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ABSTRACT

In this paper, a statistical method called Generalized Equilibrium Feedback Analysis (GEFA) is used to investigate the
responses of the North Pacific Storm Track (NPST) in the cold season to the multi-scale oceanic variations of the Kuroshio
Extension  (KE)  system,  including  its  large-scale  variation,  oceanic  front  meridional  shift,  and  mesoscale  eddy  activity.
Results  show that  in  the  cold  season  from the  lower  to  the  upper  troposphere,  the  KE large-scale  variation  significantly
weakens  the  storm  track  activity  over  the  central  North  Pacific  south  of  30°N.  The  northward  shift  of  the  KE  front
significantly strengthens the storm track activity over the western and central  North Pacific south of 40°N, resulting in a
southward  shift  of  the  NPST.  In  contrast,  the  NPST  response  to  KE  mesoscale  eddy  activity  is  not  so  significant  and
relatively  shallow,  which  only  shows  some  significant  positive  signals  near  the  dateline  in  the  lower  and  middle
troposphere.  Furthermore,  it  is  found  that  baroclinicity  and  baroclinic  energy  conversion  play  an  important  role  in  the
formation of the NPST response to the KE multi-scale oceanic variations.
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Article Highlights:

•  The impacts of the KE multi-scale oceanic variations on NPST activity show remarkable differences.
•  Baroclinicity  and  baroclinic  energy  conversion  play  an  important  role  in  the  NPST  responses  to  the  KE  multi-scale

oceanic variations.
•  Both large-scale and mesoscale oceanic variations of the KE system are indispensable to the mid-latitude North Pacific

climate.
 

 
 

 1.    Introduction

The  storm  track  refers  to  the  region  with  the  most
active  transient  atmospheric  disturbances  on  the  synoptic
scale  (Blackmon,  1976),  which  is  closely  related  to  the
cyclonic and anticyclonic paths on a daily weather map and
has an indicative significance for the weather changes (Zhu
and Li, 2010). Storm track plays an important role in the inter-
play between the tropical and mid-high latitudes through the

transport of heat, moisture, and momentum and significantly
impacts  the  maintenance  of  global  atmospheric  circulation
and changes  in  weather  and  climate  (Chang and  Fu,  2002;
Luo et al., 2011; Lee et al., 2012; Chen et al., 2020; Chu et
al., 2020; Zhang et al., 2020b).

The Kuroshio Extension (KE) refers to the Kuroshio Cur-
rent that breaks away from the east coast of Japan and flows
into the North Pacific (Luo et al.,  2016). As a continuation
of the warm Kuroshio current, the KE water forms an obvious
temperature difference with the near-surface cold air in the
mid-latitudes, thus producing a strong ocean-to-atmosphere
heat transfer. This heat release helps to maintain the surface
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baroclinicity  and  anchors  energizes  the  overlying  storm
track. As a result, the KE has a robust geographic correspon-
dence with the North Pacific storm track (NPST) (Ren et al.,
2007).  Tanimoto et  al.  (2003)  pointed out  that  the  changes
in the KE sea surface temperature (SST) significantly affect
the heat balance of the air-sea interface and exert an obvious
thermal forcing on the atmosphere.  Therefore,  the KE SST
should be a key factor that affects the NPST.

Since the 1990s, with the aid of high-resolution satellite
data,  it  has  been  gradually  recognized  that  the  KE  system
presents  obvious  multi-scale  oceanic  variations,  including
large-scale  ocean  circulation  variations,  mesoscale  oceanic
fronts,  and eddies.  All  of  these  oceanic  variations  can lead
to significant  SST anomalies  (SSTAs) over  the KE region.
Specifically,  the KE path clearly exhibits large-scale varia-
tions between a stable and an unstable dynamic state (Qiu et
al.,  2014). In its stable (unstable) state, the KE path moves
northward (southward) with a lengthening (shortening) state,
which  tends  to  induce  large-scale  SST  warming  (cooling)
over the KE region. Révelard et al. (2016) found that these
SST  changes  associated  with  the  KE  large-scale  variation
can  result  in  pronounced  changes  in  North  Pacific  atmo-
spheric circulation and storm track.

In  contrast  with  the  KE  large-scale  variation,  its
oceanic  front  primarily  affects  the  SST  in  a  narrow  band
between 34°N and 36°N (Seo et al., 2014). Although the spa-
tial scale of SSTAs induced by the oceanic front is relatively
small, they can lead to significant changes in both the near-
surface air and upper atmosphere (Small et al., 2008; Kwon
et al., 2010; Tao et al., 2019, 2020; Huang et al., 2020). More-
over,  numerical  experiments  have  shown  that  if  the  signal
of the oceanic front is removed, the storm track activity will
be significantly weakened (Nakamura et al., 2008; Sampe et
al., 2010). The oceanic front can enhance the meridional tem-
perature  gradient  in  the  near-surface  atmosphere  through
cross-frontal  differential  sensible  heating  and  thus  lead  to
strengthened low-level atmospheric baroclinicity (Fang and
Yang,  2016; Yao  et  al.,  2020).  As  a  result,  the  baroclinic
eddy  energy  develops  rapidly,  and  the  storm track  activity
becomes more active (Nakamura et al., 2008; Hotta and Naka-
mura, 2011; Ogawa et al., 2012). Accordingly, the KE front
(KEF) is supposed to be another key factor that affects the
NPST,  which  is  verified  in  many  previous  works  (Kwon
and Joyce, 2013; O’Reilly and Czaja, 2015; Yuan and Xiao,
2017; Zhou and Cheng, 2022).

In  addition  to  the  KEF,  the  KE  mesoscale  oceanic
eddies  also  play  an  indispensable  role  in  North  Pacific
ocean-atmosphere system. These fluctuations efficiently trans-
port heat, salt, and energy in the ocean (Dong et al., 2014).
Previous  studies  found  that  the  KE  eddy  activity  (KEEA)
alters  the  poleward  heat  transport,  leading  to  significant
changes  in  the  SST over  the  Kuroshio-Oyashio  confluence
region  (KOCR)  (Itoh  and  Yasuda,  2010; Sugimoto  and
Hanawa, 2011; Yu et  al.,  2020).  The KE mesoscale eddies
can  significantly  modulate  the  NPST  activity  (Sun  et  al.,
2018).  Feng  et  al.  (2015)  found  that  the  intensified  KEEA
enhances the NPST. Moreover, a series of studies indicated

that the existence of KE mesoscale eddies leads to a southward
shift of the downstream storm track (Ma et al., 2015, 2017;
Zhang et al., 2019, 2020a).

It  is  evident  from the  brief  review above that  both  the
large-scale and mesoscale oceanic variations of the KE sys-
tem can have a significant effect on the NPST activity. Never-
theless,  it  should  be  noted  that  the  KE  large-scale  and
mesoscale variations are correlated—when the KE system is
in a stable state, the KEF strengthens and shifts northward,
the upstream KEEA weakens, and vice versa (Qiu and Chen,
2005, 2010).  This  indicates  that  in  previous  studies,  the
impacts  of  the  KE  large-scale  (mesoscale)  variation  on
NPST  may  be  confused  by  the  mesoscale  (large-scale)
oceanic  signals.  So  far,  the  similarities  and  differences
between the impacts of the KE multi-scale oceanic variations
on NPST activity remain poorly understood and need further
investigation.  Resolving this  issue is  vital  to deepening the
knowledge about the mid-latitude ocean-atmosphere interac-
tion over the North Pacific.

In  the  present  study,  we aim to  separate  the  responses
of NPST to the KE large-scale and mesoscale oceanic varia-
tions by using a statistical method called generalized equilib-
rium  feedback  analysis  (GEFA; Liu  et  al.,  2008).  This
method  can  effectively  distinguish  the  atmospheric
responses  to  various  external  forcings  (Wen  et  al.,  2015;
Révelard  et  al.,  2018).  Here,  we  focused  on  the  NPST
responses in the cold season when the most  intense air-sea
interaction occurs. The remainder of the paper is organized
as follows. Section 2 briefly describes the data and methods
used in this study. Section 3 presents the spatial patterns of
NPST responses to the KE multi-scale oceanic variations. Pos-
sible  mechanisms  for  the  impacts  of  the  KE  multi-scale
oceanic variations on NPST are elucidated in section 4. A con-
clusion and discussion are given in section 5.

 2.    Data and methods

 2.1.    Data

In this study, daily atmospheric variables, including the
wind  speed,  geopotential  height,  and  air  temperature,  were
used to calculate the metrics of storm track activity and associ-
ated energy conversion terms,  which were provided by the
ECMWF (European Centre for Medium-Range Weather Fore-
casts)  Interim  (ERA-Interim)  reanalysis  during  the  period
1982–2017 with a spatial resolution of 0.75° × 0.75° (Dee et
al.,  2011). The monthly surface air temperature (SAT) was
obtained  from  the  ERA-Interim  reanalysis.  The  monthly
SST  data,  obtained  from  the  National  Oceanic  and  Atmo-
spheric Administration (NOAA) Optimum Interpolation Sea
Surface  Temperature  (OISST)  with  a  spatial  resolution  of
0.25° × 0.25° (Reynolds et al., 2007), were mainly adopted
to  calculate  all  the  oceanic  indices  used.  We also  used  the
ERA-Interim SST product to investigate the imprints of the
KE  multi-scale  oceanic  variations  on  SST,  consistent  with
the  spatial  resolution  of  relevant  atmospheric  responses.
The daily satellite altimetry data are offered by the Archiving
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Validation  and  Interpretation  of  Satellite  Oceanographic
(AVISO)  product  (Ducet  et  al.,  2000)  on  a  0.25°  ×  0.25°
grid from 1 January 1993 to 31 December 2017. The mean
seasonal cycle of all variables is removed by subtracting the
climatological  monthly  means.  A  cubic  polynomial  is  also
removed from each variable by employing a least squares fit
to  eliminate  the  influence  of  trends  and  ultra-low  frequen-
cies.

 2.2.    SSTA index

Following Qiu et al. (2007), the KE large-scale variation
can be measured by an index defined as the average SSTA
over  the  KE  region  of  32°–38°N,  142°E–180°  (Fig.  1a,
black  box).  Although  this  region  is  located  to  the  south  of
maximum SST variance (Fig. 1a), the KE region possesses
the  strongest  ocean  circulation  variability  over  the  North
Pacific (Fig. 1b) that primarily drives the KE SST changes
(Qiu  et  al.,  2007).  Considering  that  the  diameters  of
mesoscale eddies are generally less than 5°, we used a 5° ×
5°  spatial  boxcar  to  filter  the  mesoscale  SSTA from large-
scale signals before calculating the KE SSTA index (Zhang

et al., 2019).

 2.3.    Oceanic front index

The KEF is detected from the position of the maximum
horizontal SST gradient between 32°–37°N at each longitudi-
nal  grid  point  from  142°  to  180°E  (Chen,  2008).  The
present  paper  only  considers  the  upstream  KEF  position
because this oceanic front becomes weak and shows obvious
bifurcation in its downstream area (Kida et al., 2015). There-
fore,  following  Seo  et  al.  (2014),  we  searched  the  KEF  in
the  region  of  32°–37°N,  142°–155°E  (Fig.  1c,  black  box),
and  the  zonally  averaged  oceanic  front  position  between
142°E  and  155°E  is  defined  as  the  KEF  position  (KEFP)
index.

 2.4.    Mesoscale eddy activity index

We  used  an  index  to  depict  the  intensity  of  the  KE
mesoscale eddy activity proposed by Yu et al. (2020). First,
the eddy kinetic energy (EKE) in the western North Pacific
is calculated according to Qiu and Chen (2005). The formula
is as follows: 

 

 

Fig. 1. (a) Climatological mean North Pacific SST (°C; black contours) in the cold season during 1982–2017. Color
shading indicates the root-mean-square amplitude of SST (°C). (b) Root-mean-square amplitude of the North Pacific
SSH signals (cm) in the cold season during 1993–2017. (c) Climatological mean of the magnitude of horizontal SST
gradient [°C (100 km)‒1] in the cold season during 1982–2017. (d) Climatological mean surface EKE (cm−2 s−2) in
the cold season as calculated from the SSH anomalies of  1993–2017.  The black boxes in four subplots  denote the
regions used to define the indices of the KE multi-scale oceanic variations (see text for details).
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where  denotes  the  high-pass  filtered  SSHAs  that  only
retain changes below 300 days,  is the acceleration of grav-
ity, and  is the Coriolis parameter. From the distribution of
the EKE (see Fig. 1a of Yu et al., 2020), it can be observed
that the KE EKE is the strongest in the region of 31°–38°N,
142°–155°E  (Fig.  1d,  black  box),  thus,  we  focus  on  the
eddy activity in this region. Then, the KEEA index is con-
structed  based  on  the  KE  EKE-related  SSTA  distribution:

, where TA, TB, and TC denote the normalized
SST anomalies averaged over regions A (36.875°–38.375°N,
143.875°–146.125°E),  B  (33.625°–34.875°N,  138.375°–
140.875°E),  and  C  (34.125°–35.625°N,  148.125°–
150.625°E),  respectively.  The  coefficients α, β,  and γ are
obtained by the least-squares method. Specifically, the esti-
mated EKE from the AVISO SSH data is regressed onto the
normalized SSTAs from the  OISST dataset,  and both  span
the period from January 1993 to December 2017. This quanti-
fies the EKE–SST relationship and gives a 103.98 cm−2 s−2

EKE  increase  per  standard  deviation  increase  in TA,  a
52.99  cm−2 s−2 EKE  decrease  per  standard  deviation
increase in TB, and a 60.25 cm−2 s−2 EKE decrease per stan-
dard  deviation  increase  in TC.  This  index  actually  reflects
the anomalous poleward transport of warm water modulated
by the  KE eddy activity  and highlights  its  climatic  effects.
More details about this index can be referred to in the work
of Yu et al. (2020).

The  temporal  variations  of  all  above-mentioned  KE
indices during 1982–2017 are shown in Figs. 2a–c, respec-
tively. These indices all show obvious oscillations on interan-
nual  and  decadal  time  scales.  To  focus  on  the  cold  season
and increase the sample size, we selected these KE indices
for September–April (SONDJFMA) (Figs. 2a–c, black dots)
since the NPST responses are estimated between November
and April from the KE oceanic forcings two months earlier
(see details in section 2.6).

 2.5.    The representation of storm track

Since  baroclinic  disturbances  in  the  mid-latitudes
extend  from the  surface  to  the  tropopause,  the  storm track
can be observed at different altitudes (Chang and Fu, 2002;
Gan  and  Wu,  2014).  To  study  the  NPST  responses  to  the
KE  multi-scale  oceanic  variations  in  a  more  stereoscopic
way, the NPST is represented by the meridional heat flux at
850  hPa,  the  root  mean  square  of  geopotential  heights  at
500 hPa, and the variance of the meridional wind velocity at
300 hPa through the use of a Lanzcos bandpass filter to isolate
the  synoptic-scale  (2–8  day)  disturbances  from  daily  data.
This  method  is  convenient  for  visualizing  and  comparing
the  effects  of  the  KE multi-scale  oceanic  variations  on  the
NPST activity in the free atmosphere.

 2.6.    The generalized equilibrium feedback analysis

To  distinguish  the  NPST  responses  to  the  KE  multi-
scale  oceanic  variations,  the  GEFA  method  developed  by

A(t)
t O(t) J
O (t) = [O1 (t) ,O2 (t) , · · · ,OJ (t)]

Liu et al. (2008) was adopted in this research, which can effec-
tively  exclude  the  impacts  of  other  external  forcings  when
revealing  the  atmospheric  response  to  a  certain  variable
(Wen  et  al.,  2010, 2015; Wang  et  al.,  2013; Jiang  et  al.,
2015; Révelard et al., 2018). The basic principle is outlined
as follows. Suppose the atmospheric variable  is at time
 and  the  oceanic  forcing  has  variables,  so  that

.  The  relationship  between
them can be approximately expressed as: 

A (t) = BO (t)+N (t) , (2)

B = [B1,B2, · · ·,BJ]

N(t)

where  is  a  matrix  containing  the  atmo-
spheric response coefficients to each single oceanic variable
and  is the internal atmospheric variability.

τ
CON(τ) ≈ 0 CON(τ)

O(t) N(t)
O (t−τ)

Owing to the poor atmospheric memory that only lasts
for up to 1–2 weeks, the ocean is not affected by the atmo-
sphere with a time lag  larger than its intrinsic persistence.
Thus,  we  have ,  where  represents  the
lagged covariance matrix between  and . By multiply-
ing  Eq.  (2)  by  and  calculating  the  covariance,  we
can obtain 

B =
CAO(τ)
COO(τ)

. (3)

O(t)
O(t−d) d

τ > d

However, considering that the atmospheric response to
extratropical  SSTAs  needs  a  few  months  to  fully  develop
(Ferreira and Frankignoul, 2005; Deser et al., 2007), the rela-
tion in Eq. 2 should take a more complex form. According
to Frankignoul  et  al.  (2011),  in  Eq.  2  can be replaced
by ,  where  denotes  a  characteristic  delay  time.
Then, the relation in Eq. 4 becomes for  

B =
CAO(τ)

COO(τ−d)
. (4)

COO(τ−d)
τ = 2 d = 1

τ−d

COO(τ−d)

τ = d B
COO(0)

COO(0)

B
COO(0)

COO(0) COO(0)

To estimate the typical amplitude of the NPST response,
all  the  oceanic  time  series  are  normalized,  and  thus

 becomes  a  lag  correlation  matrix.  Here,  we
chose  months,  month.  The  reasons  behind  the
choice of these value schemes consider two aspects. 1) The
atmospheric response to lower boundary forcings reaches its
maximum amplitude after at least two months (Frankignoul
and Sennéchael, 2007; Strong et al.,  2009); 2)  should
be  as  small  as  possible  to  achieve  a  better  condition  on

 to  reduce the sampling errors  in  Eq.  (5)  (Liu et
al.,  2006).  However,  it  should  be  noted  that  the  value
scheme of  is not considered, for which  is divided by

,  and  the  GEFA  becomes  a  lag  regression  analysis.
This  is  because  the  contribution  to  contains  two
parts,  very  fast  changes  and  more  persistent  variability
(Frankignoul  et  al.,  2011).  Considering  that  the  NPST
responses to the slow changes in boundary forcing over the
KE  region  are  our  focus,  should  be  calculated  by  only
using the slow contribution to , which is smaller than

 itself.  Hence,  the use of  will  underestimate
the  amplitudes  of  NPST  responses.  Furthermore,  Révelard
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τ = 3 d = 1

τ = 2 d = 1

τ = 3 d = 1

τ = 2 τ = 3

et al. (2018) adopted the GEFA with  months and 
month to estimate the atmospheric responses by using sea-
sonal  mean  anomalies,  but  they  found  that  the  results
remain nearly  the  same by using monthly  anomalies  based
on  months,  month.  We  verified,  using  the
monthly  anomalies,  that  the  estimated  responses  based  on

 months,  month are largely similar to the results
of  the  present  work.  All  the  action  centers  of  NPST
responses in lag  months can be identified in lag 
months (figure not shown).

Since the tropical El Niño-Southern Oscillation (ENSO)

O(t)
O(t)

exerts  a  significant  impact  on  the  mid-latitude  atmosphere
and  ocean  (Alexander  et  al.,  2002),  the  first  two  principal
components of SSTAs over the tropical Pacific between 20°
S and 20°N (TP1 and TP2) are also added to the oceanic forc-
ing  matrix  to  avoid  the  interference  of  ENSO  signals
on  the  KE-NPST  relationship.  In  other  words,  the  in
our study contains the time series of five indices (KE SSTA,
KEFP, KEEA, TP1, and TP2). According to Révelard et al.
(2018),  the  GEFA  will  be  invalid  if  the  regressors  are
strongly  correlated,  making  it  hard  to  separate  their  influ-
ence. Therefore, the multi-collinearity should first be exam-

 

 

Fig. 2. Time series of the normalized (a) KE SSTA index, (b) KEFP index, and (c) KEEA index during 1982–2017.
The black dots indicate the KE indices in the SONDJFMA season, as used in the GEFA. (d) Correlation coefficients
of the KE SSTA index in the cold season with the KE SSTA indices of the preceding 10 months. Dots denote the
correlation  coefficients  exceeding  the  95%  confidence  levels.  Panels  (e)  and  (f),  as  in  (d),  but  for  the  KEFP  and
KEEA indices in the cold season, respectively.
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COO(τ−d)

COO(τ−d)−1

ined. Table  1 shows  the  lag  correlation  matrix 
used to estimate the NPST responses in the cold season.  It
can  be  clearly  seen  that  the  correlations  among  these  five
regressors  are  generally  weak  and  insignificant.  To  better
quantify  the  multi-collinearity,  we  calculated  the  variance
inflation factors (VIFs) that are equal to the diagonal elements
of  the  inverse  correlation  matrix  (Kendall,
1946). Generally, VIFs that exceed five indicate the existence
of  severe  multi-collinearity  (Judge  et  al.,  1988).  Here,  it  is
found that the maximum VIF of the five regressors is only
1.73.  Accordingly,  there  is  no  strong  problem  of  multi-
collinearity in our study. Furthermore, the persistence of the
KE  large-scale  SSTA  index,  the  KEFP  index,  and  the
KEEA index is all more than five months, far exceeding the
inherent  atmospheric  memory  (Figs.  2d–f),  indicating  that
the  persistence  of  these  oceanic  forcings  is  in  accordance
with the physical basis of GEFA.

O(t)

O(t)

To further prove the validity of the GEFA method, the
SST  footprints  of  the  KE  multi-scale  oceanic  variations
derived in two different ways are compared. Both ways use
Eq. (4) to estimate the SST imprint of specific KE oceanic
variation (e.g., the KE large-scale variation, KEF meridional
shift, or KEEA variation). However, the first way, called uni-
variate feedback analysis, adopts the oceanic forcing matrix

 that  contains  just  only  one  regressor  associated  with
this KE oceanic variation, and the second way is the GEFA
utilizing the  that contains all five oceanic regressors in
the present study. As shown in Fig. 3 (left panels), the SST
footprints derived by the univariate feedback analysis show
significant  remote  signals  beyond  the  definition  domain  of
indices or regressors. For instance, all the KE indices are asso-
ciated with the equatorial Pacific SSTAs, reflecting the atmo-
spheric  bridge  between  the  equatorial  and  extratropical
oceans. In addition, we also note that all the SSTAs associated
with these KE indices show warming signals over the mid-lati-
tude  central  North  Pacific.  However,  these  signals  are  not
likely induced by the KE mesoscale oceanic variations that
mainly  impact  the  local  SST,  indicating  the  indices  of
KEFP and  KEEA may  contain  the  signal  of  the  KE large-
scale variation. Hence, it can be inferred that the univariate
estimates of the NPST responses will be confounded by the
interference  of  multiple  oceanic  forcings.  In  contrast,  the
GEFA can effectively remove the remote SST signatures of
the KE multi-scale oceanic variations and lead to more local-

ized SSTAs (Fig. 3, right panels): the SSTAs over the equato-
rial  Pacific  are  largely  gone,  and  the  mid-latitude  central
Pacific  warming  associated  with  the  KEFP  and  KEEA
indices  are  also  significantly  weakened.  We  verified  that
these changes are mainly caused by the inclusion of ENSO
indices  (TP1  and  TP2)  in  the  GEFA  that  largely  filter  out
the impacts of ENSO on tropical and mid-latitude SSTs. Fur-
thermore, it is found that the SST footprints of the KE multi-
scale oceanic variations derived by GEFA account for 10%
–40%  of  the  total  variance  over  the  KE  region  (figure  not
shown).

B

The  above  results  indicate  that  GEFA  is  a  suitable
method  for  isolating  the  impacts  of  the  KE  multi-scale
oceanic  variations  on  the  local  SST  and,  thus,  the  NPST.
The  significance  of  each  atmospheric  response  coefficient
in  is  examined  using  a  Monte  Carlo  bootstrap  approach
(Czaja  and  Frankignoul,  2002),  in  which  the  GEFA  is
repeated  1000  times  using  the  original  oceanic  time  series
with the atmospheric variable scrambled randomly by year,
while the order of six months in the cold season of a year is
retained.  Then,  the  significance  is  determined  at  each  grid
by the percentage of response coefficients from the scrambled
time series that  are smaller in magnitude than the response
coefficient from the original time series.

 3.    Spatial patterns for the responses of NPST
to the KE multi-scale oceanic variations

 3.1.    Large-scale variation

Figure  4 shows  the  NPST  response  to  the  KE  large-
scale  variation.  In  the  lower  troposphere,  the  NPST
response mainly shows significant negative anomalies over
oceanic  regions  southeast  of  Japan,  in  the  western  North
Pacific  between  160°E  and  180°,  and  in  the  central  North
Pacific south of 30°N (Fig. 4a). In addition, there are a few
significant  positive  storm  track  anomalies  over  the  central
North Pacific north of 40°N (Fig. 4a). This response pattern
is  basically similar  to  that  of  Révelard et  al.  (2016).  In the
middle  troposphere,  the  positive  storm  track  anomalies  in
the lower troposphere disappear and become significantly neg-
ative (Fig. 4b). The negative storm track anomalies become
more  significant  to  the  south  of  Japan,  the  Japan  Sea,  and
the central North Pacific, but they are no longer pronounced

Table 1.   Lag correlation matrix  of  (left  to  right)  the five oceanic  regressors  used to  estimate  the NPST responses  in  the cold season
(NDJFMA). Each row and column use monthly anomalies in ONDJFM and SONDJF, respectively. The bold type denotes correlations
exceeding the 95% confidence level.

KE SSTA KEFP KEEA TP1 TP2

KE SSTA 0.81 0.06 –0.03 –0.12 0.11
KEFP 0.19 0.64 0.08 –0.24 –0.09
KEEA 0.00 0.02 0.76 –0.18 0.07
TP1 –0.25 –0.19 –0.15 0.98 0.00
TP2 0.10 –0.06 0.01 –0.06 0.93

Maximum VIF = 1.73.
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over  the  western  North  Pacific  between  160°E  and  180°
(Fig. 4b). Compared with these storm track anomalies, signifi-
cant negative storm track anomalies in the upper troposphere
disappear over regions south of Japan and the central North
Pacific  north  of  40°N  and  extend  further  eastward  to  the
east  of  Japan  (Fig.  4c).  Some  significant  positive  storm
track anomalies also appear over the western North Pacific
around 160°E (Fig. 4c). From the above analysis,  it  can be
seen that  the storm track activity is  significantly weakened
over  the  central  North  Pacific  between  180°  and  140°W
south of 30°N from the lower to the upper troposphere.

 3.2.    Oceanic front meridional shift

Figure  5 shows  the  spatial  pattern  of  the  NPST
response  to  the  KEF  meridional  movement.  It  can  be

observed that  the NPST response mainly presents  a  merid-
ional  dipole  structure.  In  the  lower  troposphere,  the
response of the synoptic-scale meridional heat flux shows a
meridional dipole pattern with positive and negative anoma-
lies  to  the  north  and  south  of  a  nodal  line  at  about  40°N,
respectively (Fig. 5a). However, compared with the positive
storm  track  anomalies,  the  significant  negative  anomalies
are patchy. Significant positive storm track anomalies primar-
ily  appear  over  the  western  and  central  North  Pacific
between 150°E and 170°W. In the middle and upper tropo-
sphere, the NPST response pattern also exhibits a meridional
dipole structure similar to that in the lower troposphere; how-
ever,  the  significant  positive  storm  track  anomalies  appear
over the central North Pacific between 170°W and 135°W,
and their centers move eastward with height, indicating that

 

 

Fig. 3. SST footprints (°C) in the cold season for the (a) KE large-scale variation, (b) KEF meridional shift, and (c)
KEEA variation derived by univariate feedback analysis. Panels (d)–(f), as in (a)–(c), respectively, but for the SST
footprints derived by the GEFA. The stippled areas denote the 90% confidence levels based on the Monte Carlo test.
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the  baroclinic  waves  are  advected  further  downstream  by
the stronger background westerly jet at upper levels, and the
negative  storm  track  anomalies  in  the  north  become  more
insignificant (Figs. 5b, c). Furthermore, all the significant pos-
itive storm track anomalies from the lower to the upper tropo-
sphere are located over the southern flank of climatological
NPST,  indicating  a  southward  shift  of  the  NPST.  This

NPST response pattern is different from that of the KEF inten-
sity variation exhibiting a zonal dipole structure reported by
O’Reilly  and  Czaja  (2015).  Although  the  KEF  meridional
shift  and intensity  variation  are  both  modulated  by  the  KE
dynamic state fluctuations as mentioned in the introduction,
these  two  KEF variations  also  show obvious  discrepancies
(Seo et  al.,  2014; Bishop et  al.,  2015).  Moreover,  O’Reilly

 

 

Fig.  4. Estimated  response  of  the  NPST  activity  represented  by  (a)  the
meridional heat flux at 850 hPa (shaded; K m s−1), (b) the root-mean-square
of  geopotential  height  at  500  hPa  (shaded;  gpm),  and  (c)  the  variance  of
meridional  wind  velocity  at  300  hPa  (shaded;  m2 s–2)  to  the  KE large-scale
variation. Green contours indicate the climatology with intervals of (a) 3 K m s−1,
(b) 10 gpm, and (c) 20 m2 s–2. The stippled areas denote the 90% confidence
levels based on the Monte Carlo test.
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and Czaja (2015) used unlagged composite analysis to esti-
mate  the  NPST  response  for  the  study  period  1992–2011,
which is also different from the GEFA and temporal coverage
of datasets we used. These factors may explain the differences
in  the  results  between  O’Reilly  and  Czaja  (2015)  and  our
study.

 3.3.    Mesoscale eddy activity

At  last,  the  NPST  response  to  the  KEEA  variation  is
investigated. It can be found that this response also exhibits
a meridional dipole structure. In the lower troposphere, nega-
tive  storm  track  anomalies  appear  over  the  KOCR  and

extend northeastward (Fig. 6a), which is consistent with the
findings  of  Bishop  et  al.  (2015).  On  the  southern  flank  of
these  negative  anomalies,  there  are  positive  storm  track
anomalies extending from south Japan to the eastern North
Pacific (Fig. 6a). However, the negative storm track anoma-
lies  are  generally  insignificant.  Significant  positive  storm
track  anomalies  mainly  appear  over  the  western  North
Pacific between 160°E and 180° and show small patchy sig-
nals over the eastern North Pacific. This dipole structure is
quite  similar  to  the  NPST  response  pattern  to  the  KE
mesoscale SSTAs in Zhang et al. (2019). Still, the negative
storm track anomalies in the north are located further south-

 

 

Fig.  5. As  in  Fig.  4,  but  for  the  estimated  response  of  NPST activity  to  the
KEF meridional shift.
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ward and are insignificant.  In addition, we noted that there
are significantly negative and positive storm track anomalies
over  northern  Canada  and  North  America,  respectively
(Fig.  6a).  These  downstream  responses  of  the  storm  track
are  also  noted  by  Ma  et  al.  (2017)  using  high-resolution
model outputs but with a more northerly position. Neverthe-
less, the KE mesoscale SSTAs in both the works of Ma et al.
(2017)  and  Zhang  et  al.  (2019)  include  the  signals  of  not
only the oceanic front variation but also the mesoscale eddy
activity,  which  may  cause  the  differences  in  the  NPST
response  with  our  study.  The  dipole  pattern  of  the  NPST
response also remains in the middle and upper troposphere

(Figs. 6b, c). However, in the middle troposphere, significant
positive  storm  track  anomalies  in  the  lower  troposphere
move  slightly  eastward  from  the  western  North  Pacific  to
the east of the dateline and disappear over the eastern North
Pacific (Fig. 6b). Additionally, there are almost no significant
storm  track  anomalies  in  the  upper  troposphere  (Fig.  6c),
indicating that the impacts of KEEA variation on the NPST
are relatively shallow.

According to these results, in the cold season from the
lower to the upper troposphere, the KE large-scale variation
mainly leads to significant storm track anomalies over the cen-
tral North Pacific south of 30°N, while the KEF meridional

 

 

Fig.  6. As  in  Fig.  5,  but  for  the  estimated  response  of  NPST activity  to  the
KEEA variation.
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shift  significantly  modulates  the  storm  track  activity  over
the western and central North Pacific south of 40°N. In con-
trast,  the  impacts  of  the  KEEA variation  on  the  NPST  are
not  so  significant  and  are  relatively  shallow.  These  KE
multi-scale  oceanic  variations  significantly  capture  the
storm  track  variability  over  the  western  and  central  North
Pacific south of 40°N, albeit with the limited explained vari-
ance of 3%–12% (figure not shown).

 4.    Possible mechanisms

 4.1.    Surface baroclinicity

Next, we discuss how the KE multi-scale oceanic varia-
tions  modulate  the  NPST  activity.  First,  the  imprints  of
these oceanic variations on surface baroclinicity are investi-
gated.  As  shown  in Fig.  3d,  the  SST  response  to  the  KE
large-scale  variation  shows  significant  basin-scale  positive
anomalies  extending  from  the  KE  region  to  the  central
North Pacific, consistent with the results of Qiu et al. (2014)
and  Yu  et  al.  (2016).  These  SST  anomalies  significantly
enhance  the  meridional  SST  gradient  north  of  about  40°N
but  weaken  the  meridional  SST  gradient  south  of  about
30°N (Fig. 7a). In response to the meridional SST gradient
anomalies, the meridional gradient of the low-level air temper-

ature  will  also  show  corresponding  changes  due  to  adjust-
ments  in  the  atmospheric  boundary  layer  (Sampe  et  al.,
2010; Fang and Yang, 2016). As a result, the meridional gradi-
ent of surface air temperature (SAT) significantly decreases
south of 30°N (Fig. 7b). Since the meridional SAT gradient
measures  the  surface  baroclinicity  that  is  important  for
storm development, the notable decrease in meridional SAT
gradient over the central North Pacific south of 30°N should
be  responsible  for  the  weakened  storm  track  activity
observed there (see Figs.  4, 7b).  Hereafter,  only the results
derived from the responses of meridional SST and SAT gradi-
ents are shown because those derived from the responses of
horizontal SST and SAT gradients are virtually the same (fig-
ure not shown).

The KEF northward shift only induces local SST cooling
from 142° to 155°E in two narrow latitudinal bands, one is
between  36°  and  40°N,  and  the  other  is  between  30°  and
34°N (Fig. 3e). These SST anomalies significantly enhance
the  meridional  SST  gradient  in  a  band  between  35°N  and
38°N  (Fig.  8a).  As  a  result,  the  meridional  SAT  gradient
and  surface  baroclinicity  are  both  strengthened  within  this
band (Fig. 8b). Compared with Fig. 5, it can be seen that the
strengthened  storm  track  activity  in  response  to  the  KEF
northward shift occurs near the downstream area of these sur-
face  baroclinicity  changes,  especially  in  the  middle  and

 

 

Fig. 7. (a) Estimated response of the meridional SST gradient to the KE large-scale variation [°C (100 km)‒1]. Panels
(b–d),  as  in  (a),  but  for  the  meridional  SAT gradient  [°C  (100  km)‒1],  BCEC1,  and  BCEC2 at  850  hPa  (W m–2),
respectively. The stippled areas denote the 90% confidence level based on a Monte Carlo test.
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upper troposphere, indicative of the downstream development
of storm track (Chang, 1993).

As shown in Fig. 3f, the KEEA variation leads to the sig-
nificant  positive  SSTAs  over  the  KOCR  (36°–42°N,  142°
–151°E),  which has also been reported by previous studies
(see  introduction  and  references  therein).  Similarly,  these
SST anomalies significantly enhance the meridional SST gra-
dient to the north (Fig. 9a), causing a strengthened western
Oyashio front (Sugimoto et al., 2014). Correspondingly, the
meridional SAT gradient, and thus the surface baroclinicity
over the northern part of KOCR are intensified (Fig. 9b). Nev-
ertheless,  no  significant  storm  track  activity  response  is
observed near this anomalous surface baroclinicity or in its
nearby  downstream region  (see Fig.  6).  This  indicates  that
the SST imprints of KEEA over the KOCR do not seem to
penetrate  over  the  lower  troposphere.  Moreover,  we  noted
that  there  are  still  some  negative  SSTAs  to  the  east  of
KOCR  between  155°E  and  180°  (see Fig.  3f),  which  may
have been caused by the weakened zonal heat advection of
the KE jet associated with the enhanced KEEA (Qiu et al.,
2014). Since an active KEEA promotes the poleward trans-
port  of  more  warm  water  into  the  KOCR  (e.g., Yu  et  al.,
2020), the zonal transport of warm water to the east of this
region  is  naturally  reduced.  Consequently,  the  negative
SSTAs  occur  there  and  significantly  strengthen  the  merid-
ional  SST  gradient  and  surface  baroclinicity  to  its  south

(Fig. 9). The position of this anomalous surface baroclinicity
to the east of KOCR is more directly linked to the strengthened
storm  track  activity  near  the  dateline,  as  shown  in Fig.  6.
Therefore,  the  KEEA  is  supposed  to  impact  the  NPST  by
modulating the remote SST to the east of KOCR through an
oceanic pathway.

 4.2.    Baroclinic energy conversion

Although surface baroclinicity is an effective indicator
for the changes of transient eddies, baroclinic energy conver-
sion is the main source of available potential energy that ulti-
mately  determines  storm  track  activity  (Heo  et  al.,  2012).
Therefore,  to  better  explain  the  formation  of  the  NPST
response, it is necessary to diagnose and analyze the associ-
ated  baroclinic  energy  conversion  processes.  Because
barotropic  energy  conversion  is  approximately  two  orders
of  magnitude  smaller  than  baroclinic  energy  conversion,
here we only analyze the role of baroclinic energy conversion
in the NPST responses to the KE multi-scale oceanic varia-
tions.

According to Cai et al. (2007), the baroclinic energy con-
version  from  the  mean  available  potential  energy  (MAPE)
to the eddy available potential energy (EAPE) and from the
eddy available potential energy (EAPE) to the eddy kinetic
energy (EKE), denoted as BCEC1 and BCEC2, respectively.
The BCEC1 and BCEC2 can be expressed as: 

 

 

Fig.  8. As  in  Fig.  7,  but  for  the  estimated  responses  of  meridional  SST  gradient,  meridional  SAT  gradient,  and
BCEC1 and BCEC2 to the KEF meridional shift.
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BCEC2 = −C1
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C1 = (P0/p)Cv/Cp (R/g)
ω

where , g is the acceleration of grav-
ity, P0 is 1000 hPa, R is the gas constant for dry air,  is the
vertical velocity, Cv(Cp) is the specific heat of dry air at a con-
stant volume (pressure),  and θ is  the potential  temperature.
The overbar and the prime notations indicate the climatologi-
cal average and transient disturbance, respectively.

Figures  7c, 8c,  and 9c show  the  responses  of  BCEC1
over the North Pacific to the KE multi-scale oceanic varia-
tions. The BCEC1 response to the KE large-scale variation
exhibits  significant  increases  to  the  northeast  of  Hokkaido
and  central  North  Pacific,  north  of  40°N,  and  decreases  to
the  south  and  southeast  of  Japan  and  central  North  Pacific
south of 30°N (Fig. 7c). As for the BCEC1 response to the
KE mesoscale oceanic processes,  the KEF meridional  shift
leads  to  a  significant  increase  over  the  western  North
Pacific south of 40°N between 155°E and 170°E and a signifi-
cant decrease over the nearly the entire North Pacific north
of 40°N (Fig. 8c). The KEEA variation causes a significant
decrease in BCEC1 to the east of Sakhalin Island and a signifi-
cant increase over the eastern North Pacific (Fig. 9c). It can

be found that the above response patterns show remarkable
differences  with  the  responses  of  atmospheric  baroclinicity
(see Figs.  7b, 8b, 9b),  but  these  differences  can  be  under-
stood.  The  fluctuations  of  surface  baroclinicity  caused  by
the  KE oceanic  forcings  provide  an  environment  favorable
for the growth or decay of transient eddies. However, these
modified transient eddies are not confined to the KE region,
which  steadily  move  downstream,  perturb  the  surrounding
air,  and  tap  into  or  release  the  available  potential  energy
from the background westerly jet along the route. This process
is completely controlled by the intrinsic atmospheric variabil-
ity,  which  helps  to  explain  the  differences  in  the  response
between BCEC1 and surface baroclinicity. Nevertheless, the
changes  in  BCEC1 and surface  baroclinicity  are  consistent
with  the  significant  storm  track  anomalies  associated  with
the  KE multi-scale  oceanic  variations,  which are  discussed
in the following analysis.

In  addition,  the  EAPE  needs  to  be  further  converted
into  EKE  to  promote  transient  eddy  motion.  Equation  6
shows that the conversion of EAPE to EKE is accomplished
by the rising and sinking motions of warm and cold air. The
direction of  energy conversion depends on the  direction of
the vertical motion and the thermal properties of the transient
disturbance. It can clearly be seen from Figs. 7d, 8d, 9d that
the BCEC2 responses to the KE multi-scale oceanic variations
show  a  very  close  relationship  with  the  spatial  patterns  of

 

 

Fig.  9. As  in  Fig.  8,  but  for  the  estimated  responses  of  meridional  SST  gradient,  meridional  SAT  gradient,  and
BCEC1 and BCEC2 to the KEEA variation.
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NPST responses. Furthermore, compared with Figs. 7c, 8c,
9c, we note that the reduced BCEC1 in response to the KE
large-scale variation contributes to a significant decrease of
BCEC2  over  the  central  North  Pacific  south  of  30°N  (see
Figs.  7c, d),  weakening  the  storm  track  activity  there,  as
shown  in Fig.  4.  The  anomalous  BCEC1  induced  by  the
KEF  meridional  shift  tends  to  weaken  and  strengthen  the
BCEC2 north and south of 40°N, respectively, (see Figs. 8c,
d),  causing  a  meridional  dipole  structure  in  the  NPST
response  (see Fig.  5).  In  contrast,  the  BCEC2  associated
with  the  KEEA variation shows a  significant  increase  near
the  dateline  (Fig.  9d).  As  a  result,  more  transient  eddy
kinetic  energy  occurs,  leading  to  strengthened  storm  track
activity there (see Figs. 6a, b). The associated local BCEC1
also  increases,  but  the  increase  is  not  significant  (Fig.  9c).
This may explain why the NPST response to the KEEA varia-
tion near the dateline is not very pronounced.

Accordingly, it can be concluded that both the KE large-
scale variation and KEF meridional shift alter the local SST
and, thus, the surface baroclinicity. Then, the anomalous sur-
face baroclinicity  modifies  the transient  eddy behavior  and
induces  a  local  or  remote  baroclinic  energy  conversion
anomaly, which ultimately results in the formation of NPST
responses  to  these  KE  oceanic  variations.  In  contrast,  the
KEEA induces the remote SSTAs through an oceanic path-
way, which leads to changes in the surface baroclinicity and
baroclinic  energy  conversion,  thus  causing  anomalous
NPST activity. The above results indicate two possible path-
ways  through  which  the  KE  multi-scale  oceanic  variations
can impact the NPST activity.

 5.    Conclusion and discussion

In the present study, we used a statistical method called
GEFA to elucidate the impacts of multi-scale oceanic varia-
tions  of  the  KE  system,  including  its  large-scale  variation,
oceanic front meridional shift, and mesoscale eddy activity,
on NPST activity from the lower to the upper troposphere in
the cold season. We found that the NPST responses to these
oceanic  variations  present  remarkable  differences.  The  KE
large-scale  variation  significantly  weakens  the  storm  track
activity  over  the  central  North  Pacific  south  of  30°N.  The
KEF  meridional  shift  significantly  strengthens  the  storm
track  activity  over  the  western  and  central  North  Pacific
south of 40°N, leading to a southward shift of the NPST. In
contrast,  the  impacts  of  KEEA  variation  on  the  NPST  are
less significant and relatively shallow, only showing some sig-
nificant positive signals near the dateline in the lower and mid-
dle troposphere.

In addition,  we discussed the possible  mechanisms for
the  NPST  responses  to  the  KE  multi-scale  oceanic  varia-
tions,  focusing  on  surface  baroclinicity  and  baroclinic
energy  conversion.  Specifically,  the  negative  SSTAs  in
response to the KE large-scale variation weakens the merid-
ional  SAT gradient  and  thus  the  surface  baroclinicity  over
the  central  North  Pacific  south  of  30°N,  thereby  favoring

the weakened storm track activity observed there. The KEF
northward shift enhances the local surface baroclinicity in a
narrow  band  between  35°  and  38°N,  which  contributes  to
the  downstream  development  of  storm  track  activity  over
the  western  and  central  North  Pacific.  In  contrast,  the
enhanced KEEA induces remote negative SSTAs to the east
of the KOCR, strengthening the surface baroclinicity to the
south,  thus  strengthening  the  storm  track  activity  near  the
dateline.  Furthermore,  to  the  anomalous  baroclinic  energy
conversion  agrees  well  with  the  storm  track  changes  over
these regions. These results indicate two possible pathways
which contribute to the formation of NPST responses to the
KE multi-scale oceanic variations.  The first  progression is:
KE oceanic variation → local surface baroclinicity anomaly
→ local or remote baroclinic energy conversion anomaly →
NPST anomaly, through which both the KE large-scale varia-
tion  and  KEF  meridional  shift  impact  the  NPST  activity.
The  second  pathway  describes  how  the  KEEA  modulates
the NPST activity:  KE oceanic variation → remote SSTAs
→ remote surface baroclinicity and baroclinic energy conver-
sion anomaly → NPST anomaly.

Nevertheless,  we  also  noted  that  the  KE-induced
changes in BCEC2 are generally more significant than those
in  BCEC1  (see Figs.  8, 9).  In  particular,  the  BCEC2
response  to  the  KEEA  variation  shows  significant  signals
extending northeastward from south of Japan to the central
North  Pacific.  In  contrast,  there  are  no  significant  changes
in BCEC1 over these regions.  Therefore,  it  can be inferred
that  the  MAPE  is  not  the  only  source  of  EAPE.  Ma  et  al.
(2015, 2017) pointed out that the EAPE can also be derived
from  diabatic  sources  in  addition  to  the  MAPE  in  a  moist
atmosphere. The moist baroclinic instability is a key factor
that  modulates  the  NPST  response  to  the  KE  mesoscale
SSTAs.  However,  this  mechanism  is  not  considered  here
because it is difficult to diagnose from the observational and
reanalysis  data.  Therefore,  the  reasons  for  the  NPST
responses  to  the  KE  multi-scale  oceanic  variations  should
be  further  checked  and  investigated  using  high-resolution,
coupled ocean-atmosphere models (Liu et al., 2022).

Furthermore, this study only focuses on the atmospheric
synoptic transient eddy activity. However, the intraseasonal
(or  low-frequency)  transient  eddies  are  also  indispensable
for  large-scale  atmospheric  circulation  and  climate  (Dai  et
al., 2021). The impacts of the KE multi-scale oceanic varia-
tions on these eddies are still unknown. Resolving this issue
is important in deepening the understanding of the climatic
effects of the KE system and must be addressed in future stud-
ies.
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