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Abstract

Intense tropical cyclones (TCs) in the southeastern western North Pacific (SE-WNP) significantly
impact East Asian coastal nations. Decadal variability in TC genesis frequency (TCGF) has been
linked to the Pacific decadal oscillation (PDO), a major sea surface temperature (SST) pattern in
the North Pacific. However, based on extended observation records, we show that the decadal
variability of SE-WNP TCGF is mainly driven by the Victoria mode (VM), a secondary but
prominent SST pattern in the North Pacific. During the positive VM phase, the SE-WNP TCGF is
more than usual due to the anomalous large-scale environmental fields induced by the VM-related
central North Pacific SST anomalies; conversely, the SE-WNP TCGEF is less during the negative VM
phase. This highlights the crucial role of the VM in modulating TC activity, challenging the
traditional view that the PDO is the dominant factor, with important implications for SE-WNP TC

climate predictions.

1. Introduction

Tropical cyclones (TCs) cause significant loss of life
and severe economic damage, making them one of the
world’s most devastating natural disasters. (Murnane
and Elsner 2012, Kunze 2021). The western North
Pacific (WNP) is home to nearly one-third of TCs
annually (Chan 1985, Guo and Tan 2018), making it
the most active basin globally (Zhan et al 2022). In
particular, nearly 80% of the most intense TCs, which
account for nearly half of economic losses and numer-
ous casualties in East Asian coastal nations, origin-
ate in the southeastern part of the WNP (SE-WNP;
Kunze 2021, Huang et al 2022). Therefore, a better
understanding of TC variability over the SE-WNP is
essential.

© 2025 The Author(s). Published by IOP Publishing Ltd

The SE-WNP TC genesis frequency (TCGF)
shows significant decadal variability. Previous invest-
igations suggested that SE-WNP TCGF decadal vari-
ability is primarily modulated by the Pacific decadal
oscillation (PDO) or Interdecadal Pacific oscillation
(TPO; Zhao et al 2018, Zhou et al 2024), the most
prominent sea surface temperature (SST) variabil-
ity in the Pacific with a long-term fluctuation on
the decadal time scale (Mantua et al 1997, Matua
and Hare 2002). However, these studies suggested
that this variability is primarily influenced by the
PDO/IPO for the SE-WNP TCGF decadal variabil-
ity are based on data since the late 1970s (Zhao et al
2018, Liu et al 2019). This timeframe may be insuf-
ficient to accurately assess the connection between
the SE-WNP TCGF decadal variability and PDO/IPO.


https://doi.org/10.1088/1748-9326/adb051
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/adb051&domain=pdf&date_stamp=2025-2-11
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-9433-3452
https://orcid.org/0000-0003-0625-1575
https://orcid.org/0000-0003-4139-3843
https://orcid.org/0000-0002-6774-3146
mailto:drq@bnu.edu.cn
mailto:zqj@lasg.iap.ac.cn
http://doi.org/10.1088/1748-9326/adb051

10P Publishing

Environ. Res. Lett. 20 (2025) 034003

Here we show that there is only a weak relation-
ship between decadal variability of SE-WNP TCGF
and PDO/IPO when using data extending back to
the 1950s; instead, there is a significant and stable
relationship of the SE-WNP TCGF decadal variabil-
ity with the Victoria mode (VM), the second most
influential SST pattern in the North Pacific (Ding et al
2015, Ji et al 2023). Previous studies have shown that
the VM exerts a modulating effect on WNP TCGF on
the interannual scale (Pu et al 2019), but our study
highlights the importance of the VM in modulating
SE-WNP TCGF decadal variability.

2. Results

2.1. Relationship between decadal variability of
SE-WNP TCGF and VM

We first showed the decadal components (spanning
periods greater than 11 years) of the VM index dur-
ing boreal spring (February—April; FMA; the peak
season of the VM; Ding et al 2018) and the follow-
ing typhoon seasons (June—October; JJASO) aver-
aged SE-WNP TCGF and PDO index (see Methods;
denoted as the VM_LF, TC_LF, and PDO_LEF, respect-
ively) for the period 1950-2022 (figure 1(a)). The
contributions of the inter-decadal variability of the
VM and TCGF to their respective variances, which
are 25% and 41% respectively. Particularly, the con-
tribution of the inter-decadal component to the VM
variability shows an upward trend (Ji et al 2024). The
VM_LF shows a strong correlation with the TC_LF
over the entire period (R = 0.75, statistically signi-
ficant at the 0.05 level). In contrast, the correlation
between the simultaneous PDO_LF and TC_LF is
much weaker (R = 0.31).

We calculated the sliding correlations of the
VM_LF and PDO_LF respectively with the TC_LF
on a 23 year moving window (figure 1(b)). The
VM — TC relationship shows a significant positive
correlation over almost the entire period. In contrast,
the PDO — TC relationship shows an abrupt shift in
the late 1980s (Zhou et al 2024), with significant pos-
itive correlations from 1986-2022 (P2), but no such
correlation before 1986 (P1;1950—-1985). The above
results are stable across different lengths of the mov-
ing window (supplementary figure 1).

We next adopt the dynamic genesis potential
index (DGPI), which integrates the effects of dynamic
parameters and shows a positive ability to depict the
decadal variation of the number of TCs over the WNP
(see Methods; Zhan et al 2022). The decadal com-
ponents of DGPI and TC_LF over the SE-WNP have
a strong positive correlation (R = 0.66, with a 95%
confidence level) for the period 1950-2022 (supple-
mentary figure 2). The spatial correlations of JJASO
DGPI respectively with the FMA VM index and the
JJASO PDO index show that significant positive cor-
relations with the VM index covers over most of the
SE-WNP, while only weak correlations are observed
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with the PDO index over the SE-WNP (supplement-
ary figure 3). These observational results suggest that
decadal variability of SE-WNP TCGF may be con-
trolled by the VM, but not by the PDO.

Given that the SE-WNP is the main genesis region
for super TCs (>51.0 m s—; Huang et al 2022), the
VM could therefore modulate the genesis frequency
of super TCs by controlling the genesis frequency of
all TCs in this region. It shows that there is a much
higher genesis frequency of TCs over the SE-WNP
during positive VM events than during negative VM
events (72% vs 28%; figure 2(a)). Furthermore, 81%
of super TCs originating from the SE-WNP occur
during positive VM years, while only 19% of super
TCs occur during negative VM vyears (figure 2(b)). In
contrast, there is no obvious difference in the genesis
frequency of all TCs and super TCs between posit-
ive and negative PDO (supplementary figure 4). This
finding is very important for climate prediction of
super TCs over the SE-WNP.

The role of the VM in controlling SE-WNP TCGF
decadal variability is also supported by CMIP6 mod-
els (supplementary table 1; see ‘Methods’ for model
selections). A total of 12 out of the selected 15 models
(80%) show that the correlation coefficient of decadal
variability of the JJASO DGPI over the SE-WNP with
the FMA VM is higher than that with the JJASO PDO,
while only 3 out of the 15 models exhibit the opposite
inclination (figure 3(a)). The results from the AMIP6
experiments show similar findings, with 24 out of the
25 models indicating that the JJASO DGPI over the
SE-WNP is greater during positive VM events than
negative ones. (supplementary figure 5).

Two sets of ensemble experiments using the
Community Earth System Model (CESM) show that
the FMA VM can indeed affect the subsequent JJASO
SE-WNP TCGF (see Methods). In the positive-VM
ensemble run, a high area-averaged JJASO DGPI is
shown over the SE-WNP. In contrast, in the negative-
VM ensemble run, the JJASO DGPI over SE-WNP is
low (figure 3(b)). The difference is statistically signi-
ficant at the 95% confidence level, based on the boot-
strap method (see methods). These modeling results
further indicate that the VM plays a crucial role in
controlling the decadal variability of SE-WNP TCGE

2.2. Physical mechanisms driving the VM’s
modulation effect

We have shown that the VM may be an import-
ant factor in controlling the decadal variability of
SE-WNP TCGE. We next investigate the mechanisms
through which the VM controls the decadal variabil-
ity of SE-WNP TCGE. Previous studies have demon-
strated that the central North Pacific (CNP; 0-20° N,
160° E-160° W) is a key region influencing the vari-
ability of SE-WNP TCGF (Zhou et al 2024). The
VM is associated with a tripole SSTAs pattern in
the North Pacific from FMA to summer, driven by
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Figure 1. Relationships of the VM and PDO with decadal variability of SE-WNP TCGF in observations. (a) Time evolutions of
the PDO-LF (blue line), VM_LF (red line), and SE-WNP TC_LF (black line). (b) The 23 year sliding correlations of the VM_LF
and PDO_LF respectively with the TC_LF, and the 23 year sliding correlations of the VM_LF with the PDO_LEF. (c) The 23 year
sliding correlations of the TC_LF, VM_LF and PDO_LF respectively with the CNP SST index. The horizontal dashed lines in (b)
and (c) denote the 95% confidence levels based on the two-tailed Student’s test. The grey shaded areas in (a)—(c) indicate the first

2000 2020

a lagged ocean-air coupling process, such as wind-
evaporation-SST feedback (Xie et al 1994, Ding et al
2018). This process can then force the overlying atmo-
sphere to initiate CNP SST anomalies, an evolving
process known as the seasonal footprinting mechan-
ism (Vimont et al 2003). Overall, the lagged ocean-air
response of CNP-SST anomalies to VM is more stable
and has a more significant during the whole period

(figure 1(c)). However, the PDO-related ocean-air
process has an unstable effect on the CNP-SST, and it
is significant only during the P2 period, with a poorer
relationship during the P1 period.

There is a strong positive correlation coeffi-
cient between the JJASO TC_LF and the simultan-
eous CNP SST index (see methods) for the entire
period (R = 0.68, with a 95% confidence level;
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Figure 2. Difference in SE-WNP TCGF between positive and negative VM events. (a) Sankey diagram showing the flow of
different TC intensities (SuTY, STY, TY) over the SE-WNP for positive/negative VM events. Number of TCs is listed at the center
of each set of diagrams. Line widths are proportional to the magnitude of the corresponding flow. Super typhoon (SuTY;

>51.0 m s~ 1), strong typhoon (STY; 41.5-50.9 m s~ 1), typhoon (TY; 32.7-41.4 m s 1), defined by the maximum TC wind
speed, are shown to the far right of the flow line. (b) Comparison of the percentage of SE-WNP TCs with different intensities
under positive VM events (red bars) and negative VM events (blue bars). Proportion of TCs are listed at the top of each set of bars.

supplementary figure 6(a)). Furthermore, we note
that the relationship between the CNP SST index and
SE-WNP TCGF shows a significant and stable positive
correlation over almost the entire period (figure 1(c)).
After removing the CNP SST index from the VM
index, the correlation between the FMA VM and the
following JJASO TC_LF drops from 0.75 to 0.33 (sup-
plementary figure 6(a)), and there is no longer a sig-
nificant and stable relationship between the VM and
SE-WNP TCGF (supplementary figure 6(b)). These
results indicate that the CNP SST likely plays a cru-
cial role in mediating the influence of the VM on the
SE-WNP TC genesis, in line with Liu et al (2019).
We show the regressed 850 hPa vorticity, omega,
700 hPa specific humidity, and vertical wind shear

(VWS) between 200- and 850 hPa with respect to the
CNP SST index (supplementary figure 7). In response
to the anomalous CNP SST, cyclonic vorticity anom-
alies dominate the lower troposphere over the main
SE-WNP TC genesis region (supplementary figure
7(a)) and the increased specific humidity (supple-
mentary figure 7(b)), and the middle low troposphere
is associated with anomalous ascending motion (sup-
plementary figure 7(c)). Additionally, the VWS is
weakened in the region north of the equator and east
of 150° E (supplementary figure 7(d)). The combina-
tion of these thermodynamic and dynamic conditions
favors the genesis of SE-WNP TCs.

Given that the CNP SSTs are closely connected
to the variability of SE-WNP TCGE, one question

4
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Figure 3. Decadal variability of DGPI over the SE-WNP: inter-model relationships and VM forcing impacts. (a) Inter-model
relationship between the correlation coefficient of the decadal variability of the JJASO DGPI over the SE-WNP with the FMA VM
and the JJASO PDO. (b) DGPI area-averaged over the SE-WNP induced by positive and negative VM SST forgings by using the
CESM. The solid line in (a) is the diagonal, the bottom right of which indicates that the correlation coefficient between the VM
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Figure 4. Correlations of the VM and PDO respectively with SSTs in the North Pacific. (a) The spatial correlations of JJASO SSTs
with the FMA VM index in the P1 period (1950-1985). (b) Same as (a), but for the P2 period (1986-2022). (c) The spatial
correlations of JJASO SSTs with the JJASO PDO index in the P1 period (1950-1985). (d) Same as (c), but for the P2 period. Dots
represent correlations statistically significant above the 95% confidence level. Boxes in (a—d) indicate the CNP region (0-20° N,
160° E-160° W).

P2 period. We next examined changes in the spatial
correlations of JJASO SSTs with the FMA VM index
and the JJASO PDO index, respectively (figure 4).

naturally arises as to why the VM relates well to the
SE-WNP TCGF in both the P1 and P2 periods, while
the PDO relates well to the SE-WNP TCGF only in the
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We find that the PDO has significant positive cor-
relations over the CNP region only in the P2 period,
which coincides well with the enhanced relationship
between the PDO and SE-WNP TCGF during the
same period. (figures 4(c) and (d)). The connection
between the JJASO CNP SST index and the simul-
taneous PDO index reaches statistical significance in
the P2 period, but no significant correlations in the
P1 period (figure 1(c)). In contrast, the VM has sig-
nificant positive correlations over the CNP region in
both the P1 and P2 periods (figures 4(a) and (b)),
and the connection between the FMA VM index and
the following JJASO CNP SST index remains robust
over almost the entire period (figure 1(c)). In par-
ticular, from the P1 period to the P2 period, the
connection between the VM and CNP SST shows
a strengthened trend, which coincides well with the
enhanced relationship between the VM and SE-WNP
TCGE. Alternatively, the spatial distribution char-
acteristics of the atmospheric environmental fields
obtained through the FMA VM_LF regression closely
resemble those of the CNP SST index (supplement-
ary figure 8). These results may explain why the
VM — TC relationship is significant over almost the
entire period, while the PDO — TC relationship is sig-
nificant only in the P2 period.

Previous studies have shown that the VM-related
North Pacific SST anomalies peak in spring and
propagate towards the equatorial Pacific through
subtropical air—sea feedback processes, initiating the
development of ENSO (Bond et al 2003, Ding et al
2015). During the typhoon season, significant ENSO-
like SST anomaly patterns associated with the VM
emerge in the central equatorial Pacific, which can
project onto the PDO pattern in the North Pacific (Di
Lorenzo et al 2010). Thus, while the PDO and VM are
independent of each other at any given moment, there
may be a lagged connection between them (Lorenzo
et al 2023). As the northeast trade winds strengthen
in the subtropical Northeast Pacific in recent dec-
ades (Boisséson et al 2014), the coupling between the
extratropics and tropics tends to enhance (Cai et al
2018, Jia et al 2021), leading to a stronger lagged link-
age between the spring VM and the subsequent sum-
mer PDO in the P2 period (Ji et al 2024, figure 1(b)).
After removing the FMA VM_LF from the JJASO
PDO_LF, the correlation between the PDO and SE-
WNP TCGF drops from 0.68 to 0.26 in the P2 period
(supplementary figure 9). This implies that the close
relationship between the PDO and SE-WNP TCGF
in the P2 period may simply be a consequence of the
enhanced lagged linkage between the VM and PDO
(figure 1(b)). This may explain why the PDO relates
well to the SE-WNP TCGF only in the P2 period.
From this perspective, it is further illustrated that
decadal variability of SE-WNP TCGF may be mainly
driven by the VM, but not by the PDO.

T Wen et al

3. Discussion

We have shown that the decadal variability of SE-
WNP TCGEF is primarily driven by the VM, but not
by the PDO. During the positive VM phase, the SE-
WNP TCGF is more than usual due to the anomal-
ous large-scale environmental fields induced by the
VM-related CNP SST anomalies; conversely, the SE-
WNP TCGF is less during the negative VM phase.
These results challenge previous studies by attribut-
ing the decadal TC activity over the SE-WNP to the
VM rather than the PDO. This finding has significant
implications for the long-term prediction of SE-WNP
TCs and for enhancing disaster prevention strategies
against TC impacts in East Asian coastal nations.

Studies indicate that while the earlier data may
have some inconsistencies (Kossin et al 2013), the
overall trends and patterns observed in the data
remain valid for understanding long-term climate
changes and cyclone behavior (Chan and Liu 2022,
Zhou et al 2024) although this still deserves to be veri-
fied in further high-resolution model simulations.
Foremove, recent study has shown that the variab-
ility of the VM has increased in recent decades (Ji
et al 2024), which may explain a stronger relationship
between the VM and SE-WNP TCGF in the P2 period
than in the P1 period (figure 1(b)). As the VM tends
to intensify in the future, its potential impact on SE-
WNP TCs may be also expected to strengthen. In this
regard, further investigations are required to examine
the relationship between the VM and SE-WNP TCGF
in a warming climate.

4, Methods

4.1. Observed data

We used data from multi-species observation and
reanalysis datasets, including monthly mean SST
from the Hadley Centre global sea ice and SST data
(Rayner et al 2006), as well as omega, u-wind, v-
wind data from the NCEP-NCAR reanalysis (Kalnay
et al 1996). TC best-track data were obtained from
the CMA/China Meteorological Data Service Center
(Ying et al 2014, Lu et al 2021). A TC is considered
to occur when the maximum sustained wind speed
reaches the critical value of 32.7 m s~ . In this paper,
we focus on the season when TC is active (June to
October). However, we also use other typhoon sea-
sons such as July to November and the conclusions
are unchanged (not shown). Prior to analysis, we
remove the linear trends and seasonal cycles from the
observed data.

4.2. CMIP6 data

For the model datasets, we used the monthly histor-
ical simulations produced by 31 models participat-
ing in the CMIP6 (Eyring et al 2016). From the 31
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models, we selected 15 models for further investiga-
tion based on their ability to reproduce the patterns
and variability of the VM and PDO (supplementary
figure 10). The selected models demonstrate robust
performance in both exponential intensity simula-
tion and pattern spatial correlation simulation, align-
ing with the findings reported by Wang et al (2021).
The main details of the 15 selected models are sum-
marized in Table 1. For the analysis, we focused on
the common period from January 1900 to December
2000. All model data were bilinearly interpolated onto
a 1° x 1° latitude and longitude grid for the multi-
model ensemble mean analysis.

4.3. Coupled general circulation model (CGCM)
We set a CGCM experiment to run with the CESM
version 1.2.2.1 (hereafter CESM; Hurrell et al 2013).
The CESM is an advanced, fully coupled global
climate model developed by NCAR to simulate
the Earth system. It integrates various components,
including the atmosphere, ocean, land surface, ice,
and more. The atmospheric part of CESM is rep-
resented by the Community Atmosphere Model ver-
sion 5, which operates with a horizontal resolution
of approximately 1° (1.25° x 0.9°) and 30 vertical
layers, and its ocean component is the ParallelOcean
Program version 2, which shares a similar horizontal
resolution and includes 60 vertical layers. CESM’s
land and sea ice models are the Community Land
Model version 4 and the Los Alamos Sea Ice Model
version 4 (CICE4), respectively. This experiment was
conducted in two stages. Initially, the CESM was
allowed to run freely for 120 years under preindustrial
(1850) radiative forcing conditions, referred to as the
CTRL simulation. In the second stage, we performed
sensitivity experiments with both positive and negat-
ive VM simulations, each consisting of 30 ensemble
members. The SSTs during February—April over the
North Pacific (0-60° N, 100° E-100° W) is nudged
toward SSTAs associated with the positive or negat-
ive VM, in addition to the climatological SSTs. These
VM-related SSTAs were derived by regressing the cor-
responding 2 x SSTAs onto the FMA VML

Each ensemble member was integrated from
January to February of the second year, resulting in
a total integration period of 14 months.

4.4. Climate indices

The PDO and VM indices are represented by the prin-
cipal component time series of the first and second
dominant empirical orthogonal function of monthly
SST anomalies over the extratropical North Pacific
(20°-65° N, 124° E-100° W) for the period 1950—
2022 (Mantua and Hare 2002, Bond et al 2003). The
VM was analyzed during its peak season (FMA). For
the PDO, we selected the JJASO (June—October) sea-
son to align with the established typhoon season,
ensuring consistency with previous research (Liu et al

T Wen et al

2019, Zhan et al 2022). Additionally, we examined
the PDO across different seasons, confirming that our
conclusions remain independent of the specific PDO
season chosen (supplementary figure 11).

The DGPI is calculated using the method outlined
in Wang et al (2020). It is given by:

2.3
DGPI = (2+0.1V,) "7 (5.5 — 35105>

x (5—20w)*? (5.5 4 |10°|)* e 18 — 1.

Here, V, represents the magnitude of VWS
between 200 and 850 hPa, du/dy is the meridional
gradient of zonal wind at 500 hPa, w denotes the
500 hPa vertical pressure velocity, and 7 is absolute
the at 850 hPa.

The CNP SST indices represent the area-averaged
SSTAs over the CNP region (0-20° N, 160° E-
160° W). The manuscript applied an 11-point
Lanczos low-pass filter to extract the decadal variabil-
ity of all climate indices and variables. All indices have
been detrended before analysis.

4.5. Positive and negative VM/PDO events

We categorize VM events from the period 1950-2022
based on the magnitude of the three-month aver-
age FMA VML Years in which this index equals or
exceeds one standard deviation during spring are clas-
sified as positive VM events years. Conversely, years
in which the index is less than to negative one stand-
ard deviation are classified as negative VM events
years. Likewise, we categorize PDO events from 1950—
2022 based on the average JJASO PDO index for the
typhoon season. Years with a PDO index of £1 stand-
ard deviation are classified as positive or negative
PDO events, respectively.

4.6. Significance tests

Statistical significance of correlations and regressions
was assessed using a two-tailed Student’s ¢-test. Since
the number of yearly TCs follows a Poisson distri-
bution (Ji et al 2024), we applied a non-parametric
bootstrap method to test the significance of genesis
and track density differences between periods. This
method, commonly used in climate research, is suit-
able for small sample sizes and makes no assumption
about the underlying statistical distribution (Tippett
et al 2011). The effective sample size was adjusted
as described by Li et al (2013) when testing lin-
ear correlations. Additionally, we used bootstrapping
(Austin and Tu 2004) to examine whether the area-
averaged JJASO DGPI connections differed signific-
antly between positive and negative VM phases.

Data availability statement
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