Fig. 12a and c and the feedback was significantly enhanced

in both geopotential height and temperature field after the

mid-1970s (Fig. 12b, d). The height tendency is consistent

with northward (poleward) movement of the jets, while the

temperature tendency implies a flattening of the meridional

gradient. It is noted that changes in the storm track activity

over the North Pacific and North Atlantic helped to rein-

force and maintain the changes in the middle-to-upper

tropospheric circulation but to interfere with changes in the

low-tropospheric temperature field, similar to the result of

Trenberth and Hurrell (1994). In summary, the enhanced

storm track activity after the mid-1970s played an impor-

tant role to reinforce and maintain the mean changes in

middle-to-upper tropospheric circulation but acted to

Fig. 11 Vertical-longitude

cross section for difference of

a energy conversion from mean

available potential energy to

eddy available potential energy

and b energy conversion from

eddy available potential energy

to eddy kinetic energy along

32.5�–57.5�N between the SP

and WP. Shadings represent the

values significant at the 95%

confidence level and the thick
dotted lines indicate the axis of

maximum storm track activity

Fig. 12 a 500-hPa geopotential height tendency (m day-1) and

b 850-hPa temperature tendency (�C day-1) in SP. Difference of

b 500-hPa geopotential height tendency (m day-1) and d 850-hPa

temperature tendency (�C day-1) between SP and WP. Shaded areas

in b and d represent the values significant at the 95% confidence

level. The contour intervals are 1 m day-1 in b and 0.1�C day-1 in d,

and dashed lines indicate negative
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interfere with changes in the low-tropospheric temperature

field.

5 Summary and discussion

The interdecadal changes in storm track activity and its

associated mean flow-eddy interaction are investigated in

terms of barotropic and baroclinic energetics and eddy

feedback to mean field using the NCEP-1 and ECMWF

ERA-40 reanalysis data. The EOF analysis of RMS of the

band-pass filtered 300-hPa geopotential height for 62 years

reveals that the PST and AST activity during the cool

season (NDJFM) in the NH have increased significantly

around the early-to-mid 1970s. This result was derived not

only from the NCEP-1 but also from the ECMWF ERA-40.

The EOF1 of global storm track activity is significantly

related to the EOF2 of zonal wind at 300-hPa. The PST

activity is closely linked that in the extratropics of NH

during 62 years whereas the AST activity has insignificant

relationship with global storm track activity from

1972–1992 to 1983–2003. It is interestingly to note that

decoupling of significant connection of the PST and AST

activity is found since the early 1980s. In particular, the

interdecadal transitions of PST and AST show notable

differences in subseasonal time scales. The PST activity in

midwinter shows decadal change from weak regime during

the early 1980s to strong regime during the late 1980s and

the intensity in early spring increased during recent decade

compared to that in SP. However, the AST intensity in

midwinter weakened in the latest decade.

There is interdecadal change in relationship between the

storm track activity and climate indices. The linkage with

PDO and NAO shows a similar change from 1960s to

1990s. The storm track activity was highly correlated with

the PDO and NAO during 1960–1980, whereas these sig-

nificant relationships have considerably weakened since the

early 1980s. A strong linkage with the PNA index is found

during 1970–1980. However, the global storm track activity

has no significant relationship with the AO for 60 years.

The relationship between the storm track activity and Niño

3.4 exhibits opposite interdecadal change to that with PDO

or NAO, from a weak correlation regime during 1960–1980

to a strong correlation regime during 1980–2000. The

causes for this change in relationship between PST and AST

activity and storm track activity and climate indices would

be an interesting area for future research.

We further examine changes in mean temperature and

surface heat fluxes to find sources for the enhancement of

storm track activity after the mid-1970s. The interdecadal

shift of storm track activity can be attributed to a signifi-

cant increase of meridional temperature gradient related to

baroclinicity over the North Pacific and North Atlantic. It is

also found that an increase of surface heat fluxes in the

storm track regions. Although the increased storm track

activity is associated with an increase of surface heat

fluxes, the increase of surface heat fluxes can be a result of

enhanced storm activity. The feedback process between

storm track activity and surface heat fluxes require further

studies with climate models.

In order to better understand the mid-1970s’ shift in

storm track activity and mean flow-eddy interaction, an

analysis of local barotropic and baroclinic energetics and

eddy feedback to mean field is also made. The role of

barotropic energy conversion on the interdecadal shift of

PST is insignificant while the enhanced kinetic energy

conversion from the mean flow to the eddies over North

America (upstream of the maximum AST activity) is

related to intensification of the AST activity. Meanwhile,

baroclinic energetics is closely associated with the inten-

sification of storm track activity. It is noted that baroclinic

energy conversion related to the eddy heat flux and mean

meridional temperature gradient over the North Pacific and

North Atlantic is significantly associated with the

strengthening trend of the storm track activity. In addition,

changes in eddy feedback to mean field indicates that

enhanced storm track activity after the mid-1970s plays an

important role to reinforce and maintain the mean changes

in middle-to-upper tropospheric circulation but acts to

interfere with changes in the low-tropospheric temperature

field.

In this study, the interdecadal variability of storm tracks

and mean flow-eddy interaction during the boreal cool

season is considered, focusing on the relationship with the

local energetics and eddy feedback. Given different sub-

seasonal variation of the two storm tracks, the interdecadal

change of the transient eddies in midwinter, fall/spring and

monthly mean and its associated local energetics may be

different from that of the NDJFM mean. Therefore, more

detailed analyses of these issues need to be made in the

future. Moreover, other processes such as changes in land

surface conditions related to the changes in snow cover or

blocking are potential candidates to help explain the

intensification of the storm track activity after mid-1970s.

Chen and Yoon (2002) suggested that the North Pacific

blocking activity shows a noticeable interdecadal change

over the past four decades. It was found that the blocking

days increased and blocking highs shifted eastward. More

work will be done to ascertain the roles of background

circulation and state on the interdecadal variability of storm

track activity.
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Appendix

Barotropic and baroclinic energy conversion

The barotropic energy conversion (BTEC) can be expres-

sed by the inner product of the D-vector of the basic flow

and the E-vector of the transient parts (Cai et al. 2007). The

D-vector defined as D~ ¼ o�u
ox� o�v

oy ;
o�v
oxþ o�u

oy

� �
consists of the

stretching and shearing deformations. The E-vector defined

as E~ ¼ 1
2

v02 � u02
� �

;�u0v0
� �

is a measure of the local

shape and horizontal orientation of eddies (Cai and Mak

1990).

BTEC¼p0

g

1

2
v02�u02
� � o�u

ox
�o�v

oy

� �
þ �u0v0
� � o�v

ox
þo�u

oy

� �� 	

where, g is the acceleration of gravity and p0 is 1,000 hPa.

The overbar and prime represent the climatological mean

and transient parts, respectively.

The baroclinic generation from mean available potential

energy to eddy available potential energy (BCEC I) is

roughly proportional to the poleward eddy heat flux mul-

tiplied by the meridional temperature gradient (Dole and

Black 1990; Cai et al. 2007).

C1 ¼
p0

p

� �CV=CP R

g

C2 ¼ C1

p0

p

� �R=CP

,
� dH

dp

� �

BCEC I ¼ �C2 u0T0
o�T

ox
þ v0T0

o�T

oy

� �

where, R is the gas constant for dry air and CP (CV) is the

specific heat of dry air at the constant pressure (volume). H
indicates potential temperature.

The energy conversion between eddy available potential

energy and eddy kinetic energy (BCEC II) can be expres-

sed by upward heat flux (Dole and Black 1990; Cai et al.

2007)

BCEC II ¼ �C1 x0T0
� �

:

Eddy feedback

The geopotential height and temperature tendency from

eddy feedback are calculated by vorticity and heat flux

convergences of the transient eddies according to Cai et al.

(2007)

oh

ot
¼ r�2 � f0

g
r � ðV~0f0Þ


 �

oT

ot
¼ �r � ðV~0T0Þ:

Lepage test statistic

The Lepage test statistic is a useful tool for detecting sig-

nificant changes between two samples (Yonetani and

McCabe 1994). Using the Lepage test, we can detect

changes in the mean and in the variance of variable through

time. The Lepage test statistic is calculated as follow.

Lepage test statistic ¼
PN

i¼1 i � ui � 1
2

n1ðNþ 1Þ
h i2

1
12

n1n2ðNþ 1Þ

þ
Pn1

i¼1 i � ui þ
PN

i¼nþ1 ðN� iþ 1Þui � 1
4

n1ðNþ 2Þ
h i2

n1n2ðN�2ÞðNþ2Þ
48ðN�1Þ

where, n1 and n2 are sample sizes of samples a and b

respectively. The N is sum of n1 and n2. The ui = 1 when

the ith record in a combined sample of ranked values of

samples a and b belongs to the sample a, and ui = 0 when

it belongs to the sample b. If the Lepage test statistic is

greater than 5.99 (9.21), the change between two samples is

significant at a 95% (99%) confidence level. Details of

Lepage test are described in Yonetani and McCabe (1994).
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