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A B S T R A C T

We examined the significant increase in extratropical cyclone (ETC) peak occurrences over the marginal seas of 
the Western North Pacific and their vicinities (ETC-peak area) during early spring after 2000, and analyzed the 
contributing factors. We defined the pre- and post-2000 periods to represent the two decades before and after 
2000, respectively. A composite analysis comparing the two periods indicated that a negative sea level pressure 
(SLP) anomaly was located over the ETC-peak area during the post-2000 period, creating favorable conditions for 
enhanced cyclone development.

Particularly, the increase in negative SLP anomaly over the northwestern sector, together with positive SLP 
anomalies strengthening in the North Pacific south of the Aleutian Islands, led to an increased SLP gradient along 
the corridor from the southeastern coast of the Japan archipelago to the Kamchatka Peninsula. This enhanced 
gradient facilitated the advection of warm, moist air from the southeast, resulting in the increased temperature 
gradient and, thereby, enhancing baroclinicity and westward tilting of geopotential height, and creating a 
favorable environment for cyclone development over the region, which was not observed during the pre-2000 
period. We further examined correlations between various large-scale climate indices and the ETC-peak fre
quency. In contrast, during the post-2000 period, the ETC-peak occurrence exhibited significant correlations with 
the Western Pacific (WP) and Pacific Decadal Oscillation (PDO) indices. Specifically, an increase (decrease) in 
ETC-peak occurrence is associated with the positive (negative) phase of the WP and the negative (positive) phase 
of the PDO. While the WP index does not exhibit a long-term trend, the PDO index showed a clear decreasing 
trend with negative values in most years during the post-2000. Therefore, although the WP appears to have 
influenced interannual variability of ETC activity over the region, the PDO-driven background-state changes 
likely played a substantial role in the observed increase in ETC-Peak occurrence during the post-2000 period.

1. Introduction

The region encompassing the marginal seas of the northwestern 
Pacific, such as the Sea of Okhotsk, East Sea/Sea of Japan, and Yellow 
Sea, and their adjacent areas, including the Kamchatka Peninsula, 
Korean Peninsula, Japanese Archipelago, Kuril Islands, and the region of 
the Kuroshio current, represents the interface between the eastern 
Eurasian continent and the northwestern Pacific (Fig. S1). This region is 
characterized by strong seasonal monsoonal events (e.g., Lau and Li, 

1984). That is, during the cold seasons, relatively cold, dry air masses 
originating from the Eurasian continent interact with warm, moist air 
influenced by the seawater of the northwestern Pacific, producing strong 
baroclinicity. Consequently, the generation and development of extra
tropical cyclones (ETCs) are active in this area. Also, heat and moisture 
fluxes released into the atmosphere through ocean–atmosphere in
teractions in this region are crucial for the global atmospheric energy 
and moisture budgets. From an energy perspective, the vigorous con
version of eddy potential energy into eddy and zonal-mean kinetic 
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energies leads to the presence of one of the strongest upper-tropospheric 
jet streams in the Northern Hemisphere, the East Asian jet (e.g., Lorenz, 
1955). On the other hand, during the warm season, the influence of the 
North Pacific High (NPH) often results in extreme heat events. In early 
summer, the northward expansion of the NPH establishes a Baiu/ 
Changma/Meiyu stagnant front over the region, producing a prolonged 
rainy season accompanied by persistent heavy precipitation, sometimes 
lasting for approximately a month depending on the location (e.g., Hong 
and Ahn, 2015). From late summer to autumn, typhoons that develop 
over the Western North Pacific (WNP) often pass through the region or 
undergo an extratropical transition, occasionally causing substantial 
damage (e.g., Emanuel, 2005). Furthermore, during spring, ETCs orig
inating from inland regions, such as China and Mongolia, frequently 
transport Asian dust, affecting the region (e.g., Chun et al., 2001). Thus, 
this meteorologically dynamic zone exhibits a wide range of atmo
spheric phenomena throughout the year and holds substantial climato
logical significance.

In early spring, in particular, this region experiences highly variable 
weather owing to the combined effects of several contrasting air masses 
and forcings: warm and dry migrating anticyclones originating from the 
Yangtze River basin; cold and dry air intruding southward from Siberia/ 
Mongolia; cold and wet air masses sourced from the Sea of Okhotsk and 
the Kamchatka region; and hot and humid air extending from the WNP 
(Kim and Ahn, 2024). Spring is a transitional period marked by the 
retreat of continental cold air masses and the expansion of warm marine 
air masses from a large-scale perspective, during which ETC passages 
across the region reach their climatological maximum (e.g., Fu et al., 
2014; Gao et al., 2025). ETC activity during spring is of great socio
economic importance, particularly for agriculture and hydrology, to 
countries within and adjacent to this region (Okajima et al., 2025). ETCs 
that develop or pass through this region often intensify into strong 
systems accompanied by heavy precipitation and severe winds in spring. 
Fu et al. (2014) argued that this tendency is driven by pronounced 
temperature gradients between the continent and ocean as well as 
vigorous air–sea interactions. Recently, Okajima et al. (2025) investi
gated the mechanisms responsible for the springtime peak in the 
cyclogenesis of so-called Kuroshio cyclones, which form over southern 
China and the East China Sea and subsequently propagate along the 
Kuroshio Current.

Zhang et al. (2022) investigated explosive ETCs, which are defined as 
cyclones with a central pressure deepening of at least 24 hPa within 24 
h, across the East Sea/Sea of Japan and the Kuroshio Extension. Their 
findings indicate that ETCs over the Kuroshio Extension peak in early 
spring (March) and exhibit higher deepening rates, lower central pres
sures, and longer lifespans than those over the East Sea/Sea of Japan. 
Yamashita et al. (2012) examined the activity of an explosive ETC 
around the East Sea/Sea of Japan, and found that explosive cyclone 
tracks concentrate around the Kuroshio Current off the Pacific coast of 
Japan and the East Sea/Sea of Japan when the East Asian winter 
monsoon is strong. Gao et al. (2022) compared the initial development 
of explosive and nonexplosive ETCs off the East Asian coast. The study 
illustrated that despite the importance of diabatic processes in the 
deepening of mid-latitude cyclones emphasized by many studies, the 
potential vorticity intrusion dominated by cold air masses is the key 
cause of explosive cyclogenesis in this region. Zhang et al. (2019)
investigated the interannual variability of cyclones generated over the 
eastern Asian continent and that pass over the Yellow, Bohai, and East 
China Seas (YBE cyclones) in spring for the period 1979–2017 and found 
that the number of YBE cyclones exhibited significant interannual 
variability over a period of 4–5 years. From the analysis, they argued 
that rapidly developing cyclones are related to sea surface temperature 
anomalies and atmospheric baroclinicity from Lake Baikal to the East 
Sea/Sea of Japan, and that slowly developing cyclones seem to be 
related to the North Atlantic Oscillation (NAO) in the preceding winter. 
Meanwhile, Kuwano-Yoshida and Asuma (2008) conducted numerical 
simulations of explosive ETCs occurring in the Northwest Pacific using 

the MM5 model. Through these experiments, they demonstrated that the 
interaction between strong low-level baroclinicity and large-scale latent 
heat release from the ocean is essential for the rapid intensification of 
these cyclones. Overall, previous studies indicate that the development 
of both explosive and non-explosive ETCs over the region is primarily 
governed by a combination of enhanced low-level baroclinicity, air–sea 
heat and moisture fluxes, upper-level potential vorticity intrusions 
associated with cold-air outbreaks, and large-scale modes of variability 
such as the North Atlantic Oscillation.

Owing to the availability of satellite passive microwave remote- 
sensing data, variations in the extent of sea ice have been relatively 
well documented since 1979 (Vihma, 2014). Numerous studies have 
discussed the relationship between sea ice and various meteorological 
and climatic variabilities in the Northern Hemisphere (e.g., Budikova, 
2009; Bader et al., 2011; Vihma, 2014). Several studies suggested that 
sea ice loss in the Sea of Okhotsk in winter and spring results in increased 
cyclogenesis, which strengthens the North Pacific storm track (Kamae 
et al., 2023; Kamae and Yokota, 2025; Mesquita et al., 2013). Honda 
et al. (1996, 1999) suggested that sea ice anomalies in the Sea of 
Okhotsk generate a stationary wave train response with far-reaching 
downstream effects. Screen (2013) also proposed that the prevailing 
low over the North Pacific, together with sea ice loss in Hudson Bay and 
the Labrador Sea, generates a stationary wave train. Wu et al. (2013)
insisted that the wave train subsequently induces a prevailing low over 
the Northeast Atlantic and British Isles from May to June. Overall, these 
studies demonstrate that sea-ice variability in the Sea of Okhotsk can 
exert substantial influences on the climate of not only the Sea of Okhotsk 
and its surrounding regions but also other high-latitude areas of the 
Northern Hemisphere through planetary-wave teleconnections.

Gao et al. (2025) recently showed a weakening trend of bomb cy
clones in the North Pacific since the beginning of the 21st century in 
terms of significant reductions in maximum near-surface wind speeds, 
increases in minimum sea level pressure, and slower deepening rates. On 
the other hand, Hsu et al. (2025) argued that wintertime eddy kinetic 
energy and baroclinicity over the North Pacific midlatitudes have 
increased, leading to a strengthening of the storm track, enhanced 
extratropical cyclone activity, an increase in cyclone frequency along 
certain tracks, and even a rise in the occurrence of bomb cyclones. 
However, these seemingly contradictory results can coexist spatially, 
characterized by a weakening of bomb cyclones in the midlatitudes (East 
Sea/Sea of Japan, 30–45◦N) and a concurrent intensification of storm- 
track activity at higher latitudes (the Sea of Okhotsk and the Bering 
Sea). Recent studies consistently indicate that extratropical cyclone ac
tivity in wintertime over the region has undergone significant structural 
changes, characterized primarily by a poleward shift of the storm track, 
alongside regionally dependent changes in intensity, frequency, and 
dynamical characteristics. However, relatively few attempts have been 
made to understand the ETC changes in this region from a large-scale 
perspective. Xie et al. (2020) analyzed the impacts of five large-scale 
patterns—the El Niño Southern Oscillation (ENSO), Western Pacific 
(WP), NAO, Pacific–North America (PNA), and Pacific Decadal Oscil
lation (PDO) patterns—on winter ETC track density. Their results indi
cated that ETC track density exhibited significant differences between 
the periods 1979–1998 and 1999–2018, and that among the five pat
terns, the WP, NAO, and PDO patterns seemed to contribute to the 
variability in ETC track density, with the negative phases of these pat
terns generally associated with higher track density. However, their 
analysis was limited to statistical correlations between the five indices 
and wintertime storm track density, without addressing the underlying 
dynamical mechanisms.

Although spring is a season of enhanced extratropical cyclone ac
tivity over the marginal seas of the WNP due to increased low-level 
baroclinicity and greater jet variability (Okajima et al., 2025), rela
tively little attention has been paid to changes in springtime ETCs in the 
region in association with decadal-to-interdecadal climate variability. In 
particular, although the frequency of ETCs passing through the region 
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has increased significantly in recent early springs (Supplementary 
Fig. 1), this change has not been adequately examined. In this study, we 
investigated changes in springtime number of ETC peaks over the 
marginal seas of the WNP and their surrounding regions over the past 
four decades. Considering that transitions of the PDO to its negative 
phase (e.g., Newman et al., 2016) and the Atlantic multi-decadal oscil
lation (AMO) to its positive phase (e.g., Enfield and Cid-Serrano, 2010) 
occurred almost simultaneously around 2000 (e.g., Hu et al., 2011), 
along with ongoing global warming, we divided the analysis period into 
two 20-year periods (pre- and post-2000) and examined changes in ETC 
peaks to analyze possible dynamical mechanisms and contributing fac
tors. The datasets and methodologies employed in this study are 
described in Section 2. Section 3 presents the main results. Section 4 
provides the conclusions, followed by a discussion of the implications 
and limitations of the study.

2. Data and methods

2.1. Definition of ETCs

The detection and tracking algorithm proposed by Hodges (1994, 
1995, 1999) was used to identify ETCs over East Asia. Relative vorticity 
at 850 hPa was used instead of Sea Level Pressure (SLP), as SLP-based 
methods are less effective during early system development and can 
introduce significant errors in regions with complex terrain (Sinclair, 
1997; Hodges, 1999). Relative vorticity was calculated from the 6-hour
ly wind components (u, v) of the NCEP/DOE Reanalysis 2 (NCEP R2) 
dataset for 1981–2020. To reduce the influence of planetary-scale 
waves, spectral components with wave numbers less than five were 
removed.

The connected-component labeling algorithm (Rosenfeld and Kak, 
1976) was applied to identify contiguous relative vorticity regions, with 
the local maximum in each region defined as the ETC center. Identified 
centers were tracked every 6 h. Systems were classified as ETCs if they 
formed north of 25◦N, had a lifetime of at least two days, traveled more 
than 1000 km, and exhibited a central intensity greater than 1.0 × 10− 5 

s− 1 (Hoskins and Hodges, 2002; Lee et al., 2020; Kim and Ahn, 2024).
Because each ETC had different genesis locations and trajectories, 

the coordinate of the absolute maximum central intensity during its 
entire lifetime was defined as the unique representative point for spatial 
distribution and further analyses. By defining only one such peak co
ordinate for an individual cyclone's entire life cycle, we ensured that 
each cyclone was counted only once in the frequency statistics, thereby 
avoiding potential biases caused by slow-moving or long-duration cy
clones. This study adopts the ETC detection and tracking scheme as 
implemented in Kim and Ahn (2024) to ensure methodological robust
ness and consistency.

2.2. Data and analysis period

This study investigated large-scale climate variability associated 
with ETCs over East Asia using multiple reanalysis and observational 
datasets. For atmospheric variables, we used the NCEP/DOE Reanalysis 
2 (NCEP R2) dataset, which provides a spatial resolution of 2.5◦ × 2.5◦

and incorporates an improved data assimilation system compared to the 
NCEP R1 (Kanamitsu et al., 2002). To ensure stable identification, this 
resolution was chosen to effectively capture synoptic-scale cyclone 
structures while filtering out potential small-scale noise during the 
tracking process. Key variables analyzed include SLP, zonal wind (U), 
meridional wind (V), temperature (T), and geopotential height (Z), 
specifically utilizing data at representative pressure levels such as 850 
hPa, 500 hPa, and 300 hPa. To better resolve thermodynamic structures 
such as heat fluxes and temperature advection, we additionally 
employed the fifth-generation atmospheric reanalysis (ERA5) from the 
European Centre for Medium-Range Weather Forecasts (ECMWF), 
which provides a grid spacing of 0.25◦ × 0.25◦ (Hersbach et al., 2020). 

Oceanic and sea ice conditions were obtained from the Hadley Centre 
Sea Ice and Sea Surface Temperature (HadISST) dataset provided by the 
UK Met Office, with a spatial resolution of 1◦ × 1◦. These data were used 
to represent sea surface temperature (SST) and sea-ice concentration 
(SIC) variability. The interannual variability of SIC in HadISST is highly 
consistent with that in ERA5 (r > 0.98, p < 0.01), indicating that the use 
of multiple datasets does not affect the results.

The study covers a 40-year period from 1981 to 2020. To focus on 
interannual variations, anomalies were calculated by removing the 40- 
year climatological mean and linear trends from the monthly data. For 
interdecadal comparison, the entire period was partitioned into two 
distinct 20-year sub-periods: 1981–2000 (hereafter pre-2000) and 
2001–2020 (hereafter post-2000). To provide an objective rationale for 
partitioning the two periods, we conducted multiple changepoint 
detection analyses, including a sliding t-test, the Cumulative Sum 
(CUSUM) method, and the Moving Standard Deviation (MSDEV). These 
analyses consistently identified the year 2000 as a statistically signifi
cant structural break point (p = 0.011), representing a regime shift in the 
March ETC frequency (Fig. S2). In addition, detailed information 
regarding the climate indices used in this study is presented in Table 1.

3. Results and discussions

3.1. Composite analysis of ETC-peak and atmospheric patterns

3.1.1. ETC-peak frequency and atmospheric structure changes
Fig. 1 presents the difference in the frequency distribution of ETCs at 

their peak development (ETC-peak) between pre-2000 and post-2000 
over East Asia for each month from February (a) to May (d). The 
parallelogram shown in Fig. 1b indicates the region where the ETC-peak 
frequency increased substantially in March (ETC-peak region, here
after), and Fig. 1e shows the interannual variation of the ETC-peak 
frequency in that region. Compared to the pre-2000 period, the ETC- 
peak frequency in the Sea of Okhotsk, including the coastal waters of 
Korea, Japan, and the Kuril Islands, exhibited a statistically significant 
increase during March in the post-2000 period (Fig. 1b, e), which tended 
to decrease in other months (Fig. S3). The regions from southern Japan 
to the Primorye region of Russia, the Sea of Okhotsk, and the WNP near 
the Kuril Islands are traditionally areas of active ETC development 
(Fig. S1). In this study, most of the region encompassing the marginal 
seas of the northwestern Pacific and their adjacent areas are included in 
the ETC-peak region.

Before analyzing the cause of the increase in ETC-peak frequency in 
this region during the post-2000 period compared to the pre-2000 
period (Fig. 1e), we first examined the composite SLP for years with a 
high number of ETC-peaks in March (years exceeding +0.43 standard 
deviation (STD; corresponding to the upper tertile)) and years with a low 
number of ETC-peaks (years below − 0.43 STD; the lower tertile) in the 
area (Fig. 2). The left and right panels of Fig. 2 show arithmetic and 
normalized differences, respectively. Negative anomalies were observed 
from the western Bering Sea to the Yellow Sea, centered around Sakhalin 
during the years with a high number of ETC-peak events; whereas pos
itive anomalies were located south of the Aleutian Islands (Fig. 2a). The 
distribution of normalized SLP is overall similar to Fig. 2a, but the 
negative anomaly centered around Sakhalin appears more clearly pro
nounced (Fig. 2b). Considering that early spring is a period when the 
Aleutian Low and Siberian High still influence the ETC-peak area and 
the NPH begins to strengthen, this anomaly pattern indicates the 
weakening of the Aleutian Low and Siberian High, along with the NPH 
strengthening compared to normal years. In years with high ETC-peaks, 
the Aleutian Low shifted eastward, whereas the NPH shifted north
westward, relative to normal years. In contrast, in years with low ETC- 
peaks, positive anomalies were observed from the western Bering Sea 
to the East Sea/Sea of Japan (Fig. 2c). These characteristic anomaly 
patterns were also clearly reflected in the normalized SLP anomaly 
distributions (Fig. 2d). Overall, the similarity in the spatial patterns of 
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anomalies between the two cases, with opposite signs, suggests a sys
tematic difference between years with high (above +0.43 STD) and low 
(below − 0.43 STD) ETC-peaks (Fig. 2e,f).

To investigate the cause of the ETC-peak increase during the post- 
2000 period relative to the pre-2000 period, we examined the com
posite SLP in March for both periods. As shown in Fig. 3, the post-2000 
period was characterized by the weakening of the continental high 
centered over Mongolia–Central Asia and a substantial weakening of the 
Aleutian Low, compared to the pre-2000 period. Notably, the Aleutian 
Low weakened and split into eastern and western cores, which shifted to 
the Gulf of Alaska and the Kamchatka Peninsula, respectively. The 
reduction in the zonal pressure gradient led to a weakening of the 

northerly winds over northeastern China, Primorye, and Sakhalin, 
which could have corresponded to the weakening or earlier termination 
of the winter monsoon.

The eastward displacement of the Aleutian Low core toward the Sea 
of Okhotsk, together with the weakening of the continental anticyclone, 
particularly the negative SLP anomalies over the Okhotsk–Primor
sky–Japan–Korea region (Fig. 3c, d), indicates that this area experienced 
enhanced or more favorable conditions for cyclone development. A 
pronounced SLP difference gradient was evident from the eastern coast 
of the Japanese Archipelago to the Kamchatka Peninsula, implying that 
warm, moist air from lower latitudes was more readily transported 
northeastward in the lower troposphere, thereby further promoting the 
development of cyclones. Moreover, the negative anomaly centered over 
the Sea of Okhotsk and Sakhalin is likely related to the long-term decline 
in the sea-ice extent and enhanced ice melting in the Sea of Okhotsk over 
recent decades. This is discussed further in Section 3.2.1.

Fig. 4 shows the differences in the 850-hPa, 500-hPa, and 200-hPa 
geopotential heights between the post-2000 and pre-2000 periods. A 
spatial pattern similar to the SLP differences appeared at 850 hPa. It 
included a negative anomaly centered over the West Siberian Plain, and 
negative and positive anomalies located south of Sakhalin and the 
Aleutian Islands, respectively. As illustrated by the normalized differ
ences, pronounced negative anomalies emerged over the ETC-peak re
gion, whereas positive anomalies dominated the south of Sakhalin and 
the Aleutian Islands. At both 500 and 200 hPa, the locations of the major 
positive and negative peaks in midlatitudes corresponded closely with 
those observed in the SLP and 850-hPa fields. In particular, the negative 
and positive peaks over the West Siberian Plain and the Aleutian Islands 
exhibited nearly vertically aligned features, indicating equivalent bar
otropic structures. In contrast, over the ETC-peak area, the negative 
peak centered over the Okhotsk area tilts westward with height, forming 
a baroclinic structure (Fig. 5). This suggests that, relative to the pre- 
2000 period, the geopotential structure in this region became more 
baroclinic during the post-2000 period, thereby providing a more 
favorable environment for cyclone development. A more detailed dis
cussion of the dynamical mechanism responsible for the increased bar
oclinicity in this region is provided in the following subsections and in 
Section 4 (Discussion).

3.1.2. Thermal and ocean–atmosphere influences on ETC-peak
Fig. 6 shows the 850 hPa temperature, 925 hPa temperature 

advection, and 925 hPa streamlines, and their differences between the 
post-2000 and pre-2000 periods. The 850 hPa temperature differences 
indicate positive anomalies extending zonally across East Asia centered 
over regions north and south of the Sea of Okhotsk to the dateline 
(Fig. 6g). Meanwhile, the 925 hPa temperature advection differences 
revealed two factors contributing to the temperature increase over the 
northwestern Pacific, including the Okhotsk region (Fig. 6g). First, the 
weakening of the continental anticyclone and Aleutian Low led to 
enhanced anomalous warm advection in this area. However, this 
apparent increase in warm advection does not result from an actual 
strengthening of warm air advection, but primarily from a reduction in 
cold advection during the post-2000 period relative to the pre-2000 
period (Fig. 6e, b). Second, consistent with the SLP differences 
(Fig. 3c, d), the negative anomalies centered over Primorsky and 
Sakhalin, together with the positive anomaly south of the Aleutian 
Islands, strengthened the anomalous southwesterly winds in the region 
(Fig. 6i), thereby enhancing the advection of warm air (Fig. 6h). Fig. 6i 
illustrates an aspect of the lower-tropospheric circulation changes over 
the region extending from the Sea of Okhotsk to the western Bering Sea. 
The figure indicates the zonal separation of the Aleutian Low center as 
well as the weakening of the low. The east–west splitting of the Aleutian 
Low enhanced the cyclonic flow around Sakhalin and strengthened the 
southerly inflow into the Sea of Okhotsk. This increase in the cyclonic 
circulation over the Okhotsk region was also linked to the enhancement 
of warm air advection from the south, which may have contributed to a 

Table 1 
Definitions and data sources of the climate index acronyms used in this study.

Index 
Acronym

Climate Index Methodology / Definition Reference

WP Western Pacific 
Pattern index

Z500(60◦N, 155◦E) 
− Z500(30◦N, 155◦E) 
Sign reversed to match 
the NOAA CPC 
convention.

Wallace and 
Gutzler (1981); 
NOAA CPC

PDO Pacific Decadal 
Oscillation index

Time series of the first 
EOF of monthly SST 
anomalies over the North 
Pacific (north of 20◦N)

Mantua et al. 
(1997); NOAA 
NCEI

ENSO El Niño–Southern 
Oscillation index

SST(5◦N–5◦S, 
170◦W–120◦W)

Trenberth 
(1997)

IOD Indian Ocean 
Dipole index

SST(10◦S–10◦N, 
50◦–70◦E) 
− SST(10◦S–0◦, 
90◦–110◦E)

Saji et al. 
(1999); BoM

PJ Pacific–Japan 
Pattern index

Z850(20◦N–25◦N, 
120◦E–130◦E) 
− Z850(30◦N–40◦N, 
135◦E–145◦E)

Kosaka and 
Nakamura 
(2010)

EA/WR East Atlantic / 
Western Russia 
Pattern index

Z500(55◦N, 20◦E) − Z500 
(40◦N, 60◦E)

Barnston and 
Livezey (1987); 
NOAA CPC

AO Arctic Oscillation 
index

1st EOF of Z1000 
anomalies poleward of 
20◦N

Thompson and 
Wallace (1998); 
NOAA CPC

EAWMSLP East Asian Winter 
Monsoon (SLP 
Index)

(2 × SLP(40◦N–60◦N, 
70◦E–120◦E) 
− SLP(30◦N–50◦N, 
140◦E–170◦W) 
− SLP(20◦S–10◦N, 
110◦E–160◦E))/2

Wang and Chen 
(2014)

EAWMU300 East Asian Winter 
Monsoon (U300 
Index)

U300(27.5◦N–37.5◦N, 
110◦E–170◦E) 
− U300(50◦N–60◦N, 
80◦E–140◦E)

Jhun and Lee 
(2004)

EAWMZ500 East Asian Winter 
Monsoon (Z500 
Index)

Z500(25◦N–45◦N, 
110◦E–145◦E)

Wang and He 
(2012)

EAJSI East Asian Jet 
Stream index

U300(30◦N–35◦N, 
120◦E–150◦E)

Yang et al. 
(2002)

WPSH Western Pacific 
Subtropical High 
index

Z850(15◦N–25◦N, 
115◦E–150◦E)

Wang et al. 
(2013)

ISM Indian Summer 
Monsoon index

U850(0–20◦N, 
40◦E–110◦E) 
– U200(0–20◦N, 
40◦E–110◦E)

Webster and 
Yang (1992)

EASM East Asian Summer 
Monsoon index

U850(10◦N–40◦N, 
110◦E–140◦E) 
– U200(10◦N–40◦N, 
110◦E–140◦E

Wang and Fan 
(1999)

OK Sea Ice Okhotsk Sea Ice 
Extent index

SIC (50◦–62◦N, 
136◦–160◦E)

Rayner et al. 
(2003)

NAT North Atlantic 
Tripole Pattern 
index

SST(5–20◦N, 55–15◦W) 
+ SST(45–65◦N, 
40–10◦W) 
− SST(25–45◦N, 
55–15◦W)

Czaja and 
Frankignoul 
(2002)
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reduction in sea-ice extent in the Sea of Okhotsk.
Sea ice in the Sea of Okhotsk has decreased steadily, with monthly 

reductions (January–April) of approximately 5.5%, 5.5%, 5.0%, and 
5.9% per decade, respectively, from 1981 to 2020. During the post-2000 
period, the monthly mean sea-ice extent decreased by 10.5%, 7.1%, 
9.3%, and 14.0% (January–April, respectively) relative to the pre-2000 
period (Fig. S5). The increase in air temperature over the Sea of Okhotsk 
during the post-2000 period (Fig. 6g), attributable to reduced cold 
advection from the north and enhanced warm advection from the south 
(Fig. 6b, e, h), led to a decrease in sea ice, promoting the development or 
intensification of a regional low (Fig. 3b) and associated cyclonic cir
culation (Fig. 6f). Indeed, Kamae and Yokota (2025) recently showed 
that the southerly winds in this region are closely related to the reduc
tion the sea ice in the Sea of Okhotsk. Accordingly, it is plausible that the 
decline in sea ice over the Sea of Okhotsk contributed to the westward 
extension of the Aleutian Low and the emergence of a western core. As 
shown in the 925-hPa wind fields (Fig. 6i), northerly winds exhibited 

little change from Sakhalin to the southern part of the Korean Peninsula. 
However, because temperatures increased over Northeast Asia, 
including Primorsky (Fig. 6g) during the post-2000 period, cold advec
tion in regions directly influenced by cold northerly winds, such as those 
adjacent to the East Sea/Sea of Japan and the Sea of Okhotsk, would 
instead have decreased (Fig. 6b, e). Contrastingly, southeasterly winds 
strengthened markedly from the south of the Japanese archipelago to
ward the Kamchatka Peninsula (Fig. 6i), and the associated warm 
temperature advection (Fig. 6h) and moisture transport (not shown) 
appeared to be the primary mechanisms responsible for atmospheric 
warming in this region.

Consequently, the westward tilt of the geopotential with height over 
the area (Fig. 5) is more attributable to the lower tropospheric warm 
advection induced by the enhanced southwesterly flow along the Jap
anese Archipelago than to an increase in cold advection associated with 
strengthened northerlies. Indeed, as illustrated in Fig. 5, the increase in 
geopotential thickness resulting from low-level warming contributed to 

Fig. 1. Spatial differences in the locations of maximum extratropical cyclone (ETC) intensity between 2001 and 2020 and 1981–2000 for (a) February, (b) March, (c) 
April, and (d) May. Dotted areas indicate statistically significant changes at the 95% confidence level. The outlined region in (b) marks the area where ETC intensity 
shows the strongest response in March. Panel (e) presents the area-averaged time series of ETC intensity over this region, highlighting the long-term trend and the 
mean values for each period.
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the westward tilt of the geopotentials. The corresponding increase in 
atmospheric baroclinicity enhances eddy potential energy, which is 
closely linked to the intensified or increased development of mid- 
latitude cyclones in the region (Lorenz, 1955).

The zonally elongated warming from the Kuril Islands to the dateline 
(Fig. 6g) may be associated not only with the temperature advection 
discussed earlier but also with increases in SST between the two periods. 
Fig. 7 shows the SST and SST differences, revealing that SST increased 
across nearly all ocean basins, except for portions of the northeastern 
and equatorial eastern Pacific. Although the widespread SST increase is 
partly attributable to global warming, the spatial pattern of SST differ
ences in the North Pacific closely resembles that of the negative phase of 
the PDO (e.g., Newman et al., 2016). This is consistent with the fact that 
after 1998, the PDO remained predominantly in its negative phase, 
except for two intervals (June 2014–August 2017 and November 
2002–October 2003), whereas prior to 1998, it remained mostly in the 
positive phase, except during brief periods such as July 1988–July 1991 
and July–December 1994. A prominent feature of the negative PDO 
phase is the presence of positive SST anomalies in the northwestern 
Pacific, and such SST increases can change surface heat fluxes, thereby 
affecting the middle and lower troposphere. Fig. 7f shows the differences 
in the net surface heat flux between the two periods, where positive 
(negative) values indicate that the ocean gained (lost) more heat 
through the surface compared to the pre-2000 period. Thus, as noted 
above, the SST and air temperature increased substantially from the 
eastern coast of Japan to the northwestern Pacific.

These SST changes, alongside the negative PDO phase, can be 

associated with ocean–atmosphere interactions as follows: Weakened 
northwesterly–westerly winds in the region (Fig. 6c, f) reduced cold 
advection (Fig. 6h), whereas enhanced warm air advection along the 
southern Japan Archipelago further increased lower-tropospheric tem
peratures. These conditions led to decreases in both the latent and 
sensible heat fluxes from the ocean to the atmosphere (Fig. S6). In other 
words, the combined effects of reduced cold advection, increased 
southerly flow that warmed the surface air, and weakened surface winds 
suppressed the upward heat fluxes, thereby contributing to the SST in
crease. Together with the SST increase associated with the negative PDO 
phase, these processes appear to have amplified SST warming in the 
region. Such coupled ocean–atmosphere feedback likely contributed to 
the concurrent increase in both surface air temperature and SST.

The increase in baroclinicity associated with the enhanced ETC-peak 
frequency in the region (Fig. 5) and the resulting increase in zonal eddy 
potential energy strengthened the upper tropospheric jet stream on the 
east side of the trough over the Bering Sea (Fig. S4 e, f), resulting in the 
jet shifting poleward. In addition, as the weakened Aleutian Low shifted 
toward the Kamchatka Peninsula, the meridional pressure gradient also 
reduced, causing the jet stream to weaken and its zonal extent to con
tract westward (Fig. 8a, b). Lee and Ahn (2017) suggested that the 
poleward shift of the jet in this region is, to some extent, related to the 
strengthening of the Hadley circulation, which intensifies the subtropi
cal jet according to angular momentum conservation and to an increased 
meridional temperature gradient in the sinking branch associated with 
the expansion of the Hadley cell, and that such processes appear to be 
linked to global warming. Therefore, the poleward shift of the jet during 

Fig. 2. Sea level pressure (SLP; unit: hPa) composites for (a) high ETC years and (c) low ETC years, defined based on years exceeding +0.43σ and below − 0.43σ of 
the ETC time series. Panel (e) shows the composite difference (high minus low). Panels (b), (d), and (f) present the normalized fields, obtained by dividing the SLP 
anomalies at each grid point by their corresponding standard deviations.
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early spring, together with changes in the Hadley circulation induced by 
global warming in this region, may also have contributed to the increase 
in the ETC activities. This will be discussed further in Section 4.

Fig. 9 shows the SLP distributions regressed onto ETC for the (a) pre- 
2000 and (b) post-2000 periods. As shown in Fig. 9a, a statistically 
significant SLP pattern associated with the ETC-peak frequency was not 
found around the marginal seas of the WNP during the pre-2000 period. 
Contrastingly, during the post-2000 period (Fig. 9b), negative SLP cor
relation with the ETC-peak frequency predominated over the area, 
whereas positive SLP correlations were observed from the central North 
Pacific to the Gulf of Alaska. This pattern closely resembles the differ
ences between the post-2000 and pre-2000 periods shown in Fig. 3c and 
d. This indicates that, while changes in SLP over the region were absent 
or statistically insignificant in relation to ETC during the pre-2000, the 
pressure changes that emerged over and around the region during the 
post-2000 were significantly correlated with the ETC-peak frequency 
variations.

3.2. Analysis based on large-scale climate indices

In the previous section, we examined the changes in the climato
logical synoptic conditions responsible for the increase in ETC-peak 
frequency over the region during the post-2000 period. In this section, 
we aim to understand the fundamental drivers of enhanced ETC-peak 
frequency from a large-scale perspective by investigating the correla
tions between ETC-peaks and large-scale climate indices. As indicated in 
the earlier analyses, the major variables related to ETC-peaks exhibit 
substantial changes between the pre-2000 and post-2000 periods, and 
the correlations are examined separately for the two periods. Table 2

presents the simultaneous correlations between ETC-peak frequency and 
16 large-scale indices.

As shown in Table 2a, no large-scale indices exhibited statistically 
significant correlations (at the 90% confidence level or higher) with 
ETC-peaks during the pre-2000 period. Contrastingly, during the post- 
2000 period (Table 2b), ETC-peaks showed statistically significant cor
relations with the WP index at the 99% level, and with the PDO index 
and Okhotsk sea ice coverage at the 95% confidence level. The corre
lation with the NAT index reached the 90% level, indicating a moderate 
relationship. A discussion on the NAT index is provided in Section 4. 
These results imply the presence of a climate regime shift around 2000 
in terms of ETC activity. Analyzing the fundamental causes of such a 
regime shift is beyond the scope of this study. Subsequent discussions 
exclude indices that exhibit low statistical significance with respect to 
ETC-peaks.

3.2.1. Relationship between ETC-peak and WP pattern
Fig. 10a and c show the SLP composites for the years with a positive 

WP phase (> + 0.43 STD) during the pre-2000 and post-2000 periods, 
respectively. Because the patterns associated with negative WP years are 
nearly the opposite of those associated with positive WP years, the 
discussion focuses on the positive WP phase. In the North Pacific, both 
periods exhibited a negative anomaly north of the Aleutian Islands and a 
zonally positive anomaly near 40◦N, indicating that the overall spatial 
structure of the positive WP pattern for both periods was similar to some 
extent. During the pre-2000 period, however, the negative anomaly was 
centered over the Bering Sea, whereas the positive anomaly extended 
zonally from Primorye through the East Sea/Sea of Japan to the Gulf of 
Alaska. In contrast, during the post-2000 period, the core of the negative 

Fig. 3. (a) and (b) show the 20-year mean sea level pressure (SLP; unit: hPa) fields for the periods 1981–2000 and 2001–2020, respectively. Panel (c) presents the 
difference between the two periods (2001–2020 minus 1981–2000). Panel (d) displays the normalized SLP difference, obtained by dividing the anomalies at each grid 
point by their corresponding standard deviations. Dotted areas indicate statistically significant changes at the 95% confidence level.
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anomaly shifted toward the Kamchatka Peninsula, and negative anom
alies appeared over the Korean Peninsula, Primorye, and the Sea of 
Okhotsk. The positive anomaly was centered near the dateline at 40◦N 
and extended from the region south of Japan to the Gulf of Alaska. This 
suggests that during the pre-2000 period, the cyclonic activity was 
relatively weak over the region around the marginal seas of the western 
North Pacific and their vicinities during positive WP years, whereas in 
the post-2000 period, the cyclonic activity increased under positive WP 
conditions. The pattern of North Pacific SLP anomalies during positive 
WP years in the post-2000 period (Fig. 10c) resembles the SLP differ
ences between the post-2000 and pre-2000 periods shown earlier in 
Fig. 3c, d. As discussed in the previous section, this structure provides 
conditions more conducive to cyclone development over the region. 
Moreover, the combination of negative SLP centered over the 

Kamchatka Peninsula and positive SLP south of the Aleutian Islands 
during positive WP phases forms an SLP structure that enhances the 
northward transport of warm, moist air from the Philippine Sea and the 
WNP toward the waters south of Japan along the Kuroshio Current.

Notably, during the pre-2000 period, both positive and negative WP 
phases exhibited positive SLP anomalies over the Sea of Okhotsk. In 
contrast during the post-2000 period, negative and positive SLP anom
alies appeared over Sea of Okhotsk and the Kamchatka Peninsula for 
positive and negative WP years, respectively. Considering that negative 
(positive) SLP anomalies in the region generally indicate enhanced 
(suppressed) mid-latitude cyclone activity or more (less) favorable 
conditions for their development, ETC activity during the pre-2000 
period was not statistically linked to the WP phase, whereas in the 
post-2000 period, cyclone activity became more enhanced during 

Fig. 4. Differences in geopotential height(unit: gpm) at (a) 850 hPa, (c) 500 hPa, and (e) 200 hPa between 2001 and 2020 and 1981–2000. Panels (b), (d), and (f) 
present the corresponding normalized fields, obtained by dividing the anomalies at each grid point by their standard deviations. Dotted areas indicate statistically 
significant changes at the 95% confidence level.
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positive WP years and weaker during negative WP years.
Accordingly, as shown in Table 2, the relationship between the ETC- 

peak frequency and WP was statistically insignificant during the pre- 
2000 period (r = 0.26), whereas a highly significant correlation 
emerged during the post-2000 period (r = 0.58). Among the various 
large-scale indices, the WP pattern exhibited the strongest correlation 
with the number of ETC-peaks during the post-2000 period, implying 
that the influence of WP on the region substantially increased from the 
year 2000. The significant change in the statistical relationship between 
ETC and the WP index around 2000 appears to be associated with the 
apparent negative SLP anomalies over the Kamchatka Peninsula in 
particular, under positive WP conditions. A more detailed discussion of 
the possible underlying causes is provided in Section 4 (Discussion).

3.2.2. Relationship between ETC-peak and PDO
During the post-2000 period, the PDO index exhibited the second- 

highest correlation with ETC activity, following the WP index. Fig. 11
presents the SLP composites for years in which the PDO exceeded +0.43 
STD and fell below − 0.43 STD during the pre-2000 and post-2000 pe
riods. As shown in the figure, during the pre-2000 period, positive PDO 
phases were characterized by a broad negative anomaly centered over 
the Aleutian Islands in the North Pacific, accompanied by positive 
anomalies over the equatorial western Pacific, northeastern Asia, and 
Canada (Fig. 11a). During negative PDO phases, negative anomalies 
extended across North America, with a center over the Bering Sea, 

Fig. 5. Geopotential height (GPH) difference (unit: gpm) in a vertical cross 
section meridionally averaged over 40–50◦N. The difference is calculated be
tween the post-2000 period (2001− 2020) and the pre-2000 period 
(1981–2000). Colored solid lines indicate representative pressure levels from 
925 to 200 hPa.

Fig. 6. Spatial patterns of (a, d) 850 hPa temperature (unit: K), (b, e) 925 hPa temperature advection (unit: K/day), and (c, f) 925 hPa streamlines for the 
climatological means of 1981–2000 and 2001–2020. Panels (g–i) show the changes between the two periods (2001–2020 minus 1981–2000), highlighting regions 
with statistically significant differences at the 95% confidence level.
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whereas positive anomalies appeared over the Gulf of Alaska and formed 
an elongated zonal band across Primorye and the Japanese Archipelago. 
During the post-2000 period, positive PDO phases featured positive 
anomalies over the Bering Sea and the ETC-peak region, with negative 
anomalies over the Gulf of Alaska. In contrast, negative PDO phases 

exhibited a large-scale dipole pattern across the North Pacific, charac
terized by a west–east dipole pattern around 160◦E, with a negative 
anomaly to the west and a positive anomaly to the east. Specifically, 
negative anomalies occurred over the western Sea of Okhotsk, Korea, 
Japan, and Primorye, whereas positive anomalies appeared broadly over 

Fig. 7. Mean fields of (a, c) sea surface temperature (SST; unit: ◦C) and (b, d) net surface heat flux (unit: W/m2) for the periods 1981–2000 and 2001–2020, 
respectively. Panels (e) and (f) show the differences between the two periods (2001–2020 minus 1981–2000). Dotted areas indicate statistically significant changes at 
the 95% confidence level.

Y. Jeong et al.                                                                                                                                                                                                                                   Atmospheric Research 338 (2026) 109001 

10 



the Aleutian Islands, Gulf of Alaska, and Alaska.
In the pre-2000 period, positive SLP anomalies appeared over the 

ETC-peak region during both positive and negative PDO phases, whereas 
in the post-2000 period, positive and negative anomalies were distinctly 
associated with positive and negative PDO years, respectively. There
fore, the influence of the PDO on the ETC activity over the region was 
unclear during the pre-2000 and became more pronounced during the 
post-2000. Specifically, during the pre-2000 period, there was no sta
tistically significant relationship between PDO and ETC-peak, whereas 
in the post-2000 period, years with a negative PDO were associated with 
enhanced cyclone activity, and years with a positive PDO corresponded 
to suppressed cyclone activity. Accordingly, as shown in Table 2, no 
statistically significant correlation between the ETC-peak frequency and 
PDO was observed during the pre-2000 (r = − 0.36), whereas a signifi
cant correlation emerged during the post-2000 (r = − 0.48). This in
dicates that, similar to WP, the effect of the PDO on the ETC activity in 
this region became evident after 2000.

Notably, the negative PDO pattern in the post-2000 period closely 
resembled the SLP difference between the post-2000 and the pre-2000 
periods (Fig. 3c,d). Specifically, the negative differences were located 
over Korea, Japan, and Primorye, centered around Sakhalin, whereas 
the positive differences were broadly distributed over the Aleutian 
Islands, Gulf of Alaska, and Alaska. This indicates that a negative PDO 
pattern was dominant in the post-2000 period. In contrast, during the 

pre-2000 period, even in negative PDO years, positive SLP anomalies 
appeared over the region. This further suggests that the influence of the 
PDO on the ETC-peak activity was not apparent in the pre-2000 period. 
In other words, the post-2000 negative PDO phases provided conditions 
favorable for mid-latitude ETC activity over the region, whereas oppo
site conditions prevailed during the pre-2000 period. Consequently, 
during the post-2000 period, which was dominated by the negative PDO 
phase, the atmospheric environment over the ETC-peak area became 
more conducive to the development of low-pressure systems.

The composite and statistical analyses presented above and in Sec
tion 3.2.1 indicate that, while the overall influence of the PDO across the 
North Pacific remains broadly similar between the two periods, its 
impact on the region has undergone a substantial change to the extent 
that SLP anomalies exhibit opposite signs.

3.2.3. Combined influence of WP and PDO on ETC-peak
As discussed above, unlike the pre-2000 period, years characterized 

by either a positive WP or a negative PDO during the post-2000 period 
exhibited negative SLP anomalies over the region, creating a more 
favorable environment for ETC-peaks. Additionally, a positive SLP 
anomaly over the northwestern Pacific, where the Kuroshio Extension is 
located, established a pressure pattern that facilitated the intrusion of 
warm and moist air from the south into the region. This inflow enhances 
the baroclinicity over the region, thereby providing conditions more 

Fig. 8. Mean 300-hPa zonal wind (U300; unit: m/s) fields for (a) 1981–2000 and (b) 2001–2020. Panel (c) presents the difference between the two periods 
(2001–2020 minus 1981–2000), and (d) shows the corresponding normalized U300 difference, obtained by dividing the anomalies at each grid point by their 
standard deviations. Dotted areas indicate statistically significant changes at the 95% confidence level.
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conducive to increased ETC development.
Fig. 12 illustrates March variations in the PDO and WP indices during 

the pre-2000 and post-2000 periods. The WP index exhibited no 

substantial trend over the 40-year period. The PDO index shows a pro
nounced decreasing trend, resulting in the majority of the post-2000 
years being characterized by a negative PDO phase. Accordingly, the 
marked increase in the frequency of ETC-peak over the region during the 
post-2000 period compared with the pre-2000 period (Fig. 1) appears to 
be attributable to the predominance of the negative PDO phase. In 
contrast, the WP index did not serve as a direct driver of the post-2000 
increase in ETC-peak, as the number of positive and negative WP years 
was comparable (19 and 21 years, respectively) over the entire 40-year 
period, and no clear trend is evident. The PDO index, however, exhibited 
a pronounced decreasing trend over the past four decades, with 14 years 
of a negative PDO phase during the post-2000 period. As discussed 
above, because PDO and ETC-peak are negatively correlated during the 
post-2000 period, the increased occurrence of negative PDO events after 
2000 can be regarded as the primary driver of the enhanced ETC-peak 
over the region.

In addition, to quantitatively distinguish the respective contributions 
of interannual and interdecadal variability, we performed a multiple 
linear regression analysis for the post-2000 period. To assess the 
robustness of the results against long-term trends, the analysis was 
conducted using both original and detrended indices. After removing the 
linear trend, the statistical relationship became stronger: the model's 
total explanatory power (R2) increased from 0.431 to 0.517, and the 
significance level of the PDO index improved from p = 0.071 to p =
0.023. Furthermore, the Variance Inflation Factor (VIF) for both indices 
was approximately 1.01, indicating negligible multicollinearity between 
the predictors. These results suggest that the PDO primarily contributes 
to the decadal background state, while the WP modulates interannual 
variability (Table S1).

Fig. 13 presents the time series of the WP and PDO indices over
lapping with the ETC-peak frequency for the post-2000 period, during 
which both indices exhibited statistically significant correlations with 
ETC-peaks. As shown in the figure, years characterized by a negative 
PDO and a positive WP corresponded to relatively high ETC-peak fre
quencies, whereas years with a positive PDO and a negative WP 
exhibited relatively lower ETC-peak frequencies. Therefore, under the 
prevailing negative PDO conditions during the post-2000 period, the 
occurrence of positive WP phases further enhanced ETC activity.

4. Conclusions and discussion

4.1. Conclusions and summary

In this study, we examined the statistically significant increase in 

Fig. 9. Spatial regression patterns between the ETC time series at the maximum 
ETC activity region (Fig. 1e) and normalized sea level pressure (SLP) anomalies 
for the periods (a) 1981–2000 and (b) 2001–2020. Shaded and dotted regions 
represent statistically significant relationships at the 95% confidence level.

Table 2 
Correlation coefficients between the climate indices used in this study and the frequency of Extratropical Cyclones (ETCs) for the periods (a) 1981–2000 and (b) 
2001–2020. Statistical significance is indicated by asterisks: * for the 90% confidence level (p < 0.10), ** for the 95% confidence level (p < 0.05), and *** for the 99% 
confidence level (p < 0.01).

(a) 1981–2000 (b) 2001–2020

ETC WP PDO ETC WP PDO

WP 0.26 WP 0.58***
PDO 0.36 − 0.17 PDO − 0.48** − 0.1
ENSO 0.32 0 0.43* ENSO − 0.09 0.17 0.68***
IOD 0.04 0 − 0.09 IOD 0.03 − 0.07 − 0.35
PJ 0.06 0.60*** − 0.47** PJ 0.23 0.65*** − 0.06
EA/WR 0.11 0.2 − 0.18 EA/WR 0.29 0.51** − 0.15
AO − 0.16 − 0.27 − 0.37 AO − 0.32 − 0.31 0.1
EAWMSLP − 0.33 − 0.13 − 0.16 EAWMSLP − 0.11 − 0.4 − 0.18
EAWMU300 − 0.14 − 0.36 0.33 EAWMU300 − 0.16 − 0.44* 0.06
EAWMZ500 0.17 0.52** − 0.35 EAWMZ500 − 0.13 0.26 0.18
EAJSI − 0.15 − 0.37 0.37 EAJSI 0.02 − 0.3 0.03
WPSH 0.33 0.26 0.38* WPSH − 0.04 0.39* 0.52**
ISM − 0.32 − 0.01 − 0.31 ISM 0.01 − 0.31 − 0.47**
EASM − 0.2 0.24 − 0.57*** EASM 0.11 0.23 − 0.23
OK Sea Ice − 0.07 0.38* − 0.29 OK Sea Ice 0.46** 0.41 − 0.22
NAT 0.27 0.19 0.40* NAT 0.42* 0.12 − 0.21
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ETC-peak occurrences over the ETC-peak region during early spring 
after 2000 and analyzed the factors contributing to this change. For this 
purpose, we defined the pre-2000 and post-2000 periods to represent the 
two-decade periods before and after 2000, respectively.

A composite analysis comparing the pre- and post-2000 periods 
indicated that during the post-2000 period, a negative SLP anomaly was 
located over the ETC-peak area, spanning the Sea of Okhotsk, Russian 
Far East, Japan, and Korea, creating favorable conditions for enhanced 
cyclone development. Specifically, the increase in the negative SLP 
anomaly over the northwestern sector centered on the Sea of Okhotsk, 
together with the strengthening of positive SLP anomalies in the North 
Pacific south of the Aleutian Islands, led to an increased SLP gradient 
along the corridor from the southeastern coast of Japan to the Kam
chatka Peninsula. This enhanced gradient facilitated the advection of 
warm and moist air from the southeast, thereby establishing an envi
ronment conducive to cyclone development. This climatological syn
optic SLP distribution was not observed during the pre-2000 period. SLP 
distributions regressed onto ETC-peaks for the two periods further 
supported this pattern. That is, while no statistically significant rela
tionship between SLP and the ETC-peak frequency in the region was 
evident during the pre-2000 period, in the post-2000 period, negative 
SLP correlations with the ETC-peak frequency appeared over north
eastern Asia, including the Korean Peninsula, Sea of Okhotsk, and 
Kamchatka Peninsula, and positive SLP correlations extending from the 
central North Pacific to the Gulf of Alaska appeared.

Analysis of the vertical geopotential structure over the region in
dicates that, compared to the pre-2000 period, an anomalous negative 
trough centered on the Sea of Okhotsk extends upward and tilts west
ward, producing a baroclinic structure. The increase in baroclinicity is 

not primarily due to enhanced cold air advection from the northeast into 
the region, but rather to stronger warm air advection from the southeast, 
which increases the thickness of the warm air layer and causes the 
trough to tilt westward. Specifically, compared with the pre-2000, the 
post-2000 period was characterized by a weakened Aleutian Low and 
Siberian High, reducing the overall pressure gradient, while surface 
temperatures northwest of the region, including the Russian Far East, 
increased, weakening the cold air flow. Simultaneously, enhanced 
warming in the southeast, together with an anomalous low-west/high- 
east type pressure distribution, increased warm air advection. Conse
quently, the main contributor to the enhanced baroclinicity over the 
region was the increased advection of warm air from the southwest. This 
enhanced baroclinicity led to an increase in zonal eddy available po
tential energy, rendering the region more conducive to cyclone devel
opment during the post-2000 period.

Another possible contributor to the increased negative SLP anoma
lies over the ETC region during the post-2000 period is the regional 
warming and the associated reduction in Okhotsk Sea ice. The increased 
warm southerly wind and the decreased cold northerly wind anomalies 
enhance near-surface air temperature over the region and promote sea- 
ice melt in the Sea of Okhotsk. Decreased sea-ice, which is significantly 
correlated with the increased ETC activity, weakens the subsidence 
motion over the Sea of Okhotsk and induces anomalous lows. Thus, the 
reduced sea-ice cover as well as the positive temperature anomalies over 
the region contribute to the decrease in SLP, thereby forming conditions 
more favorable for the cyclone development in the region. Our results 
also suggest that while Okhotsk sea-ice reduction may physically favor 
the development of a cyclonic environment, its variability is largely 
modulated by or embedded within the larger-scale regime shift 

Fig. 10. Composite patterns of normalized sea level pressure (SLP) anomalies under (a, c) positive and (b, d) negative phases of the Western Pacific (WP) pattern, 
separated into the periods 1981–2000 and 2001–2020.
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(Table S2). Thus, it would be reasonable to conclude that the PDO plays 
a primary role in establishing the decadal background state, while local 
sea ice changes may act as a reinforcing factor.

To understand the increase in ETC-peak occurrence in terms of large- 
scale climate variability, we examined the correlations between various 
large-scale climate indices and ETC-peak frequency. During the pre- 
2000 period, none of the indices exhibited statistically significant re
lationships with ETCs. In contrast, during the post-2000 period, both the 
WP and PDO indices showed statistically significant correlations with 
ETC-peaks. This is likely because the spatial patterns of the WP and PDO 
over the region underwent substantial changes relative to the pre-2000 
period. Specifically, in the post-2000 period, positive (negative) WP 

phases were associated with negative (positive) SLP anomalies over the 
region, providing conditions more (less) favorable for ETC-peak occur
rence. Similarly, negative and positive PDO phases produced pressure 
distributions over the region resembling those associated with the pos
itive and negative WP phases, respectively. In contrast, during the pre- 
2000 period, positive SLP anomalies were observed over the region 
regardless of whether the WP phase was positive or negative. A similar 
result was found for the PDO: both positive and negative PDO phases 
were associated with positive SLP anomalies over the region. This sug
gests that, prior to 2000, variations in the PDO and WP phases were not 
strongly linked to SLP variability in this region. This interpretation is 
consistent with the statistical results indicating that PDO/WP variations 

Fig. 11. Composite patterns of normalized sea level pressure (SLP) anomalies under (a, c) positive and (b, d) negative phases of the Pacific Decadal Oscillation (PDO) 
for the periods 1981–2000 and 2001–2020.

Fig. 12. Original (black) and detrended (red) time series of the (a) PDO and (b) WP indices from 1981 to 2020. The vertical red line marks the boundary between the 
two analysis periods (1981–2000 and 2001–2020). Correlation coefficients between each index and ETC intensity are shown for the recent period (2001–2020), 
based on both the original and detrended series. Slopes represent the linear trends of the original time series. Statistical significance is indicated by * (p < 0.1), ** (p 
< 0.05), and *** (p < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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were not significantly associated with ETC activity during the pre-2000 
period.

The statistically significant post-2000 correlations of ETC activity 
with WP and PDO can also be understood as a consequence of 
background-state changes associated with the PDO regime shift. The 
transition from a positive to a negative PDO regime altered the large- 
scale atmospheric and oceanic mean state, such that the Aleutian Low 
weakened and shifted westward (Newman et al., 2016), and meridional 
SST gradients over the WNP were enhanced, resulting in a westward- 
displaced jet stream. These changes may have modified Rossby wave 
propagation pathways, enhancing regional baroclinicity and eddy 
growth efficiency, and may have promoted a more constructive align
ment between the background circulation and WP-related anomalies. As 
a result, WP and PDO signals may have projected more effectively onto 
extratropical cyclone variability over the region after 2000, whereas 
before 2000 their influence may have been masked or diluted by the 
prevailing background flow.

While the WP index exhibited little long-term trend, with roughly 
equal numbers of positive and negative years throughout the entire 
period, the PDO index showed a clear decreasing trend, with most post- 
2000 years occurring in its negative phase. Therefore, from the 
perspective of large-scale climate patterns, our results suggest that 
although the WP appears to have influenced interannual variability of 
ETC activity over the region, the PDO-driven background-state changes 
likely played a substantial role in the observed increase in ETC-Peak 
occurrence during the post-2000 period.

4.2. Discussion

In the previous sections, we showed that the WP index–ETC and PDO 
index–ETC linkages were not statistically significant before 2000, but 
became significant after 2000. We also demonstrated that ETC activity 
over the region decreased during the pre-2000 period and increased 
during the post-2000 period, along with associated climatological syn
optic changes. However, the mechanisms underlying the post-2000 
regime shift remain unclear, particularly why the springtime WP/ 
PDO–ETC relationship became statistically significant only after 2000 
and why regional ETC activity exhibits opposite tendencies between the 
two periods from a large-scale dynamical perspective.

To address these questions, it is necessary to first examine differences 
in the background state between the pre- and post-2000 periods. The 
pre-2000 period is characterized by a positive PDO regime, whereas the 
post-2000 period corresponds to a negative PDO regime (Fig. 12) 

(Newman et al., 2016). During the positive PDO phase, the Aleutian Low 
was intensified (Fig. 3a), the subtropical-to-midlatitude SST gradient 
was enhanced (Fig. 7a, e), and the Pacific jet was strong and zonally 
elongated (Fig. 8a). In contrast, during the negative PDO phase after 
2000, the Aleutian Low weakened and shifted westward (Fig. 3b), while 
warmer SSTs in the WNP strengthened the meridional SST gradient near 
the ETC-peak region (Fig. 7c, e), resulting in a westward-displaced jet 
core (Fig. 8b). These changes in the background atmospheric–oceanic 
state likely modified the baroclinicity over the WNP (Fig. 5), altered 
eddy growth conditions, and shifted Rossby wave propagation 
pathways.

The appearance of the correlation of ETC activity with the WP index 
and PDO index after 2000 can be interpreted as being associated with by 
three primary dynamical mechanisms. First, enhanced baroclinicity 
over the region during the post-2000 period increased cyclone growth 
efficiency. Warming of SST and near-surface air temperature in the WNP 
under the negative PDO background strengthened lower-tropospheric 
thermal contrasts, thereby enhancing baroclinic instability. Conse
quently, this suggests that WP/PDO anomalies after 2000 projected onto 
a dynamically favorable growth environment. In contrast, during the 
pre-2000 period, even when WP anomalies occurred, the weaker baro
clinic structure limited their amplification and reduced their impact on 
ETC variability.

Second, consistent with the decadal shift of the North Pacific jet and 
Aleutian Low (Linkin and Nigam, 2008), it is plausible that changes in 
the background flow may have altered the Rossby wave propagation 
pathway (Hoskins and Ambrizzi, 1993). That is, before 2000, the zonally 
elongated Pacific jet directed wave activity flux eastward toward North 
America, placing the ETC-peak region partly outside the primary 
waveguide. Moreover, strong background variability associated with the 
intensified Aleutian Low likely reduced statistical detectability, partially 
masking or redirecting WP/PDO teleconnection signals. After 2000, 
however, the westward shift of the jet core and enhanced meridional 
gradients over the WNP increased local baroclinicity and dynamically 
aligned the region with the stationary wave pattern. As a result, WP/ 
PDO teleconnection signals may have exerted a stronger influence on the 
ETC development region.

Third, the mechanism may be interpreted in terms of destructive 
interference versus constructive alignment between the background 
circulation and WP-related anomalies. Prior to 2000, the positive PDO 
background circulation likely interfered destructively with WP-related 
anomalies, while strong Aleutian Low variability dominated North Pa
cific sea level pressure variance. This may have led to a statistical 
dilution of WP signals and a weak projection onto ETC variability. After 
2000, the negative PDO background circulation may have become more 
structurally aligned with the spatial pattern of the WP, producing 
constructive interference. This alignment may have allowed ETC vari
ability to increase coherently with the WP and PDO phases, thereby 
suggesting the background-state dependence of the teleconnection 
(Fig. S7).

To substantiate these interpretations, further investigation is needed 
to robustly quantify these underlying mechanisms and evaluate their 
relative contributions using additional diagnostics, such as wave activity 
flux, refractive index diagnostics, and baroclinic growth rate analyses.

While the PDO plays a primary role as discussed above, recent global 
warming may also contribute to the observed increase in ETC-peaks. 
Global warming induces changes in the global atmospheric pressure 
system, thereby altering the atmospheric general circulation. The recent 
increase in ETC-peaks may also be linked to such changes. However, the 
dataset used in this study spans only 40 years, which is insufficient to 
fully disentangle the effects of global warming and decadal-to- 
multidecadal climate oscillations on ETC activity. Thus, while the 
direct cause of the increased ETC-peaks in the post-2000 appears to be 
the change in the spatial pattern of the PDO during this period, it is also 
possible that warming-induced changes in the pressure field directly 
enhanced ETC activity over the region and that global warming 

Fig. 13. Time series of the PDO (solid blue), WP (dashed blue), and ETC (red) 
indices during 2001–2020. Shaded bars highlight years when PDO and WP were 
in opposite phases, with red shading indicating PDO negative and WP positive, 
and blue shading indicating PDO positive and WP negative. The ETC index 
values correspond to the right vertical axis. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.)
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influenced the PDO pattern itself. Consequently, future research should 
aim to assess the independent impacts of global warming and long-term 
climate variability, such as the PDO, on ETC activity in the region. 
Additionally, as demonstrated in this study, the northward shift of the jet 
stream in this region can be attributed to the strengthening of mid- 
latitude cyclones associated with variations in the PDO pattern over 
the North Pacific. However, as noted in Section 3.1.2, this shift may also 
be linked to changes in the Hadley circulation driven by global warming 
(e.g., Kim and Ahn, 2024). Disentangling the relative contributions of 
PDO variability and anthropogenic warming requires longer observa
tional records that will enable such analyses in future research.

Notably, the transitions of the PDO and AMO to their negative and 
positive phases, respectively, occurred almost simultaneously around 
2000 (Hu et al., 2011). If the phase transitions of the PDO and AMO 
occurred independently at different times, it would have been compar
atively easier to isolate and diagnose the atmospheric pressure and 
circulation responses associated with each oscillation. However, the 
near-synchronous transitions of the PDO and AMO, together with 
ongoing global warming, make it challenging to disentangle the inde
pendent atmospheric responses to each mode of variability. Future 
studies should investigate the response of the earth system to such 
climate variabilities using numerical models, such as Coupled General 
Circulation Models.

Although the correlation between ETCs and the NAT pattern is not 
statistically significant at the 95% confidence level and was therefore 
not considered in the present analysis, it is noteworthy that the NAT 
exhibits a statistically significant relationship at the 90% confidence 
level with ETCs during the post-2000 period, whereas it was not sig
nificant in the pre-2000 period, similar to the PDO and WP. Previous 
numerical modeling studies suggest that sea-ice melting in the Sea of 
Okhotsk induces a negative 500 hPa anomaly, which in turn generates a 
positive NAT phase (+ − +) through a Rossby wave response (e.g., 
Screen, 2013; Wu et al., 2013). Although a debate over whether such 
localized forcing can produce a large-scale atmospheric response re
mains, the results from the model experiments highlight the need for 
further investigation in future studies.
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