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ABSTRACT: Prior studies have emphasized the influence of the boreal summer intraseasonal oscillation (BSISO) on
basin-scale and global-scale tropical cyclones (TCs). An improved understanding of the BSISO’s impact on TCs at various
climate time scales will likely lead to improved subseasonal-to-seasonal prediction. This study explores the impact of
BSISO interannual variability on western North Pacific (WNP) TCs. We find that interannual meridional variability in the
BSISO modulates the meridional migration of WNP TC genesis and is related to changes in BSISO phase structure. These
structural changes are characterized by occurrence frequency changes for individual BSISO phases between the equatorial
region over the eastern Indian Ocean (EIO)–Maritime Continent (MC) and the subtropical region over the South China
Sea (SCS)–western Pacific. This interannual north–south change of the BSISO appears to be associated with changes in
sea surface temperature over the MC region and WNP mid-to-low-tropospheric moisture advection, mainly via remote
forcing of a Gill-type Rossby response to BSISO convection and a large meridional asymmetry of the low-level background
moisture distribution. During years with increased BSISO residence time over the subtropical SCS–western Pacific, more
TCs occur over the northern WNP due to TC-favorable BSISO-associated convection and circulation. In contrast, more
TCs occur over the southern WNP in years with increased BSISO convection residence time over the equatorial EIO–MC.
We find that the increase in frequency of BSISO phase occurrence over the subtropical SCS–western Pacific since the late
1990s has potentially contributed to a recent poleward shift of WNP TC genesis.
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1. Introduction

The Madden–Julian oscillation (MJO; Madden and Julian
1971) has been recognized as a dominant mode of tropical in-
traseasonal variability with significant impacts on global
weather and climate via both its direct tropical impacts and its
extratropical teleconnections (Nakazawa 1988; Liebmann
et al. 1994; Kim et al. 2008; Zhang 2013; Wang and Moon
2017; Wang et al. 2019; Chen and Wang 2021; Liu et al. 2022).
Several studies have documented that the MJO has pro-
nounced seasonality and regionality, with the boreal summer
MJO also being referred to as the boreal summer intraseaso-
nal oscillation (BSISO) (Yasunari 1979; Lau and Chan 1985;
Wang and Rui 1990; Wang and Xie 1997; Zhang and Dong
2004; Kikuchi et al. 2012; Adames et al. 2016; Lee et al. 2013).
Over the East Asian monsoon region, the BSISO propagates
both eastward and northward (Yasunari 1979, 1981; Wang
and Rui 1990; Hsu andWeng 2001; Hsu et al. 2004; Jiang et al.
2004; Kikuchi et al. 2012; Lee et al. 2013; Hsu et al. 2016;
Chen and Wang 2021), which can cause significant impacts on

weather events including heavy rainfall, floods, droughts, and
tropical cyclone (TC) activity over highly populated portions
of East Asia. As an important driver of intraseasonal TC activity
and as a potential bridge for seamless temporal TC prediction
(Wheeler and Weickmann 2001; Zhang 2013; Ren et al. 2018;
Nakano et al. 2021; Zhao et al. 2022), skillful BSISO forecasts
are of both socioeconomic value and scientific merit.

On subseasonal time scales, there is a general consensus
that the BSISO strongly modulates western North Pacific
(WNP) TCs, with more TCs forming during the convectively
active phase (Nakazawa 1986; Liebmann et al. 1994; Kim et al.
2008; Camargo et al. 2009; Li and Zhou 2013; Zhao et al.
2015a,b, 2018; Zhao and Li 2019; Qin et al. 2023). Prior stud-
ies have suggested that the strong TC modulation by the
BSISO is due to the BSISO’s modulation of the large-scale at-
mospheric and oceanic environment as well as changes in
prior tropical synoptic-scale disturbances by BSISO-associated
Rossby wave energy accumulation (Sobel and Bretherton
1999; Sobel and Maloney 2000; Maloney and Dickinson 2003;
Camargo et al. 2009; Huang et al. 2011; Zhao et al. 2015a,b,
2018, 2019a). Several studies have used the genesis potential
index proposed by Emanuel and Nolan (2004) to assess the
relative role of large-scale factors associated with the BSISO
in modulating TCs and have found that the BSISO’s primary
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large-scale modulations that impact TCs are midlevel relative
humidity and low-level vorticity (Camargo et al. 2009; Zhao
et al. 2015a,b).

On the intraseasonal time scale, a new TC genesis potential
index has been proposed by identifying the major factors as-
sociated with intraseasonal oscillations that affect global-scale
and regional-scale TC genesis potential (Wang and Moon
2017; Moon et al. 2018). Tropical synoptic-scale disturbances
that serve as TC precursors can amplify over the WNP basin
due to lower-tropospheric Rossby wave accumulation caused
by BSISO-associated large-scale convergence (Holland 1995;
Sobel and Bretherton 1999; Sobel and Maloney 2000; Huang
et al. 2011; Zhao et al. 2018, 2019a). Using empirical orthogo-
nal function (EOF) analyses, Zhao et al. (2019a) investigated
the association of boreal summer WNP TC genesis with vari-
ous tropical waves. They found that the BSISO strongly en-
hanced ;70% of TCs through generation of a more favorable
environment and modulation of the synoptic-scale wave train
due to barotropic energy accumulation over the WNP mon-
soon region.

Changes in the large-scale environment and associated air–
sea interactions in response to both natural variability and
human-induced global warming cause modulations in the
BSISO (Teng and Wang 2003; Kim et al. 2008; Kikuchi and
Wang 2009; Yun et al. 2010; Tao et al. 2015; Yamaura and
Kajikawa 2017; Bui and Maloney 2019; Lin 2019; Roxy et al.
2019; Dasgupta et al. 2021). These modulations then result in
TC activity changes. For example, the tropical Pacific climate
regime shift that occurred in the late 1990s caused interdeca-
dal changes in the BSISO (Yamaura and Kajikawa 2017; Wu
et al. 2021). Roxy et al. (2019) found that the recent expansion
of the Indo-Pacific warm pool significantly distorted the MJO
life cycle, with its residence time decreasing over the Indian
Ocean by 3–4 days and increasing over the Indo-Pacific Mari-
time Continent by 5–6 days. Recently, there has been a grow-
ing body of literature examining BSISO changes in a warming
climate. Under a high-emissions scenario, Zhou et al. (2020)
found amplified BSISO impacts in the Pacific–North America
region based upon a CMIP5 multimodel ensemble. Other
studies have found that a warming climate may produce dif-
fering signals in BSISO precipitation intensity compared with
BSISO wind intensity, thus leading to different impacts on
weather and climate events (Wolding et al. 2017; Maloney
et al. 2019).

The BSISO undergoes significant variability (Lin and Li
2008; Liu et al. 2016; Lin 2019; Chen andWang 2021) on inter-
annual time scales. Lin (2019) found that interannual variabil-
ity of the BSISO is closely associated with the prior spring–
winter ENSO-associated large-scale environment. Following
El Niño, the subtropical anticyclonic anomaly over the WNP
and negative moisture anomalies hinder BSISO northward
propagation, causing the BSISO convection to linger in the
Maritime Continent (MC) region. By contrast, cyclonic anom-
alies over the subtropical WNP and associated positive mois-
ture anomalies following La Niña promote BSISO northward
propagation. BSISO periodicity and propagation can be impacted
through ENSO-induced background-mean-state changes, espe-
cially via mean moisture and vertical wind shear anomalies in

the WNP (Liu et al. 2016). Prior studies also emphasized the
role of large-scale moisture gradient and changes of warm pool
sea surface temperature (SST) as well as their combined im-
pacts on intraseasonal oscillations (Jiang et al. 2018; Kim 2017;
Suematsu and Miura 2018; Roxy et al. 2019; Suematsu et al.
2022; Wang and Sobel 2022; Cai et al. 2022). The combined
impact of ENSO and the BSISO onWNP TCs and the distinct
impacts of different BSISO-associated propagation and inten-
sity responses to ENSO have also been discussed (Lin and Li
2008; Liu et al. 2016; Lin 2019; Han et al. 2020; Sobel and
Maloney 2000).

These prior studies document that the BSISO undergoes
variability on multiple time scales that thus impacts both
weather and climate. Prior studies have focused on the impact
of the BSISO on boreal summer WNP TCs on intraseasonal
time scales (Camargo et al. 2009; Li and Zhou 2013; Zhao
et al. 2015a,b, 2018; Zhao and Li 2019), while the BSISO’s im-
pacts on WNP TCs on other time scales remains limited. This
study examines how interannual variability of the BSISO in-
fluences summer WNP TC genesis.

The remainder of this study is arranged as follows. Section 2
describes the data used in this study as well as the methodology
for identifying BSISO phases. Section 3 presents the main re-
sults of this study and examines interannual meridional BSISO
variability and its impact on summer WNP TCs. Section 4 in-
cludes associated physical explanations for how the BSISO im-
pacts WNP TCs. Section 5 discusses implications for the recent
poleward shift in WNP TC genesis from interdecadal changes
in interannual BSISO variability. A summary and discussion
are given in section 6.

2. Data and methodology

a. TC data and reanalysis data

WNP TC data including 6-h-interval latitude, longitude,
and maximum sustained wind are provided by the Joint
Typhoon Warning Center (JTWC) (Chu 2002). All TCs with
maximum 1-min sustained wind of 34 kt (1 kt ’ 0.51 m s21)
or greater are considered. We focus on WNP TC genesis fre-
quency and TC genesis during extended summer, defined as
May to October in this study, from 1980 to 2019. Daily outgo-
ing longwave radiation (OLR) is obtained from the National
Oceanic and Atmospheric Administration (NOAA). Daily
wind at 850 hPa (U850) is obtained from the National Centers
for Environmental Prediction–Department of Energy Reanal-
ysis 2 (NCEP-DOE Reanalysis 2; Kanamitsu et al. 2002) with
a horizontal resolution of 2.58 3 2.58 and 17 vertical pressure
levels. These winds are used to identify BSISO phases and in-
vestigate the propagation of BSISO-associated convection
and circulation. To further explore the interannual variability
of the BSISO and its impact on TCs, we examine monthly
SST data with a horizontal resolution of 2.08 3 2.08 from the
NOAA Extended Reconstructed SST, version 5 (ERSSTv5;
Huang et al. 2017). We include additional monthly atmo-
spheric fields from the NCEP-DOE Reanalysis 2 project. The
Niño-3.4 index, defined as average SST anomalies (SSTAs)
within 58S–58N, 1708–1208W, is used to define ENSO events.
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b. Identification of BSISO phases

Following Wheeler and Hendon (2004), the BSISO indices
are extracted using three steps: 1) the first three harmonics
are removed to filter out seasonal variations from unfiltered
daily OLR and U850 for each grid point over the region
(108S–408N, 908–1508E), 2) the prior 120-day average from
each day is subtracted to remove the effects of most interan-
nual variations including ENSO, and 3) the multivariate em-
pirical orthogonal function (MV-EOF) modes are obtained
from zonally averaged OLR and U850 from 908 to 1508E. Our
BSISO indices are derived from the first two leading EOF

modes (i.e., EOF1BSISO and EOF2BSISO) and compare well to
the BSISO indices obtained by Lee et al. (2013). These two
BSISO indices describe a large fraction of total intraseasonal
oscillation (ISO) variability in the East Asian monsoon–WNP
region and have a good representation of the northward-
propagating features of the BSISO (Wang and Xie 1997; Hsu
and Weng 2001; Jiang et al. 2004; Lee et al. 2013; Liu et al.
2018). We divide the BSISO life cycle into eight phases and
count days in each BSISO phase when they have an amplitude

(
�����������������������������
PC12BSISO 1 PC22BSISO

√
, where PC1 and PC2 are the first and

second principal components) greater than 1.0.

FIG. 1. Composite of OLR anomalies (shaded; W m22) for the eight BSISO phases, along with TC genesis locations
over the WNP basin (dots). TC genesis frequency and phase occurrence days, as well as average TC genesis latitude,
are shown for each BSISO phase.
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Additionally, we note that TCs occurring during these
BSISO phases do not guarantee that all of these TCs were di-
rectly modulated by the BSISO (Jiang et al. 2012; Zhao et al.
2015a,b). In this study, TCs directly associated with the
BSISO are further selected following Zhao et al. (2019a). A
TC genesis case is attributed to the BSISO based upon two
criteria:

1) The EOF-based reconstructed OLR anomalies are be-
low zero in the 58 3 58 box with the center of the TC
genesis location at the TC genesis time. The EOF-
based reconstructed OLR anomaly for BSISO is com-
puted as

OLR 2 BSISO 5 PC1BSISO 3 EOF1OLR-BSISO

1 PC2BSISO 3 EOF2OLR-BSISO, (1)

where EOF1BSISO-OLR (EOF2BSISO-OLR) is the regression
pattern of OLR onto PC1 (PC2), respectively.

2) The wave amplitude of BSISO exceeds 1.0 at the TC genesis
time.

Based on this identification, 416 TCs directly associated
with the BSISO are selected, accounting for;50% of the total
number of WNP TCs in our study (835 TCs). In the following
analysis, the TCs directly associated with the BSISO are used
to compare with all TCs over the WNP basin, unless otherwise
stated.

c. Representation of interannual variability of BSISO
phase frequency

To better investigate the interannual variability of the
BSISO, we use an approach similar to that described in prior
studies (Lin et al. 2015; Lin 2019; Dasgupta et al. 2021). We
count the number of days that each BSISO phase has an am-
plitude greater than one fromMay to October. The frequency
of BSISO phase occurrence is therefore a function of BSISO
phase and year from 1980 to 2019. These data are then used
to perform an EOF analysis to identify the dominant phase
structure of the interannual variability of the BSISO. This
study focuses on the first EOF pattern and the correspond-
ing PC1.

d. Decomposition of the mean latitude of TC
location metrics

To measure the contribution of TC genesis frequency to
average latitude, the latitude is decomposed using a method
described in Feng et al. (2021). The mean latitude (LAT) of
TC genesis for each group (e.g., positive and negative PC1)
shown in expression (2) is determined by multiplying the sum
of the latitude of TC genesis for each group (LATm) and the
relative frequency Pm, where Pm is calculated as the ratio of
TC genesis frequency in each group (Nm) to the total TC fre-
quency in all groups (Na):

LAT 5∑
m
(LATm 3 Pm), Pm 5

Nm

Na

: (2)

Both LATm and Pm can be decomposed into a climatological
mean latitude (LATm , Pm) and an anomaly (LAT′

m, P
′
m) from

the mean value. The latitude in each group can be expressed as

LAT 5∑
m
(LATm 1 LAT′

m) 3 (Pm 1 P′
m)

5∑
m
(LATmPm 1 LATmP

′
m 1 LAT′

mPm 1 LAT′
mP

′
m)

5 d 1 dP 1 dLAT 1 dLATP, (3)

where dLAT and dP denote the contribution of the relative
frequency (P′) and latitudinal deviation (LAT′) to the mean
latitude for each group, respectively, and dLATP denotes the
interannual covariance between LAT′ and P′. Similarly, the
groups represented by years with positive and negative PC1
are used to explore the contributions of relative frequency to
the mean latitude between years with increased frequency of
individual BSISO phase occurrences. These results have im-
plications for the poleward shift of TC genesis over the WNP
basin during recent decades. A similar decomposition method
has been used to quantify the contribution of interbasin fre-
quency changes to the global poleward migration of TC tracks
(Moon et al. 2015).

e. Statistical significance tests

The statistical significance of correlations and differ-
ences of means is performed using the two-tailed Student’s

FIG. 2. Composite difference of the spatial distribution of TC
genesis frequency (shaded) with 850-hPa winds (vectors; reference
vector at top right of each panel) and midlevel relative humidity
(contours; %) between (a) phases 5–7 and phases 2–4 and
(b) phases 1 and 5–8 and phases 2–4.
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t test. We test for statistical significance at the 0.05 level in
this study.

3. Interannual variability of BSISO modulates WNP TC
meridional migration

a. Spatial association between the BSISO and TC
variability

Figure 1 shows the evolution of BSISO phases along with
summer TC genesis over the WNP basin during the period
1980–2019. We find good consistency between BSISO-
associated convection and TC genesis events directly associ-
ated with the BSISO. In response to eastward and northward
propagation of the BSISO, the favored locations for WNP TC
genesis also change. During BSISO phases 2–4, where associ-
ated convection is mainly located over the tropical eastern
Indian Ocean (EIO)–MC, more TCs form over the southern
WNP region, with an average TC genesis latitude of ;14.28N.
By contrast, more TCs tend to occur over the northern WNP
region during phases 5–7, with an average TC genesis latitude
of ;20.08N. These BSISO phases are associated with en-
hanced convection over the subtropical South China Sea
(SCS) and the western Pacific. The difference in average TC
genesis latitude of 5.88 between phases 2–4 and phases 5–7 is
significant. The spatial differences in TC genesis also exhibit a
distinct north–south meridional dipole pattern (Fig. 2a), corre-
sponding to changes in both low-level winds and midlevel rela-
tive humidity. This strong climatological modulation of WNP
TCs by the BSISO was also found in prior studies and can be
explained by changes in large-scale environmental factors

associated with the BSISO (Camargo et al. 2009; Li and Zhou
2013; Zhao et al. 2015a,b, 2018; Zhao and Li 2019).

b. Interannual association between the BSISO and TC
variability

On the interannual time scale, there is a significant correla-
tion between BSISO-associated TC frequency and the total
number of summer WNP TCs (Fig. 3a) (r 5 0.56). Similar re-
sults are found for TC genesis latitude (Fig. 3b). The average
TC genesis latitude during all eight BSISO phases significantly
correlates with the average TC genesis latitude for all summer
TCs over the whole WNP basin (r 5 0.78). This relationship
implies that TC genesis latitude during all eight BSISO phases
captures;50% of the variance of total WNP summer TC gen-
esis latitude from 1980 to 2019. We next compute TC genesis
frequency and the frequency of BSISO phases 5–7 occurrence,
indicating that enhanced BSISO-associated convection spends
more time in the subtropical SCS and western Pacific. We find
a significant correlation (r 5 0.56) between TC genesis fre-
quency and BSISO phase 5–7 occurrence (Fig. 4b). A similar
result is found for phases 2–4, with a significant correlation be-
tween TC genesis frequency and the frequency of BSISO
phase occurrence (r 5 0.45) (Fig. 4a). These results suggest

FIG. 4. Standardized time series of TC genesis frequency and the
frequency of occurrence (a) for phases 2–4, (b) for phases 5–7, and
(c) for the difference between phases 5–7 and phases 2–4. Correla-
tion coefficients between the frequency of BSISO phase occurrence
and TC genesis frequency are also shown. An asterisk indicates
that the correlation is significant at a 95% confidence level.

FIG. 3. (a) Time series of TC genesis frequency over the WNP
during May–October for the period 1980–2019 (black) and TC gen-
esis frequency directly associated with the BSISO (red). (b) As in
(a), but for TC genesis latitude. Correlations between the two time
series are also calculated. The dashed lines show the mean values
for (a) TC genesis frequency and (b) TC genesis latitude for the
1980–98 and 1998–2019 periods, respectively. An asterisk indicates
that the correlation is significant at a 95% confidence level.
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that the meridional displacements of TC genesis associated
with interannual changes in BSISO phase occurrence fre-
quency play an important role in modulating the interannual
variability of summer WNP TCs. Given that the total TC
genesis frequency for all BSISO phases during the period
1980–2019 accounts for;50% of summerWNP TC frequency,
improved understanding of interannual changes in the BSISO
and how they impact both TC genesis frequency and TC me-
ridional migration may be useful for interannual prediction of
WNP TCs.

c. EOF analysis of the BSISO–WNP TC relationship

To further support the importance of interannual variability
in the BSISO in modulating TCs, we use EOF analyses to
identify the dominant phase structure of the interannual vari-
ability of the BSISO (i.e., PC1) as shown in section 2c and in-
vestigate the impacts of interannual variability of the BSISO
on summer WNP TCs. As shown in Fig. 5b, the first EOF
mode (EOF1) of BSISO phase occurrence frequency shows a
relatively large value in BSISO phases 2–4 and phases 6–8.
We find similar behavior when investigating the mean and in-
terannual standard deviation of the frequency of BSISO
phase occurrence with relatively high-frequency values of
phases 2–3 and phases 7–8 (Fig. 5a). These phases correspond
to BSISO activity over the tropical EIO–MC and subtropical
SCS–western Pacific, respectively. The first EOF mode ex-
plains ;42% of the variance and can be separated from other
EOF modes based upon the rules proposed by North et al.
(1982).

As shown by the dominant phase structure of interannual
variability of the BSISO (Fig. 5b), we find an obvious shift of
the frequency of BSISO phase occurrence with negative
anomalies for phases 1 and 5–8 and positive anomalies for
phases 2–4. As seen in Figs. 6a and 6b, more TCs occur over
the SCS-subtropical region during negative PC1 years, and
more TCs occur over the tropical WNP during positive PC1
years. This result indicates an apparent northward shift of TC
genesis in negative PC1 years compared with during positive
PC1 years (from 16.58 to 17.88N). This poleward shift in TC
genesis during negative PC1 years compared with during posi-
tive PC1 years is further confirmed by the difference in TC
genesis distribution for phases 2–4, for phases 1 and 5–8, and
for all eight phases (Fig. 6c). A clearer south–north dipole
pattern of TC genesis distribution can be seen (Fig. 6c, shad-
ing) for all eight BSISO phases when examining strong nega-
tive and positive PC1 years [defined as PC1 magnitude .0.8
standard deviations (STD) based upon the time series of PC1
as shown in Fig. 5c]. More TCs tend to form poleward for
BSISO phases 1 and 5–8 during strong negative PC1 years
(Fig. 6c, blue contours), while more TCs tend to form equa-
torward for BSISO phases 2–4 during strong positive PC1
years (Fig. 6c, red contours).

d. Budget analysis of the intraseasonal genesis
potential index

As suggested above, marked changes in TC genesis events
associated with the BSISO and its interannual variability are
tied to BSISO-induced changes in the large-scale environment.

FIG. 5. (a) Average (blue) and interannual standard deviation (red) of the frequency of occur-
rence for BSISO phases fromMay to October. (b) The first EOF mode (EOF1) of the frequency
of occurrence for BSISO phases and (c) the corresponding PC1. The percentage noted in the
top-right corner of (b) and (c) is the variance explained.
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To further understand these changes, the intraseasonal gen-
esis potential index (ISGPI) proposed by Wang and Moon
(2017) and Moon et al. (2018) is used to explore the role of
large-scale factors associated with the BSISO in modulating
TC genesis. The ISGPI focuses on the contributions of three
intraseasonal environmental variables: zonal wind shear
(Vzs), 500-hPa vertical velocity (v500), and 850-hPa relative
vorticity weighted by the Coriolis parameter: fzr850 to WNP
TC genesis. The ISGPI is calculated using the following
equation:

ISGPI 5 (20:55) 3 v500 1 (0:22) 3 fzr850 1 (20:20) 3 Vzs:

(4)

As shown in Fig. 7, the ISGPI successfully reproduces the
spatial distribution of TC genesis in response to BSISO
phase changes as well as interannual variability. The dipole
pattern of TC genesis differences between phases 1 and
5–8 and phases 2–4 for the whole period of 1980–2019,
for positive PC1 years and for negative PC1 years, respec-
tively, is also explained by the ISGPI (Figs. 7a–c). A budget
analysis of the ISGPI shows that TC genesis differences be-
tween phases 1 and 5–8 and phases 2–4 are due to the com-
bined changes of the three factors included in the ISGPI,
with different roles of large-scale factors for different
regions.

From 1980 to 2019, 500-hPa vertical velocity and 850-hPa
relative vorticity weighted by the Coriolis parameter are the
two most important factors for the region from 208 to 308N,
with vertical wind shear playing a minor role. In contrast, all
three factors are important for the 58 to 208N region, with a
positive contribution to the total ISGPI from 500-hPa vertical
velocity and weighted 850-hPa relative vorticity and a nega-
tive contribution to the total ISGPI from vertical wind shear.

During positive PC1 years, 500-hPa vertical velocity is the
most important factor in both regions, with the other two factors
playing a limited role. However, during negative PC1 years, the
vertical wind shear and 500-hPa vertical velocity appear to be
the key factors, but the effect of vertical shear is opposite in the
two regions. In comparison with the robust contribution from
500-hPa vertical velocity to ISGPI, the contribution from vertical
shear is not systematic and is occasionally of the opposite sign to
the total ISGPI. The 850-hPa relative vorticity is the same sign
as the 500-hPa vertical velocity (and ISGPI) but with a smaller
magnitude. Moon et al. (2018) argued that vertical velocity, rela-
tive vorticity, and humidity are highly correlated with each
other. It is furthermore found that the total ISGPI anomalies in
the 208–308N belt are weaker during negative PC1 years than
during positive PC1 years, while there are no significant changes
in the 58–208N belt. In positive PC1 years, with a seasonal mean
anomalous anticyclonic circulation, tropical WNP ISGPI de-
creases owing to the reduction in upward motion in phases
1 and 5–8 relative to phases 2–4 (Figs. 7b,e). The same is true in
negative PC1 years, with a seasonal mean anomalous cyclonic
circulation, but with an increase in subtropical WNP ISGPI due
to enhanced upward motion in phases 1 and 5–8 relative to
phases 2–4 (Figs. 7c,f). The latter is collocated with in-
creased midtropospheric humidity due to increased BSISO-
associated moisture transport in negative PC1 relative to
positive PC1 in the 208–308N belt, as a response to a BSISO-
associated convective activity difference. The stronger re-
duction of upward motion in the tropical WNP in positive
PC1 years relative to negative PC1 years may reflect more
time in BSISO phases 2–4 (Figs. 1 and 7a,b) than in phases 1
and 5–8. In summary, these analyses suggest that changes in
the TC environment associated with the BSISO and its in-
terannual variability play an important role in modulating
WNP TC genesis.

FIG. 6. Spatial distribution of TC genesis frequency for phases
2–4 (contours) and phases 1 and 5–8 (shaded) for years with
(a) PC1 greater than 0 and (b) PC1 less than 0. The corresponding
TC genesis frequency, the average TC genesis latitude, and the fre-
quency of occurrence for phases 2–4 (phases 1 and 5–8) are shown
in the top left (top right). The bottom-right value is the average lat-
itude for all eight phases. (c) Difference of TC genesis distribution
for BSISO phases 2–4 (red contours), phases 1 and 5–8 (blue con-
tours), and all eight BSISO phases (shaded) between strong nega-
tive PC1 and positive PC1 years.
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e. Role of BSISO interannual variability in WNP
TC modulation

Given strong interannual variability of the BSISO, TC gen-
esis frequency and TC genesis latitude undergo corresponding
interannual changes. PC1 strongly correlates with the differ-
ence of the BSISO phase occurrence frequency between
phases 1 and 5–8 and phases 2–4 (r 5 20.98). This high corre-
lation between PC1 and the corresponding BSISO phase oc-
currence frequency further indicates that the BSISO’s impact
on TCs is mainly via its residence time over different regions.
Correspondingly, PC1 also strongly correlates with TC fre-
quency differences between phases 1 and 5–8 and phases 2–4
(r 5 20.52) (Fig. 8c). Similarly, the difference of phase occur-
rence frequency between phases 1 and 5–8 and phases 2–4 sig-
nificantly correlates with TC genesis frequency differences
(r 5 0.54). The average TC genesis latitude for all boreal

summer TCs during positive PC1 years is 16.58N, while the av-
erage TC genesis latitude is 17.88N during negative PC1 years
(Figs. 6a,b).

To further emphasize the influence of interannual variabil-
ity in the BSISO on WNP TCs, we select five strong positive
PC1 years (i.e., 1983, 1992, 1998, 2010, and 2016) with increased
frequency of phases 2–4 and nine strong negative PC1 years
(i.e., 1997, 1999, 2000, 2001, 2006, 2008, 2011, 2015, and 2019)
with increased frequency of phases 1 and 5–8 for performing
composite analysis. Figure 9 shows distinct BSISO-associated
convection propagation, with more obvious northward propa-
gation during strong negative PC1 years (average TC genesis
latitude of 18.38N) compared with during strong positive PC1
years (average TC genesis latitude of 16.68N). Correspond-
ingly, more TCs tend to form poleward during strong negative
PC1 years relative to during strong positive PC1 years, as
shown in Fig. 6c. These meridional changes in TC genesis

FIG. 7. Difference in the spatial distribution of TC genesis frequency (shaded) and ISGPI (contours) between
phases 1 and 5–8 and phases 2–4 during (a) the period 1980–2019, (b) positive PC1 years, and (c) negative PC1 years.
Contributions of the three terms to the total observed ISGPI anomalies from 58 to 208N (red) and from 208 to 308N
(blue) between phases 1 and 5–8 and phases 2–4 during (d) the period 1980–2019, (e) positive PC1 years, and (f) nega-
tive PC1 years.
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between strong positive and strong negative PC1 years appear
to be consistent with changes in the large-scale environment.
There are increases in midlevel moisture and cyclonic anoma-
lies over the WNP during strong negative PC1 years, when
BSISO convection is favored over the subtropical SCS–western
Pacific (Fig. 10c), favoring more TCs over the northern WNP. In
contrast, in positive PC1 years, the TC-favorable environment,
including increased midlevel moisture and westerly low-level
wind anomalies, favors TCs over the southern WNP basin. In
positive PC1 years, BSISO convection is preferentially located
over the tropical EIO–MC.

4. Possible explanation for the BSISO–TC interannual
relationship

The interannual variability of the BSISO impacts WNP TC
meridional migration, mainly through modulation of the
BSISO residence duration. During strong negative PC1 years,
the BSISO propagates more northward at a stronger intensity
with increased residence time over the WNP. This increased
residence time is especially pronounced in the SCS and WNP,
leading to an increased frequency of phases 1 and 5–8 occur-
rence and more TCs over the northern WNP (Figs. 6 and 9b).
By contrast, during strong positive PC1 years, the center of
BSISO convection tends to stay over the equatorial EIO–MC
region with increased phases 2–4 occurrence frequency. This

increase in frequency of phases 2–4 increases residence time
at low latitudes, leading to increased TC genesis over the
southern WNP (Figs. 6 and 9a). These are further confirmed
by a significant correlation of 20.32 (0.46) between PC1 and
TC genesis frequency for phases 1 and 5–8 (phases 2–4), re-
spectively (Figs. 8a,b).

The interannual north–south displacement of BSISO con-
vection is possibly associated with changes in Indo-Pacific
warm pool SST (Fig. 10a). Prior studies have suggested the
importance of SST in air–sea convective coupling, thus affect-
ing ISO intensity and propagation (Pohl and Matthews 2007;
Suematsu and Miura 2018; Suematsu et al. 2022; Roxy et al.
2019). As suggested in Roxy et al. (2019), that focused on the
boreal winter, the area expansion of the Indo-Pacific warm
pool in boreal summer could potentially slow down propaga-
tion of BSISO-associated convection and thereby adjust the
BSISO life cycle. Warmer SSTAs over the tropical EIO–MC
occur during strong positive PC1 years (Fig. 10a).

Additionally, the interannual variability of BSISO activity
can be partly explained by changes in lower-tropospheric
moisture advection on intraseasonal time scales (i.e., advection
of mean moisture by BSISO-associated flow anomalies) (Jiang
et al. 2004, 2018; Adames et al. 2016). As shown in Fig. 10b,
there is strong positive horizontal moisture advection over the
SCS–WNP region (158–258N, 1008–1308E) in the lower tropo-
sphere (from 900 to 600 hPa). This increased moisture advec-
tion is a result of enhanced southwesterly winds, thus favoring
northward propagation of BSISO convection propagation and
increasing residence time over the subtropical SCS–WNP dur-
ing strong negative PC1 years.

As suggested in previous studies, seasonal mean moisture is sig-
nificantly associated with ISO propagation (Sobel and Maloney
2013; Liu et al. 2016; Jiang 2017). As shown in Fig. 10c, collocated
with the low-level cyclonic anomalies are positive specific humid-
ity anomalies, implying that the eastward shift of the western
Pacific subtropical high is accompanied by low-level convergence.
Consequently, increased seasonally averaged specific humidity be-
tween 108 and 208N (Fig. 10c) increases the meridional gradient
of the background basic state moisture distribution, also favoring
BSISO northward propagation. By contrast, in strong positive
PC1 years, anticyclonic anomalies accompanied by negative mois-
ture anomalies occur in the westernWNP around 208N, inhibiting
northward convective propagation, thus increasing residence time
of the BSISO in the equatorial EIO–MC.

Note that PC1 is found to be closely linked to prior spring–
winter ENSO conditions, as shown in Fig. 11a, similar to the
results of Lin (2019), who found that ENSO strongly im-
pacted the BSISO in East Asia and the WNP. There is also a
strong correlation between the previous winter ENSO and
the difference in BSISO phase occurrence frequency and TC
genesis frequency between phases 1 and 5–8 and phases 2–4
(Figs. 11b,c). This indicates that prior winter ENSO condi-
tions can be a potential predictor in forecasting interannual
variability of the BSISO and thus interannual variability in
the WNP TC genesis distribution. ENSO can also affect the
BSISO via changes in the background basic state circulation
(Lin 2019; Lin and Li 2008; Liu et al. 2016). When the prior
winter is characterized by El Niño, subsequent summer

FIG. 8. Standardized time series of PC1 and TC genesis fre-
quency for (a) phases 2–4 and (b) phases 1 and 5–8 and (c) the dif-
ference between phases 1 and 5–8 and phases 2–4. An asterisk indi-
cates that the correlation is significant at a 95% confidence level.
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BSISO activity typically becomes stronger, with increased res-
idence time over the tropical EIO–MC, similar to the results
of Pohl and Matthews (2007). In contrast, during years with
prior winter La Niña, the summer BSISO tends to propagate
northward, with associated BSISO convection prevailing over
the subtropical SCS–WNP. The interannual modulation of
the BSISO via prior El Niño (La Niña) may be associated
with the evolution of an anomalous anticyclonic (cyclonic) cir-
culation over the Philippines Sea through the Pacific–East
Asian teleconnection (Wang et al. 2000), which then inhibits
(favors) northward propagation of BSISO convection
(Figs. 11d–f). These results are also supported by prior studies
on the importance of prior ENSO on the predictability of the
boreal summer monsoon and TC activity in East Asia via air–
sea coupling processes (Takaya et al. 2021; Xie et al. 2009,
2016).

5. Implications for the recent poleward shift in
TC genesis

Whether global warming has resulted in a poleward shift of
global TCs is a topic of contention (Kossin et al. 2016; Song
and Klotzbach 2018). However, studies have found that WNP
TCs have undergone a significant poleward shift in recent dec-
ades (Liu and Chan 2013; Hu et al. 2018; Zhao et al. 2019b;
Feng et al. 2021). Together with a poleward shift of TC gene-
sis in negative PC1 years, as noted above, and more negative
PC1 years since the late 1990s, as shown in Fig. 5c, we specu-
late that changes in TCs associated with the BSISO may have

played an important role in the poleward shift of TC genesis
latitude since the late 1990s. We first compared the average
genesis latitude for TCs directly associated with the BSISO
for two subperiods: 1980–98 and 1999–2020. We find a signifi-
cant poleward shift of average genesis latitude for TCs di-
rectly associated with the BSISO from 16.68N before 1998 to
17.78N since 1998, which we find could be largely responsible
for the significant poleward shift of summer WNP TC genesis
from 16.78 to 17.78N since 1998 (Fig. 3b).

We further examine shifts in meridional TC frequency asso-
ciated with the BSISO for different groups of PC1 years, fol-
lowing the approach of Moon et al. (2015) and Feng et al.
(2021) (see section 2d for more details on the decomposition
method). As shown in Table 1, dLAT has a positive contribu-
tion to TC genesis latitude in both negative PC1 years and
positive PC1 years, indicating that the influence of the back-
ground environmental moisture is favorable for the north-
ward shift of TC genesis. The difference is that the frequency
change term (dP) makes a positive contribution to TC genesis
latitude during negative PC1 years, with a negative contribu-
tion during positive PC1 years. Given the small covariance
amplitude dLATP of 0.1 for both negative and positive PC1
years, we find weak covariability between changes in relative
TC frequency (P′) and genesis latitude (LAT′). This weak re-
lationship seems to be insufficient to account for a direct link
between increases in TC frequency and the northward shift of
TC genesis latitude during negative PC1 years.

As shown in section 3, more TCs tend to form poleward in
strong negative PC1 years. There is a significant poleward

FIG. 9. (a) Lagged regressions of zonally averaged OLR anomaly from 908 to 1508E during the period May–October
with PC1 . 0.8 STD. The reference time series is zonally averaged OLR anomaly on day 0 at the equator. (b) As in
(a), but with PC1 , 20.8 STD. The averaged TC genesis location for strong positive PC1 years (16.68N) and negative
PC1 years (18.38N) is marked with a black cyclone symbol.
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shift of TC genesis during strong negative PC1 years (average
TC genesis latitude of 18.38N) compared with during strong
positive PC1 years (average TC genesis latitude of 16.68N).
The difference of 1.78 between strong negative and strong
positive PC1 years is considerably larger than the difference
of 1.38 between all negative and positive PC1 years, highlight-
ing the importance of PC1 strength in meridional shifts in TC
genesis. We therefore reclassified our results into three groups
to emphasize the role of changes in strong PC1 years in the
poleward shift of TC genesis latitude (Table 2). As shown in
Table 2, the magnitude of dLAT is the largest in strong nega-
tive PC1 years (0.42 compared with 0.10), when all back-
ground fields contribute positively to the latitudinal term. The
covariance of dLATP is greater than 0 and has a large ampli-
tude (0.30 compared with 20.03 and 20.02), indicating that
the change in relative TC frequency and the genesis latitude
are dependent on each other and change in the same

direction. Based on these analyses, the poleward shift of an-
nually averaged TC genesis latitude over the WNP since 1998
is substantially contributed to by an apparent increase in
strong negative PC1 years, as shown in Fig. 5c. However, we
also found a similar TC genesis distribution that is not associ-
ated with BSISO between strong negative PC1 and positive
PC1 years. This result indicates that TCs not associated with
the BSISO also substantially contribute to the poleward shift
in WNP TCs. Additionally, the interannual correlation be-
tween total TC genesis frequency (;835 TCs) and TCs not as-
sociated with the BSISO (;419 TCs) is 0.62. In this sense, the
BSISO-associated variation does not solely account for the in-
terannual variability of the TC genesis latitude for all TCs in
the WNP. Other potential factors deserve future study.

6. Summary

Prior studies have emphasized interannual modulations of
TCs by the BSISO for specific basins as well as the globe
(Liebmann et al. 1994; Maloney and Hartmann 2000a,b;
Bessafi and Wheeler 2006; Aiyyer and Molinari 2008; Kim
et al. 2008). This study explores the effects of interannual me-
ridional variability of BSISO activity and its impacts on the
meridional migration of WNP TCs. Strong negative (positive)
PC1 years with increased residence time of phases 1 and 5–8
(phases 2–4) activity favor summer WNP TC genesis forming
more northward (southward). Interannual meridional variabil-
ity of BSISO activity appears to be associated with SST changes
over the Indo-Pacific warm pool, especially over the MC region,
along with associated changes in lower-tropospheric moisture
advection tied to anomalous circulation patterns. Warming
SSTAs located near the equatorial EIO–MC region during
strong positive PC1 years cause slower BSISO propagation,
with increased residence time over the southern WNP region.
Increased moisture advection over the subtropical SCS–WNP
region from enhanced southwesterly winds favor northward
propagation of the BSISO, with increased residence time over
the northern WNP region. The interannual change in BSISO is
found to be associated with the prior winter ENSO state via
ENSO-induced changes in the large-scale environment. Given
the relationship with ENSO and ENSO’s predictability, there is
a potential for interannual prediction of the BSISO, and thus
TC genesis distribution, over the WNP basin. To examine the
simultaneous impact of ENSO from the relationship between
the BSISO and TC genesis latitude, we computed the simulta-
neous relationship between May–October PC1 and the May–
October Niño-3.4 index and found that their correlation from
1980 to 2019 was insignificant (r 5 20.16). Similarly, when the
simultaneous impact of boreal summer ENSO was removed
from PC1, the difference in TC genesis frequency between
BSISO phases 2–4 and phases 1 and 5–8 remained significantly
associated with PC1 (r 5 0.61). Similarly, we found that the si-
multaneous relationship between PC1 and difference in TC
genesis frequency between BSISO phases 2–4 and phases 1 and
5–8 remains significant (r 5 20.56) when excluding the strong
simultaneous ENSO years based on a threshold of 0.8 standard
of Niño-3.4 index. In this sense, simultaneous ENSO during bo-
real summer appears to play a limited role in modulating

FIG. 10. (a) Composite SST difference between strong positive
(.0.8 STD) and strong negative (,20.8 STD) PC1 years. (b) As
in (a), but for 850-hPa BSISO-associated winds (vectors; reference
vector at top right) and mean lower-tropospheric (900–600 hPa)
specific humidity advection (shaded; 102 s21). (c) As in (b), but for
seasonal mean 850-hPa winds (vectors; reference vector at top
right), 850-hPa specific humidity (contours; g kg21), and climato-
logical-mean 850-hPa specific humidity (shaded; g kg21). Black
vectors and black dots indicate significant correlations at a 95%
confidence level.
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BSISO over the WNP basin, while there appears to be a strong
impact of prior ENSO on TC genesis latitude via changes in
BSISO phase occurrence frequency. The ENSO-BSISO-TC
relationship warrants additional study.

Interannual BSISO activity has shown a substantial interdeca-
dal shift since the late 1990s, consistent with a poleward shift in
WNP TC genesis during recent decades. We decomposed the an-
nual mean latitude of TC location metrics and found that the

FIG. 11. (a) Lead–lag correlations between PC1 and the Niño-3.4 index. The star marks the maximum correlation.
(b) Standardized time series of the difference between the frequency of occurrence for phases 1 and 5–8 and phases
2–4 occurrence and Niño-3.4. (c) Standardized time series of the TC genesis frequency difference between phases 1
and 5–8 and phases 2–4 and Niño-3.4. Correlation between PC1 for May–October and SST (shaded) and 850-hPa
winds (vectors; reference vector at top right) in (d) December–February, (e) March–May, and (f) June–August. Black
vectors and white dots in (d)–(f) indicate significant correlations at the 95% confidence level. An asterisk in (a)–(c) in-
dicates that the correlation is significant at the 95% confidence level.

TABLE 1. Mean latitude of TCs and the three contributing terms for the two subperiods. The term d means the TC genesis latitude,
consisting of the climatological TC genesis latitudes weighted by their frequency for each subperiod. The term dP means the deviation of
the relative frequency, and the term dLAT means the deviations of the annual-mean latitude from its climatological average for each
subperiod. The term dLATP means the interannual covariance between dP and dLAT, indicating the covariability of TC genesis frequency
and TC genesis latitude. Years with PC1 . 0 and PC1 , 0 were examined.

1980–98 1999–2019

PC1 . 0 PC1 , 0 PC1 . 0 PC1 , 0

d 7.7 9.5 7.7 9.5
dP 2.6 22.6 22.6 2.6
dLAT 20.2 20.3 0.2 0.3
dLATP 20.1 0.1 20.1 0.1
Total 10.0 6.7 5.2 12.5
LAT 16.7 17.7
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poleward shift of WNP TC genesis during recent decades is
mainly due to more strong negative PC1 years associated with in-
creased BSISO residence time over the subtropical SCS–WNP
and increased covariability of TC genesis frequency and TC
genesis latitude. Since 1998, strong negative PC1 years have
become more frequent, while more frequent strong positive
PC1 years occurred before 1998 (Fig. 5c). Interdecadal
changes in BSISO activity associated with phase frequency
changes in phases 1 and 5–8 and phases 2–4 may be tied to
the tropical Pacific climate shift (e.g., shifting ENSO condi-
tions and an Indo-Pacific warm pool expansion). The associ-
ated physical mechanisms for the BSISO–tropical Pacific
climate shift relationship warrant further investigation.
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