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Abstract
Extratropical cyclones (ETCs) over East Asia and Northwest Pacific are identified and tracked by applying an objective 
algorithm to the 850-hPa relative vorticity fields from the ERA-Interim reanalysis. A total of 2866 ETCs originating at the 
western side of the date line have been identified in the extended November–March winters from 1979 to 2018. The ETC 
tracks are counted and visualized using a hexagonal tessellation rather than the regular longitude–latitude grids. Two gen-
eralized linear models (GLMs), Poisson regression model and Gamma regression model, are firstly applied to investigate 
the associations of wintertime ETCs with three atmospheric teleconnection patterns. The West Pacific (WP) pattern and the 
Pacific/North American (PNA) pattern are more responsible for the meridional variability of ETC activities in the North 
Pacific, while the influence of the Polar/Eurasia pattern on ETC activities is negligible. Results of composite analysis are 
qualitatively consistent with that of regression analysis. Composite maps of differences of jet stream, thermal gradient and 
mid-tropospheric baroclinicity in the positive and negative phases of teleconnection patterns also support the close associa-
tions of ETC activities with WP and PNA teleconnection patterns.
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1  Introduction

Extratropical cyclone (ETC), also called wave cyclone or 
midlatitude cyclone, is a type of storm system in middle or 
high latitudes transporting huge amounts of moisture and 
energy poleward to reduce the meridional temperature gra-
dient (Zhang and Rossow 1997; Chang et al. 2002). The 
passage of ETC is usually associated with strong winds, 
excessive precipitation, and temperature changes (Rai-
ble 2007; Ulbrich et al. 2009; Hawcroft et al. 2012; Catto 

2016). Because of their large impact on global circulation 
and hydrological cycle, ETCs have been the focus of weather 
forecast and weather understanding for a long time (Ulbrich 
et al. 2009; Lee et al. 2012).

A preliminary study on ETC climatology includes but 
not limited to the basic properties such as genesis, lysis, 
frequency and intensity etc. Both historical and projected 
changes of ETCs are important research themes (Ulbrich 
et al. 2009; Pinto et al. 2013; Tamarin-Brodsky and Kaspi 
2017; Lee et al. 2020). Many recent studies showed the evi-
dence of trend and variability in cyclone activity revealed by 
the reanalysis datasets and the ensemble of Global Climate 
Models (GCMs) (Ulbrich et al. 2009 and references therein; 
Tamarin-Brodsky and Kaspi 2017). Naturally, climatologists 
were also prone to explain these variabilities from the view 
of climate teleconnections like the North Atlantic Oscilla-
tion (NAO), the Pacific Decadal Oscillation (PDO) and El 
Niño-Southern Oscillation (ENSO), because these telecon-
nection patterns might influence the development, move-
ment and lysis of ETCs (Eichler and Higgins 2006; Wang 
et al. 2006; Plante et al. 2015; Reboita et al. 2015; Lee et al. 
2012; Varino et al. 2019). Conversely, ETCs could be also 
seen as perturbations of the large-scale atmospheric flow 
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on synoptic or subsynoptic scales that exert influence on 
these large-scale flow patterns (Zhu et al. 2007; Pinto et al. 
2009). Gulev et al. (2001) pointed out that the relationship 
between cyclones and climate patterns was not fixed and 
unchangeable. Lee et al. (2012) showed that the cyclone 
activity over North Pacific was well correlated with the PDO 
before 1980s, but the correlation became weaker afterward.

Statistics is an efficient way to describe the climatic prop-
erties of cyclones and revealing the underlying mechanisms 
of variability of cyclone activity (Elsner and Villarini 2011). 
Generally, cyclone activities could be indicated based on 
either cyclone tracks or eddy variance statistics (Gulev et al. 
2001; Lee et al. 2012; Chang and Yau 2016; Xie et al. 2019). 
Relatively speaking, cyclone tracks can give more informa-
tion about the lifecycle of ETC from initiation, mature, 
decay and lysis (Varino et al. 2019). The relations between 
teleconnection patterns and cyclone activities could be ana-
lyzed via correlation analysis or composite analysis (Gulev 
et al. 2001; Lee et al. 2012; Plante et al. 2015; Reboita et al. 
2015; Xie et al. 2019). Moreover, the links between cyclone 
activity and teleconnection patterns could also be analyzed 
using the regression model (Mailier et al. 2006; Vitolo et al. 
2009; Hunter et al. 2016). The occurrence of ETC in time 
could be modeled by a stochastic point process (Mailier et al. 
2006), and the real process was more clustered than random. 
This serial clustering is of particular concern in evaluating 
the cumulative risk of wind storms (Pinto et al. 2014; Hunter 
et al. 2016). Franzke et al. (2020) hypothesized that the 
serial clustering might be an intrinsic property of nonlinear 
dynamics and an imprint of scaling. Then, an inhomogene-
ous Poisson process or a fractional Poisson process could be 
more qualified for describing serial clustering (Mailier et al. 
2006; Franzke 2013; Blender et al. 2015, 2017).

Serial clustering of ETCs has been analyzed from a sta-
tistical perspective, although the research about the physical 
drivers of clustering is still ongoing (Katz 2002; Mailier 
et al. 2006; Vitolo et al. 2009; Hunter et al. 2016). Mailier 
et al. (2006) developed a Poisson regression model for the 
ETC count in North hemisphere to assess the association 
with large-scale flow patterns. Vitolo et al. (2009) fitted 
the intense cyclones in Europe using the similar Poisson 
regression model and found that intense ETCs were more 
clustered. Hunter et al. (2016) investigated the correlations 
between frequency and intensity of wintertime ETCs over 
North Atlantic by regressing ETC count and intensity on tel-
econnection indices with Poisson and linear models, respec-
tively. The ETC intensity was usually measured based on 
either mean sea level pressure (SLP) or relative vorticity 
(Ulbrich et al. 2009). Therefore, Gamma regression model 
is better than linear regression for modeling positive ETC 
intensity (Seierstad et al. 2007). Both Poisson regression 
and Gamma regression belong to the family of generalized 
linear model (GLM), where the response variable follows 

non-normal distributions and is indirectly related to the lin-
ear combination of predictors (Dobson 1990).

In the Northern Hemisphere, ETCs are mostly active 
over the North Atlantic (NA) and the North Pacific (NP), as 
well as the Asian continent and the Mediterranean region 
(Hoskins and Hodges 2002; Ulbrich et al. 2009). Over East 
Asia and Northwest Pacific, ETCs are key factors of regional 
climate system, particular in the autumn and winter (Yoshida 
and Asuma 2004; Iwao et al. 2012).The climatic properties 
of East Asian ETCs have been well documented in previous 
studies (Chung et al.1976; Whittaker and Horn 1984; Chen 
et al. 1991; Adachi and Kimura 2007; Zhang et al. 2012; 
Lee et al. 2020), and the major cyclogenesis regions range 
from Mongolia and East China to the Pacific coast (Wang 
et al. 2009; Zhang et al. 2012; Xie et al. 2019). The leeward 
terrain contributed to the cyclogenesis of continental ETCs 
over East Asia, while Kuroshio Current contributed to the 
cyclogenesis of oceanic ETCs (Zhang et al. 2012; Chen et al. 
2014; Lee et al. 2020). ETCs originating in East Asia usually 
enter the Northwest Pacific and intensify as explosive ETCs, 
because Northwest Pacific is on the left of the outlet of the 
upper level jet (Zhang et al. 2012).

Previous studies showed that both oceanic and atmos-
pheric teleconnections more or less accounted for the vari-
ability of ETC activity. Chang and Fu (2002) showed that the 
North Pacific cyclone activity was significantly correlated 
with the PDO index. Specifically, a northeastward shift of 
the North Pacific storm tracks in the negative phase of PDO 
could be explained by the increased sea surface tempera-
ture (SST) increased on the northern side of North Pacific 
basin (Barton and Ellis 2009). The associations of the 
North Pacific storm track with ENSO were also mentioned 
in Orlanski (2005) as well as Eichler and Higgins (2006). 
Gulev et al. (2001) found that the eastern Pacific cyclone 
activity was once largely linked with the Pacific/North 
American (PNA) teleconnection pattern. Pinto et al. (2011) 
showed the meridional shift of Pacific cyclone activity in 
different phases of PNA based on a multi-century coupled 
global circulation model (CGCM) simulation. Mailier et al. 
(2006) pointed out that a single teleconnection pattern was 
not sufficient for explaining the variability of cyclone fre-
quency. Seierstad et al. (2007) identified PNA as the domi-
nant factor for controlling North Pacific storminess. To our 
best knowledge, the associations of multiple atmospheric 
teleconnections with wintertime extratropical cyclones over 
East Asia and Northwest Pacific have not been investigated 
based on GLMs.

It has been verified that there is obvious spatial variability 
in the relationship between large-scale teleconnections and 
ETC activity (Plante et al. 2015; Hunter et al. 2016). When 
cyclone tracks were used to define storm activity, the time 
series of cyclone count was constructed in either a spatially 
implicit or explicit way. For the spatially implicit way, the 
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time series is actually the basin-wide count of cyclones 
(Katz 2002; Kozar et al. 2012). Thus, the zonal and meridi-
onal variations in the location and intensity of ETCs could 
not be properly reflected. Alternatively, the study area could 
be discretized using the regular latitude and longitude grids 
or hexagonal grids. At each grid point only cyclones pass-
ing within a few hundred kilometers radius circle (Pinto 
et al. 2014; Economou et al. 2015) or transiting across the 
local meridian within ±10◦ of latitude from the grid point 
(Mailier et al. 2006; Vitolo et al. 2009; Hunter et al. 2016) 
were considered as the local cyclone counts. Elsner et al. 
(2012a) proposed to discretize the study area using equal 
area hexagons, and the spatial climatology of cyclones could 
be presented (Elsner et al. 2012b; Fraza and Elsner 2014; 
Trepanier et al. 2015). Then the cyclone data as a temporal 
sequence of points over space could be easily linked with 
climate information given in the form of field data based on 
all kinds of statistical models (Elsner et al. 2012a).

The major objective of this study is to reveal the statistical 
associations of three atmospheric teleconnections with win-
tertime extratropical cyclones over East Asia and Northwest 
Pacific. An automated tracking algorithm is firstly used to 
identify and track ETCs in the extended winters during the 
period 1979–2018. Two GLMs, Poisson regression model 
for ETC counts and Gamma regression model for ETC inten-
sities, are created to link ETC activities and atmospheric tel-
econnections. Unlike previous studies, the ETC statistics, i.e. 
ETC counts and ETC intensities, are computed based on the 
framework of hexagonal tessellation rather than the regular 
longitude–latitude grids. In addition, the influences of these 
three atmospheric teleconnections on ETC activities are also 
assessed via composite analysis. The following sections are 
organized as follows. Data and methods are described in 
Sect. 2. The results are presented and discussed in Sect. 3. 
Finally, the paper ends with a brief conclusion in Sect. 5.

2 � Data and methods

2.1 � Data

The European Centre for Medium range Weather Forecasts 
(ECMWF) reanalysis data (ERA-Interim for 1979–2018), 
with a 0.75° × 0.75° horizontal resolution and 6-h time 
interval are used for automated ETC identification and 
tracking (Dee et al. 2011). The choice of the ECMWF 
reanalysis is due to its finer spatial resolution. The reli-
ability of ERA-Interim reanalysis for ETC tracking was 
also verified in Chang and Yau (2016). The extended win-
ter seasons lasting November–March (NDJFM) is adopted 
instead the conventional December–February (DJF) winter 
season in order to avoid missing the cyclones that occur 

in the autumn and early spring (Mailer et al. 2006; Hunter 
et al. 2016). October is excluded either, because tropical 
cyclones are still active in October over Northwest Pacific 
(Yonekura and Hall 2011).

To evaluate the influence of large-scale atmospheric 
flow on ETC activities, three atmospheric teleconnection 
patterns, which are particularly relevant for the East Asia 
and Northwest Pacific region and active in winter season, 
are chosen for statistical analysis. The three teleconnection 
patterns are specifically the West Pacific (WP) pattern, 
the Pacific/North American (PNA) pattern, and the Polar/
Eurasia (PEA) pattern. The standardized 3-month running 
mean value of the three indices are provided by NOAA 
Center for Weather and Climate Prediction. These indices 
are mutually uncorrelated by construction, which makes 
them particularly suitable for use as explanatory variables 
in regression analysis (Mailer et al. 2006).

2.2 � ETC identification and tracking

The relative vorticity fields at 850-hPa pressure level 
within the region 20° N–60° N, 60° E–120° W are used to 
identify and track wintertime ETCs based on the Lagran-
gian tracking algorithm (Hoskins and Hodges 2002). The 
relative vorticity (RV) is advantageous, because it allows 
for the early detection of weak and less organized ETCs 
(Hoskins and Hodges 2002; Lee et al. 2020). Flaounas 
et al. (2014) provided an efficient realization of this algo-
rithm including two independent steps. The first step is 
devoted to the identification of the cyclone centers, which 
are combined into a cyclone track in the second step. This 
identification and tracking algorithm perform well in com-
parison with other techniques using 1000-hPa geopoten-
tial height or Minimum sea-level pressure (Flaounas et al. 
2014). Firstly, only ETCs originating at the western side of 
the date line are kept for further statistical analysis in line 
with the study area of the paper, East Asia and Northwest 
Pacific. ETCs that affect the west coast of Canada and 
USA deserve another independent research in future work. 
The spurious paths of cyclones moving upstream/westward 
over five longitude degrees or having a lifetime less than 
24 h are eliminated for the purpose of getting rid of local 
warm season thermal lows (Wang et al. 2009; Zhang et al. 
2012) and some tropical cyclones moving westward (Zhu 
et al. 2000).

In this study, RV at 850-hPa pressure level is used as 
the metric of ETC intensity. RV has also been used as 
the cyclone intensity measure in some previous studies 
on extratropical cyclone risk, because it is less influ-
enced by the background state on smaller spatial scales 
(Mailier et al. 2006; Vitolo et al. 2009; Hunter et al. 2016). 
The temporal resolution of the extracted ETCs was 6-h 
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identical to that of the ERA-Interim reanalysis data (Dee 
et al. 2011).

2.3 � Spatial grid

The spatial framework proposed by Elsner et al. (2012a) 
was adopted for statistical analysis and modeling of ETCs. 
The framework consists of a tessellation of the East Asia 
and Northwest Pacific using equal-area hexagons. First, the 
geographic coordinates of the ETC centers are projected 
onto a Lambert conformal conic projection (true at 30° and 
60° N and centered at 160° E) planar coordinate system. 
Next, a rectangular domain that encompasses the ETC tracks 
is gridded into equal-area hexagons. The size of the hexa-
gons should be carefully selected, so that the grids are large 
enough to have a sufficient number of ETC samples, while 
being small enough that local variations are still meaning-
ful (Elsner et al. 2012a; Trepanier et al. 2015). With the 
hexagonal grids, the spatial patterns of ETC tracks could be 
presented and visualized.

2.4 � Statistical analysis

By defining a cyclone crossing any hexagon as an “event” 
and n as the number of events in any calendar month, then n 
could be modeled with a discrete Poisson distribution:

If the rate parameter � is constant, the above point process 
is the simplest homogeneous Poisson process. Otherwise, a 
time-varying rate �t corresponds to an inhomogeneous Pois-
son process, and the subscript t is the month index. Then, the 
monthly ETC counts n could be modeled using the Poisson 
regression with the log-link function:

Equation (2) means that the monthly ETC count n , condi-
tional on a linear predictor � , is Poisson distributed. Follow-
ing Mailier et al., (2006), the seasonality is also considered 
in Poisson regression by including four binary indictor vari-
ables xt from December to March, while the fifth indictor 
for December is redundant and ignored. zk is the monthly 
index of the teleconnection patterns (WP, PNA, and PEA). 
The coefficients �t and �k are estimated using the Maximum 
likelihood estimation method, and the regression coefficients 

(1)P(n = x) =
�xe−�

x!
, x = 0,1, 2,⋯

(2)n|� ∼ Poisson(�)

(3)log(�) = �0 +

4∑

t=1

�txt +

3∑

k=1

�kzk

deviating from zero at 5% statistically significance level is 
indicated based on the t-test.

The continuous Gamma distribution is flexible for mod-
eling positively distributed values of different shapes. Like 
Seierstad et al. (2007), the ETC intensity in any hexagon is 
modeled using the Gamma regression model. The monthly 
ETC intensity y in any hexagonal grid can be related to the 
teleconnection indices using the following GLM:

Equation (4) means that the monthly ETC intensity, condi-
tional on � and � , is Gamma distributed. The shape parameter 
� is usually assumed to be constant for simplicity. The inter-
pretations of all coefficients and parameters on the right side of 
Eq. (5) are identical to those in Eq. (3). The coefficients �t and 
�k are also estimated using the Maximum likelihood estima-
tion method, and the statistical significance is determined by 
using likelihood test.

The influences of atmospheric teleconnection patterns 
on ETC activities are also examined by composite analysis. 
Specifically, twenty of the most/least active WP months are 
selected as positive/negative phases (denoted as WP+ and 
WP−), respectively. Then, the differences of ETC track densi-
ties or intensities are presented in the opposite phases of these 
teleconnection patterns. Similar composite analyses are also 
done for PNA and PEA patterns. Additionally, the large-scale 
environmental factors causing the differences of ETC activities 
are also investigated using composite analysis. Previous stud-
ies showed that an upper-level jet stream and a low-level baro-
clinicity accounted for the development of ETCs (Plante et al. 
2015; Varino et al. 2019; Lee et al. 2020), and the meridional 
temperature gradient was closely related to the baroclinic Eddy 
activity (Hoskins and Hodges 1990). Therefore, the composite 
maps for differences of zonal wind at 300-hPa pressure level 
(U300), mean temperature at 850-hPa pressure level, and the 
Eady growth rate in the opposite phases are also created to 
further reveal the influences of atmospheric teleconnections 
on ETC activity. The Eady growth rate ( � ) is defined as:

where U is the zonal wind ( m∕s ), Z is the geopoten-
tial height ( m ), f  is the Coriolis parameter, and N is the 
Brunt–Väisälä frequency representing atmospheric static sta-
bility. The computation of � is based on the zonal wind and 
the potential temperature at 500- and 850-hPa pressure levels.

(4)y|�, � ∼ Gamma(�, �)

(5)log(�) = �0 +

4∑

t=1

�txt +

3∑

k=1

�kzk

(6)� = 0.31f |�U∕�Z|N−1
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3 � Results

We have identified 2866 ETCs totally in the extended winter 
seasons (NDJFM) from 1979 to 2018 over East Asia and 
Northwest Pacific. The whole study area was gridded using 
the hexagonal tessellation network, and different hexagon 
sizes have also been tested to balance the hexagon numbers 
and per hexagon ETC counts. The final hexagonal tessella-
tion network consists of 660 hexagons, and the area of each 
hexagon is 149 × 103 km2 . For the purpose of comparing 
different ETC counting methods mentioned in Introduction, 
the spatial patterns of ETC numbers estimated based on the 
regular longitude–latitude grids are also provided as sup-
plementary materials.

Figure 1 shows the estimated coefficients in the Poisson 
regression model for monthly ETC counts using the maxi-
mum likelihood estimation method. Statistical significance 

is determined with a t-test at the 5% significance level. The 
relationship between WP and ETC counts is clear over East 
Asia and Northwest Pacific, and the estimated coefficients 
are statistically significant in many hexagons. The positive 
WP phase is associated with the increasing in ETCs over 
North Pacific and central Japan, while the negative WP 
phase is associated with the decreasing of ETCs at the south 
edge of the ETC tracks, Northeast China and the Japan Sea 
(Fig. 1a). The PNA coefficient is statistically significant for 
ETC counts over North Pacific. From Fig. 1b, we find that 
the positive phase of the PNA is associated with an increase 
of ETC counts at the southern side of ETC tracks showing 
zonal distribution from southwest of Japan to the west coast 
of North America. Hexagons with negative PNA coefficients 
are mainly distributed around Aleutian Islands indicting 
a decrease in ETC counts in the negative phase of PNA 
(Fig. 1b). Statistically significant association between PEA 
and ETC counts has only been detected in a few hexagons 

Fig. 1   Slope estimates from a Poisson regression of monthly ETC 
count (unit: ETC per month per hexagon), on a the West Pacific pat-
tern, b the Pacific/North American pattern, and c the Polar/Eurasia 

pattern. The symbol “+” indicates that the estimated slope is signifi-
cantly different from zero at the 5% significance level, according to a 
t-test
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(Fig. 1c). The differences of ETC counts between the posi-
tive and the negative phases of WP, PNA, and PEA patterns 
are plotted in Fig. 2. Positive/negative value indicates more 
ETCs in the positive/negative phase of teleconnection pat-
terns. Statistical significance is determined with a nonpara-
metric Wilcoxon test at the 5% significance level. Figure 2a 
clearly illustrated the WP-related meridional variability of 
ETC tracks over North Pacific, where ETC tracks are prone 
to shift northward in the positive phase of WP but shift 
southward in the negative phase. This result is basically in 
line with that revealed by the Poisson regression presented 
in Fig. 1a. The influence of PNA on ETC activity over North 
Pacific is almost opposite to that of WP, and the meridional 
variability of cyclone tracks is also very significant (Fig. 2b). 
The composite analysis also reveals that there is significant 
difference of ETC counts in positive and negative phases of 
PEA over East China Sea, Korean Peninsula and south Japan 
Sea indicting the influence of PEA on ETC activity in this 

region (Fig. 2c). In other regions, the influence of PEA is 
not statistically significant.

The influence of the three teleconnection patterns on the 
cyclone intensity revealed by Gamma regression is shown in 
Fig. 3. The positive phase of WP is associated with increased 
storminess over North Pacific ranging from the Kamchatka 
Peninsula to the west coast of North America (Fig. 3a), 
which is consistent with the association of WP pattern with 
ETC counts shown in Fig. 1a. However, the association of 
WP with ETC intensity in other regions is not significant. 
This result means that the cyclone frequency and cyclone 
intensity are not always positively correlated. The spatial 
patterns of PNA coefficients in Gamma regression and 
Poisson regression are similar (Figs. 1b, 3b). Analogously, 
no significant influence of PEA on ETC intensity has been 
detected over East Asia and Northwest Pacific (Figs. 1c, 
3c). Figure 4 presents the differences of ETC intensity 
between the positive and negative phases of WP, PNA, 

Fig. 2   Difference of the average of ETC count (unit: ETC per month 
per hexagon) in the 20 months with highest/lowest (±) teleconnection 
indices. The symbol “+” in each hexagon indicates that the difference 

is significantly different in positive/negative phases at the 5% signifi-
cance level, according to a nonparametric Wilcoxon test
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and PEA patterns. Positive/negative value indicates more 
intense ETCs in the positive/negative phase of teleconnec-
tion patterns, and hexagons with too few ETC samples are 
neglected. Statistical significance is also determined with a 
nonparametric Wilcoxon test. Figure 4a shows that the posi-
tive phase of WP leads to increased cyclone intensity to the 
north of 40° N, and significant associations are only located 
in a few hexagons. The north–south shift of ETC tracks in 
the positive and negative phases of PNA has also identified 
in Fig. 4b. The influence of PEA on ETC intensity is not 
obvious either according to the composite analysis (Fig. 4c), 
and significant coefficients are only located in four hexagons.

4 � Discussions

Large-scale atmospheric teleconnection is a reflection of 
internal atmospheric dynamics and also strongly influences 
regional weather system such temperature, precipitation, 
storm tracks, and jet stream location/ intensity (Ulbrich et al. 
2009; Franzke et al. 2020). Barnston and Livezey (1987) 
identified ten teleconnection patterns that described the 
state of the large-scale flow for the Northern Hemisphere. 
These teleconnection indices are mutually uncorrelated by 
definition, making them useful as a basis for explanatory 
variables in regression models (Mailier et al. 2006). The 
relationships between cyclones and large-scale atmospheric 
teleconnection patterns are intensive and interactive (Ulbrich 
et al. 2009). In this study, three teleconnections (WP, PEA, 
and PNA), which are important modes of variability in the 
winter months over East Asia and Northwest Pacific, are 

Fig. 3   Slope estimates from a Gamma regression of monthly ETC 
intensity (unit: 105 × s−1 ), on a the West Pacific pattern, b the Pacific/
North American pattern, and c the Polar/Eurasia pattern. The symbol 

“+” indicates that the estimated slope is significantly different from 
zero at the 5% significance level, according to a likelihood ratio-test
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considered (Fig. 5). Both cyclone counts and intensities 
have been regressed on the three time-varying teleconnec-
tion indices with two GLMs, Poisson regression and Gamma 
regression. In general, the influences of these three telecon-
nection patterns on ETC activity revealed by the regression 
analysis and composite analysis are qualitatively consistent 
(Figs. 1, 2, 3, 4).

The WP teleconnection pattern can be identified from the 
geopotential height anomaly field existing throughout the 
year (Barnston and Livezey 1987), which is characterized 
by a dipole in the geopotential height field in the western 
sector of North Pacific with negatively correlated centers 
in the mid-latitude and subtropics (Fig. 5a, b). In this study, 
both the regression analysis and composite analysis con-
firm that the meridional variability of ETC frequency and 
intensity are related to the WP teleconnection pattern. This 
finding is in a qualitative agreement with that presented by 

Seierstad et al. (2007). Unlike tropical cyclones, ETCs get 
their energy from the jet stream and from temperature dif-
ferences between cold, dry air masses from higher latitudes 
and warm, moist air masses from lower latitudes. Previous 
studies also showed that strong positive or negative phases 
of WP pattern reflected pronounced zonal and meridional 
variations in the location and intensity of the entrance region 
of the North Pacific jet (Choi and Moon 2012). The meridi-
onal variability of North Pacific jet for the two WP phases 
can be revealed by the difference of zonal wind at 300-hPa 
pressure level. We find that in the positive WP phase, the jet 
is located more to the north, but in the negative phase, the 
jet is located more to the south (Fig. 6a). It indicates that 
both North Pacific jet and ETC activity are closely related 
to WP. In addition, we plot the difference of mean tempera-
ture at 850-hPa pressure level; because the mid-tropospheric 
baroclinicity is also related to the meridional temperature 

Fig. 4   Difference of the average of ETC intensity (unit: 105 × s−1 ) 
in the 20 months with highest/ lowest (±) teleconnection indices. 

The symbol “+” in each hexagon indicates that the difference is sig-
nificantly different in positive/negative phases at the 5% significance 
level, according to a nonparametric Wilcoxon test
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gradient and in turn influencing cyclone activity (Lee et al. 
2012). We find that the mean temperature over North Pacific 
significantly decrease to the north of about 45° N over North 
Pacific in the positive phase of WP, which means the latitu-
dinal gradient of the mean temperature is enhanced in this 

area (Fig. 6b). This indicates that the enhanced meridional 
thermal gradient probably accounts for the increase of ETC 
frequency and intensity over North Pacific in the positive 
phase of WP. Finally, the difference of Eady growth rate 
for the two phases of WP is plotted in Fig. 6c indicting the 

Fig. 5   Composite of geopoten-
tial height anomalies at 850-hPa 
pressure level in the 20 months 
with highest/ lowest (±) tel-
econnection indices
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consistence of large-scale baroclinicity and cyclone activity. 
This consistence again confirms the association of WP and 
ETC activity over East Asia and Northwest Pacific.

The PNA teleconnection pattern is one of the leading 
patterns of Northern Hemisphere mid-latitude variability 
(Barnston and Livezey 1987; Franzke et al. 2011). Its posi-
tive phase features above-average geopotential heights near 

Hawaii and over the intermountain region of North America, 
and below-average heights located south of the Aleutian 
Islands and over the southeastern United States and the Gulf 
of Mexico (Fig. 5c, d). Previous studies showed that the PNA 
pattern was largely responsible for the north–south displace-
ment of cyclone tracks in the eastern Pacific (Gulev et al. 
2001; Mailier et al. 2006; Seierstad et al. 2007). Figure 7 

Fig. 6   Difference of the zonal 
wind at 300-hPa pressure level 
(U300), mean temperature at 
850-hPa pressure level and 
Eady growth rate between the 
positive and negative phases of 
WP pattern. Solid lines indicate 
positive values, while dashed 
lines indicate negative values. 
Shaded areas represent the 
difference significant at the 5% 
significance level
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shows the differences of U300, mean temperature at 850-hPa 
pressure level, and the mid-tropospheric Eady growth rate 
in the two phases of PNA. The enhanced jet stream, thermal 
gradient, and mid-tropospheric baroclinicity are responsible 
for the increase of ETC activity in the positive phase of PNA 
in the central North Pacific.

The PEA teleconnection pattern is associated with 
fluctuations in the strength of the circumpolar circulation 
(Barnston and Livezey 1987). Its positive phase consists 
of negative geopotential height anomalies over the polar 
region but positive geopotential height anomaly over 
northeast Asia (Fig. 5e). This positive geopotential height 
anomaly is associated with positive temperature anomaly, 

Fig. 7   Same as Fig. 6, but for 
the PNA pattern



2090	 M. Gao et al.

1 3

enhanced jet stream and baroclinicity (Fig. 8). However, 
no significant difference of ETC activity has been detected 
in this region (Figs. 1, 2, 3, 4). It is concluded that PEA 
has negligible influence on ETC activity over East Asia 
and Northwest Pacific.

In this study, we only focus on our attention on the 
influence of three atmospheric teleconnection patterns 

on ETC activities. These three teleconnection indices are 
mutually uncorrelated and suitable for regression analy-
sis. Eichler and Higgins (2006) and Orlanski (2005) have 
reported the influences of ENSO on the variations of the 
North Pacific storm tracks. However, the ENSO telecon-
nection pattern was not included in the regression model 
to avoid the problem of collinearity in the two regression 

Fig. 8   Same as Fig. 6, but for 
the PEA pattern
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models. An independent investigation on the influence of 
ENSO or PDO will be presented in future.

5 � Summary

In this study, the ETC tracks over East Asia and Northwest 
Pacific were firstly extracted from the ERA-Interim reanaly-
sis data for 40 consecutive extended winters (from Novem-
ber to March) in 1979–2018. The identification and track-
ing algorithm are based on the maxima of 850-hPa pressure 
level RV that allow better cyclone detection (Mailier et al. 
2006; Flaounas et al. 2014). The ETC tracks are counted 
and visualized using a hexagonal tessellation rather than 
the commonly used regular longitude–latitude grids (Els-
ner et al. 2012a).

Based on the hexagonal tessellation, the associations of 
wintertime ETCs with three atmospheric teleconnection 
patterns are firstly investigated using two GLMs, Poisson 
regression and Gamma regression. GLMs are flexible to han-
dle the serial clustering of ETC counts and non-Gaussian 
distribution of ETC intensity. Both the regression analysis 
and composite analysis indicated that ETC counts and inten-
sities were prone to related to WP and PNA, while the influ-
ence of PEA on ETC activities was weaker. The meridional 
variability of ETC activities in positive and negative phases 
could be partly explained from the view of jet stream, ther-
mal gradient and mid-tropospheric baroclinicity.
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