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Abstract
The North Pacific Gyre Oscillation (NPGO) is an important mode of decadal variability in North
Pacific sea surface temperature (SST) and sea surface height. This study investigated the potential
influence of the NPGO on spatial characteristics of peak season (July to October) tropical cyclone
genesis (TCG) number over the western North Pacific (WNP) from 1965 to 2020. We show that the
NPGO was the first leading empirical orthogonal function mode of North Pacific SST during the
peak tropical cyclone season in that time. On a decadal time scale, the NPGO has opposite impacts
on TCG in the west and east WNP. The relatively weak positive correlation west of 140◦ E and the
strong negative correlation east of 140◦ E result in an overall significant negative correlation
between the NPGO and WNP total TCG number (r =−0.49), which is much more robust than
the relationship between the Pacific Decadal Oscillation and TCG. The critical factors of the NPGO
that affect TCG are vertical motion in the west WNP and vertical wind shear (VWS) in the east
WNP. The positive NPGO pattern could induce an anomalous off-equatorial vertical circulation,
resulting in an upward motion and increased convective precipitation in the west WNP, favoring
local TCG. The anomalous convective precipitation enhances the zonal gradient of the atmospheric
heat source in the east WNP, increasing VWS. The North Pacific low-level anticyclonic and
upper-level cyclonic associated with the NPGO further enhance the VWS in the east WNP and lead
to the negative low-level relative vorticity, inhibiting local TCG. This study emphasizes the
importance of the climate impact of the NPGO in recent decades. The findings here have
significant implications for the decadal prediction of change in WNP TCG.

1. Introduction

The western North Pacific (WNP), including the
South China Sea, is the most active basin of trop-
ical cyclone (TC) activity. About one-third of global
TCs, with an annual average of 33 TCs, are formed
in this basin (Emanuel 2018). TCs are usually accom-
panied by heavy rainfall and strong wind, threaten-
ing the daily lives of billions of people and caus-
ing an enormous economic loss each year (Zhang
et al 2009, Li et al 2022). On the other hand, TCs

bring abundantmoisture from tropical oceans to East
Asian countries, benefiting local agriculture to a cer-
tain extent (Ren et al 2006). It is essential to bet-
ter predict WNP TC activity and mitigate damage.
Hence, further efforts should be made to understand
the key processes and underlying mechanisms caus-
ing the long-term change in WNP TC activity.

In the last few decades, WNP TC activity has
experienced pronounced decadal change, with dis-
tinct active and inactive periods (Hong et al 2016).
A significant decadal reduction in TC genesis (TCG)
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number over the WNP was observed after the 1990s,
and both the location and tracks of TCG have moved
northward (Hong et al 2016, Cao et al 2020, Zhao
et al 2022). Extensive research has been conducted
to investigate the causes of this long-term change in
WNP TC activity, but the exact mechanisms are yet
to be determined (Li and Zhou 2018). Several nat-
ural variabilities in sea surface temperature (SST) are
reported to be associated with the recent changes in
the WNP TC activity, including the Pacific Decadal
Oscillation (PDO; Hong et al 2016), the North Pacific
Gyre Oscillation (NPGO, or Victoria mode; Zhang
et al 2013, Pu et al 2019), El Niño–Southern Oscilla-
tion (ENSO;Wang andChan 2002), the AtlanticMul-
tidecadal Oscillation (Wang et al 2022) and Indian
Ocean SST (Wang et al 2013).

Among these natural variabilities, ENSO and
PDO are the most concerning interannual and
decadal drivers of WNP TC activity. The Eastern
Pacific ENSO (EP-ENSO) and PDO are the first lead-
ing modes of interannual variation in tropical Pacific
SST and decadal variation in North Pacific SST,
respectively (Mantua et al 1997, Wang et al 2019).
Various studies have pointed out that ENSO and PDO
have pronounced impacts on both the number and
location of TCGby regulating large-scale atmospheric
circulation and ocean thermal conditions, leading to
a southeastward movement of TCG during the posit-
ive PDO phase or El Niño year (e.g. Wang and Chan
2002, Wang et al 2010, Zhao and Wang 2019).

However, during the past few decades, variances
of second-leading modes of Pacific SST on both
interannual and decadal time scales have signific-
antly increased. On an interannual time scale, Central
Pacific (CP)-El Niño events have occurred more fre-
quently than EP-ElNiño events since the 1990s (Wang
et al 2019). Numerous studies have pointed out that
CP-ENSO is better related to the WNP TCG num-
ber than EP-ENSO (e.g. Liu and Chen 2018, Patricola
et al 2018, Song et al 2021). Some studies have also
attributed the decadal reduction of TCGnumber after
1998 tomore CP-ENSOoccurrences (Zhao andWang
2019). On a decadal time scale, the contribution of
the NPGO to Pacific SST variability has increased,
and variance of the NPGO has been comparable to
that of the PDO during the past few decades (Litzow
et al 2020). However, compared with CP-ENSO,
there are few studies on the relationship between
the NPGO and WNP TC activity (Zhang et al 2013,
Pu et al 2019).

As the second leading mode of Pacific SST and
sea surface height (SSH), the NPGO could efficiently
modulate the large-scale circulations associated with
TC activity (Di Lorenzo et al 2008). For example,
some studies have pointed out that a positive NPGO
pattern could strengthen the ascending branch of
Walker circulation over the WNP and enhance mois-
ture transportation from tropical oceans to the mid-
low latitude WNP (Ye et al 2016, Hu et al 2018).

Moreover, research has indicated that the PDO is
closely related to EP-ENSO, while the NPGO is
better associated with CP-ENSO (Di Lorenzo et al
2010), suggesting a possible pathway by which the
NPGOmay affect TC activity via CP-ENSO.Given the
increase in CP-ENSO events and the increased impact
of the NPGO on variances in Pacific SST, the NPGO
may play amore important role in the change inWNP
TCs in recent decades than most imagine. Pu et al
(2019) pointed out that the springNPGO (or Victoria
mode) could be used to predict the May to August
change in WNP TCG. Zhang et al (2013) found that
the total TCG number over the WNP is better related
to the NPGO than PDO. However, the spatial dis-
tribution of the simultaneous relationship between
the NPGO and WNP TCG during the peak TC sea-
son (from July to October, JASO) and the underlying
mechanisms have rarely been studied.

The present work addresses how the NPGO has
affected the spatial distribution of WNP TC activity
on a decadal time scale over the recent half-century.
The remainder of this paper is organized as follows.
Section 2 describes the data andmethodology used in
this study. Section 3 exhibits the relationship between
WNP TC activity and the NPGO and explores the
plausible physical mechanisms. In section 3, two
specific questions are addressed: (a) What are the
spatial characteristics of WNP TCG associated with
the NPGO? (b) What key processes or large-scale
environmental control the impact of the NPGO on
WNP TCG? Section 4 presents the summary and
discussions.

2. Data andmethod

2.1. Data
TheTCbest-track dataset over theWNPwas obtained
from the International Best Track Archive for Cli-
mate Stewardship version 4 (IBTrACS v4; Knapp et al
2018) for the years 1965–2020. The IBTrACS con-
tains 6 h records (four times a day) of TC posi-
tion and maximum sustained surface wind repor-
ted by several agencies. To minimize the uncertainty
among data sources, we adopted TC records from two
agencies, the Joint Typhoon Warning Center and the
Japan Meteorological Agency. We only use the TC
records with the 1 min sustained surface wind speed
greater than 34 knots. The TCG position is where
the maximum sustained surface wind first reaches
34 knots. WNP TCs occur every month, but the most
active TC season is in JASO. This study primarily
focuses on TCG in JASO over the WNP. To analyze
the spatial–temporal variation, we transformed the
raw data into both 2◦ × 2◦ and 5◦ × 5◦ grids by
counting TCG at each grid point. Then, a nine-point
weighted smoother is applied to improve spatial con-
tinuity while the weights are calculated based on the
inverse distance interpolation algorithm of Lu and
Wong (2008).
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The monthly NPGO index processed by Di
Lorenzo et al (2008) can be accessed at www.o3d.
org/npgo/npgo.php (last accessed 13 May 2022). The
monthly PDO index is obtained from the National
Oceanic and Atmospheric Administration (NOAA)
National Centers for Environmental Information,
which is based on NOAA’s Extended Reconstructed
SST version 5 (ERSST v5) dataset and closely fol-
lows the Mantua PDO index (Mantua et al 1997).
Themonthlymean SST is derived fromNOAAERSST
v5 (Huang et al 2017) with a horizontal resolu-
tion of 2◦ × 2◦ for the years 1965–2020. Monthly
mean precipitation and atmospheric circulation data,
including the zonal and meridional wind speed, ver-
tical velocity and relative and specific humidity, were
obtained from the fifth generation of the European
Centre for Medium-range Weather Forecasts Reana-
lysis (Hersbach et al 2020) with a horizontal resolu-
tion of 0.25◦ × 0.25◦. All SST and atmosphere circu-
lation data were interpolated to a 2◦ × 2◦ grid. We
removed the linear trend of all observational data.

2.2. Methodology
We used two empirical genesis indices to figure out
the combined impacts of large-scale atmospheric and
oceanic conditions on TCG. The first is the gen-
esis potential index proposed by Emanuel and Nolan
(2004), hereafter the ENGPI. Formulation of the
ENGPI is as follows:

ENGPI= |105η| 32
(
H

50

)3(MPI

70

)3

(1+ 0.1Vs)−2

where η is the absolute vorticity at 850 hPa (s−1),
H is the relative humidity at 600 hPa (%), MPI is
the maximum potential intensity (m s−1) and Vs is
the vertical wind shear (VWS) between 200 hPa and
850 hPa (m s−1)

MPI= A+BeC(T−T0).

MPI is calculated according to the parameteriza-
tion scheme proposed by Knaff et al (2005), in
which MPI is only a function of SST, and the max-
imum allowed value of MPI is 185 knots. The coef-
ficients are provided as A = 38.21 kt, B = 170.72 kt,
C = 0.1909 ◦C−1 and T0 = 30.0 ◦C.

The second index is the dynamic genesis poten-
tial index (DGPI) proposed by Wang and Murakami
(2020). Formulation of the DGPI is as follows:

DGPI= (2+ 0.1×Vs)−1
(
5.5− ∂u

∂y
× 105

)2

× (5− 20×ω)
3(5.5+ ∣∣105 × η

∣∣)2e−11 − 1

where η and Vs are the same as those in the ENGPI,
∂u
∂y is the meridional gradient of zonal wind at

500 hPa (s−1) and ω is the vertical pressure velocity at
500 hPa (Pa s−1).

Empirical orthogonal function (EOF) analysis
decomposes the temporal–spatial variation into a
series of temporal–spatial orthogonal modes accord-
ing to the eigenvalues and eigenvectors of the cov-
ariance matrix computed from the original dataset
(Lorenz 1956). Each leading EOF mode is described
by a spatial pattern and a time-varying sequence (also
known as the principal component, PC). The eigen-
vectors rank the EOFmodes, and the first leading EOF
mode accounts for the largest covariance of the ori-
ginal dataset. North’s test examines the separability of
each leading EOF mode (North et al 1982). The stat-
istical significance of linear correlation and regression
is determined by Student’s t-test. Because the low-
pass filter tends to decrease the degrees of freedom,
the effective degrees of freedom, which consider auto-
correlation sequences with a lagged window, are used
in this study (Xiao and Li 2007).

3. Results

3.1. Temporal and spatial relationship between the
NPGO and TCG
A conventional way to describe variation of the
NPGO is to use the index provided byDi Lorenzo et al
(2008). This NPGO indexwas reconstructed based on
the second leading EOF mode of the monthly North
Pacific SST or SSH during the last 50 years of the
20th century, which primarily reflects its change in
the boreal winter season.However, Litzow et al (2020)
mentioned that aNorth Pacific climate shift in the late
1980s resulted in large-scale change in climate pat-
terns over multidecadal time scales. To concentrate
on the impact of the NPGO on peak season TCG in
recent decades, we apply the EOF method to normal-
ized JASOmean SST over theNorth Pacific from 1965
to 2020.

Figures 1(a) and (b) show regressed peak season
SSTwith reference to PCs of the first two leading EOF
modes of the North Pacific SST (hereafter PC1 and
PC2). Surprisingly, we find that the first leading EOF
mode shows a NPGO-like pattern, accounting for
∼25% of the total variance, and the PDO-like pattern
becomes the second EOF mode. PC1 is used to rep-
resent peak season NPGO variation in this study. The
positive NPGO-like pattern is characterized by pos-
itive SST anomalies over the mid-west North Pacific
and negative SST over the northeast North Pacific and
tropical central Pacific (TCP). The PDO-like pattern
is still the first leading EOF mode of winter SST and
annual SST, accounting for nearly 30% of the total
variance (figure not shown). Nevertheless, the NPGO
becomes the first leading EOF mode of the North
Pacific SST in the peak TC season. This again emphas-
izes the importance of the NPGO and its potential
influence on climate in recent decades, especially dur-
ing the boreal summer.

As shown in figure 1(c), WNP TCG exhibits pro-
nounced interannual and decadal periods, while PC1
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Figure 1. The regressed JASO mean SST with reference to original time series of PCs of the first two leading EOF modes of
simultaneous North Pacific SST (a), (b) from 1965 to 2020, respectively (in ◦C). Bar charts in (c) show the time series of the PCs
of the first leading EOF modes. The black curve in (c) indicates the interannual variation of WNP total TCG. (d), (e) Correlation
maps between the decadal component of WNP TCG and PC1 from 1965 to 2020 on the 2◦ × 2◦ (d) and 5◦ × 5◦ grid (e). The
green boxes in (d) and (e) outline the major regions of significant positive (region A, 5◦ N–35◦ N, 120◦ E–140◦ E) and negative
(region B, 5◦ N–30◦N, 140◦ E–170◦ E) correlation. Dots and× indicate that the correlation coefficients are statistically
significant at a 95% confidence level. The effective degrees of freedom on a decadal time scale in (d) range from 28 to 35 among
different grid points.

primarily exhibits significant decadal periods. A spec-
trum analysis further identifies that both TCG and
PC1 have a 12 year peak (figure not shown). To
focus on a decadal time scale, we then apply a 7
year low-pass Butterworth filter to TCG, PC1 and
all other observational data. In this way, the interan-
nual signals are largely removed, especially the vari-
ations associated with ENSO, and the quasi-decadal
and decadal signals are retained (Zhang et al 2013,Wu
et al 2020). The following analysis is conducted based
on the decadal components.

The correlation coefficient between PC1 and
WNPTCG is−0.49 (P<0.01) on a decadal time scale,
while that of PC2 and WNP TCG is only 0.11. The
results here corroborate those of Zhang et al (2013),
in which the NPGO is more robustly correlated with
WNP total TCG than the PDO on a decadal time
scale. In addition, we compared PC1 with the NPGO
index (derived from the NPGO website; Di Lorenzo
et al 2008). On a decadal time scale, the correlation
coefficient between PC1 and the NPGO index is 0.83.
Meanwhile, our results show that PC1 and PC2 can
well describe the independent impacts of NPGO and
PDO indices on WNP total TCG number. The par-
tial correlation between NPGO index andWNP TCG
with the effect of the PDO index removed is −0.43
(P < 0.01), while that between the PDO index and
TCG with the impact of the NPGO index removed is
−0.01, which is close to the linear correlation coeffi-
cients between PC1, PC2 and TCG.

We then studied the spatial characteristics of
the relationship between the NPGO and TCG.
Figure 1(d) shows the correlation map of PC1 and
TCG. The TCG pattern associated with the NPGO

(PC1) shows an east–west dipole pattern, and this
dipole is robust on different horizontal grids. The
negative correlations are statistically significant at the
95% confidence level inmost regions of the eastWNP
(region B, 140◦ E–170◦ E). The positive correlations
in the westWNP are relatively weaker. Positive correl-
ations are observed inmost areas of thewestWNPbut
more than half of them are of minor insignificance at
the 95% confidence level (figures 1(d) and (e)). Such
an asymmetric dipole correlation pattern results in
a significant negative correlation between the WNP
total TCG number and PC1.

3.2. Large-scale conditions
What controls the NPGO–WNPTCG relationship on
a decadal time scale? Favorable conditions for TCG
include a lower VWS, higher SST and upper ocean
heat content, lower atmospheric stability, abund-
ant water vapor at the mid-low troposphere (rel-
ative humidity, RH) and positive relative vorticity
(Emanuel 2005). We estimate the contribution of
each environmental field to TCG change and identify
the key factors based on two empirical genesis indices,
ENGPI (Emanuel and Nolan 2004) and DGPI (Wang
and Murakami 2020).

Figures 2(a) and (b) show the spatial distribution
of PC1-regressed ENGPI and ENGPI anomalies. The
ENGPI anomaly refers to the change of ENGPI when
PC1 increases by 1.5 standard deviations. As shown
in the figure, ENGPI could reproduce the west posit-
ive and east negative seesaw pattern of the PC1–TCG
relationship, although the diagnosed positive PC1–
ENGPI relationship is overestimated relative to the
PC1–TCG relationship.
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Figure 2. (a) The regression field of the ENGPI index with respect to PC1. JASO mean ENGPI anomaly associated with
PC1-regressed changes in (b) total anomalies, (c) 850 hPa relative vorticity (S850), (d) 600 hPa relative humidity (RH),
(e) maximum potential intensity (MPI) and (f) 850–200 hPa vertical wind shear (VWS), respectively. The mean contributions of
each term to ENGPI anomalies over region A and region B are shown in panel (g). Dots indicate that the regression coefficient is
statistically significant at the 95% confidence level. The black boxes outline the same region as that in figure 3. The green contours
on panel (a) show ENGPI climatology from 1965 to 2020.

We further calculated the ENGPI anomaly, in
which only one term is varied (PC1 increases by 1.5
standard deviations) and other terms are fixed at their
long-term climatology (figures 5(c)–(f)). In this way,
we could estimate each factor’s contribution to TCG,
including S850, RH, VWS andMPI (Wang et al 2022).
In region A, a positive NPGO pattern could lead
to favorable conditions of positive anomalies of RH
(figure 2(c)), which corresponds fairly well to the pos-
itive NPGO–TCG relationship. However, NPGO also

induces the negative anomaly of S850 in region A,
which suppresses the TCG and weakens the positive
NPGO–TCG relationship. The positive NPGO pat-
tern enhances VWS in the north of region A, which
is unfavorable to TCG. Meanwhile, weakened VWS
is observed in the south of region A, which is con-
ducive to TCG. Thus, the impact of NPGO-induced
VWS on ENGPI in region A is primarily offset. In
region B, the negative anomalies of S850 and MPI
and positive anomalies of VWS are all harmful to
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TCG, contributing to the negative NPGO–TCG rela-
tionship. However, the positive anomalies of RH are
also observed at most grid points in region B, which
favors TCG, thereby weakening the negative correla-
tion between NPGO and TCG. The above evidence
confirms that the NPGO could affect TC activities by
regulating the large-scale conditions over the WNP,
although it would induce both favorable and unfavor-
able conditions. It is a reasonable next step to quantify
the contribution of different fields and identify the
main factors.

Figures 2(g) and (h) summarize the mean ENGPI
anomalies contributed by each term in the ENGPI
formula over regions A and B, respectively. In region
A, the increase in ENGPI (0.513 counts) is primarily
caused by the positive anomalous RH (175%, 0.897
counts), while VWS exerts a relatively weak negat-
ive contribution of about −40% (−0.203 counts) to
the ENGPI increase. The contributions of S850 and
MPI to change in ENGPI are negligible. In region
B, the contributions of different factors to changes
in ENGPI are more complicated than in region A.
The reduction of ENGPI (−0.401 counts) is mainly
caused by theweakenedVWS (111%,−0.444 counts),
while the increasing RH makes a large contribution
of about 79% (0.316 counts) to increasing ENGPI.
Meanwhile, S850 also provides a non-negligible con-
tribution of about 42% (−0.169 counts) to the
decrease in ENGPI in region B.

As a comparison, we also analyze each term’s con-
tribution to TCG change based on the DGPI formula.
DGPI includes no thermodynamic factors and only
four dynamic factors, including S850, VWS, 500 hPa
omega and 500 hPa meridional gradient of the zonal
wind. Wang and Murakami (2020) pointed out that
DGPI performs better in representing the interan-
nual variation of TCG over the WNP. As shown in
figures 3(a) and (b), the magnitude of anomalous
DGPI in the east WNP is stronger than that in the
west WNP. Such an asymmetric seesaw structure,
i.e. strong negative east and relatively weak positive
west, indicates the better skill of DGPI in reproducing
the PC1–TCG relationship than ENGPI on a decadal
time scale.

Spatial distributions and the regional mean of
DGPI anomaly caused by changes in different factors
are shown in figures 3(c)–(h). The DGPI anom-
aly caused by VWS and S850 is similar to that of
the ENGPI. The meridional gradient of zonal wind
shows a north–south contrast pattern, so its impact
on DGPI is primarily offset. Mid-level omega is the
most important factor for the increased DGPI over
region A. In region B, the decrease in DGPI is a com-
bined effect of multivariable change, in which the
VWS and 850 hPa vorticity contribute about 91% and
49%, respectively. The meridional gradient of zonal
wind and omega have relatively weak negative contri-
butions of about−18% and−21%, respectively.

Overall, both DGPI and ENGPI indicate that the
NPGO-induced anomalous VWS, in additon to low-
level relative vorticity, are the main factors for TCG
change in region B. In region A, DGPI suggests that
500 hPa omega is the primary factor from the dynam-
ics aspect, while ENGPI suggests that 600 hPa RH
is the key factor from the thermodynamics aspect.
The next question is, for the PC1–TCG relationship,
which indicator is better, mid-level RH or omega? Or
are RH and omega of equal importance?

A cautious note is that in a region of ascending
motion, the upward transport of moisture from the
boundary layer would increase the mid-level relat-
ive humidity, resulting in a high correlation between
500 hPa vertical velocity and 600 hPa RH (Wang and
Murakami 2020). In region A, the correlation coef-
ficient between 600 hPa RH and 500 hPa omega is
−0.88 on a decadal time scale. However, as men-
tioned above, the positive PC1–ENGPI relationship
in region A is overestimated compared with that
between PC1 and TCG, which is caused by anomal-
ous RH. Also, RH makes a large negative contribu-
tion to ENGPI change in region B, suggesting that RH
may bemisinformed in theNPGO–TCG relationship.
We would not deny that abundant moisture is con-
ducive to TCG, but the results suggest that ENGPI
may vastly overestimate the importance of RH on the
NPGO–TCG relationship over the WNP. Ma and Fei
(2022) pointed out that TCs can also be stably sus-
tained via the supply of surface sensible heat instead
of latent heat. As a comparison, the 500 hPa omega-
induced DGPI change in region A is smaller than the
RH-induced ENGPI change. 500 hPa omega shows a
negligible effect in region B, which is more reason-
able than RH. Hence, 500 hPa omega is a better indic-
ator for the NPGO–TCG decadal relationship than
600 hPa RH over the WNP.

We next investigate how the NPGO produces
the spatial patterns of anomalous VWS, mid-level
omega and low-level relative vorticity. The dipole
SST pattern of the NPGO in the extratropical North
Pacific would lead to an anomalous meridional cir-
culation that connects the extratropical and trop-
ical Pacific, resulting in anomalous SST over the
TCP (Di Lorenzo et al 2008, Ye et al 2016). In this
case, a positive NPGO is associated with the negat-
ive SST anomaly in the tropical central and eastern
Pacific (TCEP; south of 30◦ N, figure 4(a)). In low-
latitude oceans, surface SST largely determines the
surfacewind convergence (Lindzen andNigam1987).
Therefore, the negative SST anomaly in the TCEP
would reduce precipitation in the North Pacific Inter-
tropical Convergence Zone (figure 4(b)). Accord-
ing to the Matsuno–Gill theory, the reduced pre-
cipitation heating in the tropics would stimulate a
descending Rossby wave response (Matsuno 1966,
Gill 1980). The Rossby wave response of anomal-
ous cooling is featured as a low-level anticyclonic
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Figure 3. Same as figure 2 but for DGPI. (a) PC1-regressed field of DGPI. (b)–(f) JASO mean DGPI anomaly associated with
PC1-regressed changes in (b) total anomalies, (c) 850 hPa relative vorticity (S850), (d) 500 hPa meridional gradient of zonal wind
(Uy), (e) 500 hPa omega (W500) and (f) 850–200 hPa vertical wind shear (VWS), respectively. The mean contributions of each
term to DGPI anomalies over regions A and B are shown in panels (g) and (h), respectively.

and upper-level cyclonic anomalous circulation sys-
tem over the northwest of the cooling center in the
Northern Hemisphere (figures 4(c) and (d); Hoskins
and Wang 2006, Cai et al 2022). This anomalous cir-
culation system resembles the North Pacific Oscilla-
tion (Rogers 1981).

The sinking motion and opposite low-level
and high-level circulation establish an anomal-
ous off-equatorial east–west secondary circulation
(figure 4(h)), resulting in strong upward motion over
the southwest of the low-level anticyclonic system

(figure 4(e)). The ascent enhances local precipitation,
releasing a large amount of latent heat in region A.
The heating in region A and cooling in the central
Pacific largely increase the large-scale zonal gradient
of the atmospheric heat source in region B. Then,
according to thermal wind theory, the increasing
gradient of the heat source enhances the VWS in
region B. On the other hand, out-of-phase low-level
and high-level circulations are observed in region B,
resulting in anomalous low-level easterlies and high-
level westerlies in the southern region B and low-level
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Figure 4. The PC1-regressed fields of (a) SST (◦C), (b) precipitation (mm d−1), geopotential height (shading, m2 s−2) and wind
field (vector, m s−1) at (c) 850 hPa and (d) 200 hPa, (e) 500 hPa omega (10−3 Pa s−1), (f) 850–200 hPa vertical wind shear
(m s−1), (g) 600 hPa relative humidity (%) and (h) off-equatorial east–west secondary circulation on a decadal time scale. All
data, including PC1, SST and circulations are firstly filtered using a 7 year low-pass Butterworth filter before producing the
regression fields. The off-equatorial circulation is composed of vertical velocity (Pa s–1) and zonal wind (m s−1) averaged between
5◦ N and 30◦ N. The vertical velocity is multiplied by a scale factor calculated as the mean zonal wind speed divided by the mean
vertical velocity. Only a statistically significant wind (vector) at the 95% confidence level is shown.

south-easterlies and high-level north-westerlies in the
northern region B (figures 4(c) and (d)). The oppos-
ite anomalous wind fields between 850 hPa and 200
hPa then strengthen theVWS in region B, suppressing
TCG (figure 4(f)). Meanwhile, the low-level anticyc-
lonic circulation also weakens the 850 hPa relative
vorticity, inhibiting TCG (figure 4(g)).

4. Discussion and conclusion

The NPGO is one of the essential Pacific decadal
modes of SST and SSH. During the last few decades,
the contribution of the NPGO to SST variation in the
North Pacific has significantly increased, comparable
to the PDO. However, the impact of the NPGO on
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Figure 5. Consequential box diagram of the mechanism by which the NPGO affects WNP TCG.

TC change has rarely been studied. Here we invest-
igated the influence of the NPGO on spatial char-
acteristics of TCG over the WNP on a decadal time
scale from 1965 to 2020 and illustrated its underlying
mechanisms.

We use EOF analysis to separate the PDO and
NPGOmodes during the recent 60 years. The NPGO
is the first leading EOF mode from JASO North
Pacific SST, while the PDO becomes the second EOF
mode (figure 1).We detected significant decadal vari-
ations (∼12 years) from the time series of both PC1
and WNP total TCG during the whole period from
1965 to 2020. The correlation coefficient betweenPC1
and TCG is−0.49 on a decadal time scale.

The NPGO shows large-scale opposite impacts in
west and east of 140◦ E (figure 3). The negative cor-
relations between PC1 and TCG in the east WNP
are statistically significant at most grid points, while
the positive correlations in the west WNP are relat-
ively weaker. The asymmetric seesaw correlation pat-
tern results in an overall significant negative correl-
ation in the WNP. The influence of NPGO on TCG
is associated with NPGO-induced anomalous large-
scale atmospheric and oceanic conditions (figures 2
and 3). The enhanced 500 hPa ascending motion and
strengthened VWS are essential factors for NPGO
to affect TCG in the west and east of the WNP,
respectively.

Figure 5 shows a consequential box diagram illus-
trating the dynamic control of the TCGby theNPGO-
induced SST anomaly and the corresponding circu-
lation anomalies. The EP and TCEP cooling pattern
of the NPGO suppresses eastern North Pacific pre-
cipitation. The reduced rainfall then results in a des-
cending Rossby wave, leading to North Pacific low-
level anticyclonic and upper-level cyclonic anomalies.
Thus, the east–west secondary circulation is estab-
lished with downward motion in the subtropical EP
and upward motion in the far WNP. The above
anomalous North Pacific circulation enhances the
ascent in region A, strengthens VWS in region B and
leads to negative low-level vorticity in both regions A
and B. The combined effects of VWS, vertical motion
and low-level vorticity generate an asymmetric east–
west dipole pattern, accounting for suppressed TCG
in the east WNP (region B) and slightly increased
TCG in the west WNP (region A).

Our findings illuminate the causes of the decadal
variations of the TCG in the core regions of theWNP,
revealing the critical influence of the NPGO on TCG
in the WNP. The results have significant implica-
tions for the decadal prediction of change in WNP
TCG. Although NPGO-induced large-scale condi-
tions could explain major spatial characteristics of
the NPGO–TCG relationship, some remaining issues
deserve further exploration. For example, the NPGO
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leads to significant favorable and unfavorable condi-
tions in the west and east WNP, respectively, but why
is the correlation between NPGO and TCG in most
grid points of the west WNP marginally significant?
Is the influence of the Atlantic or Indian SST variab-
ilities a possible reason to explain the weak relation-
ship between the NPGO and TCG in the west WNP?
Previous studies suggested Atlantic SST variabilities
significantly influence WNP TCG on a multidecadal
time scale (Zhang et al 2018, Wang et al 2022). Our
7 year low-pass filter retains the multidecadal vari-
ation component that cannot be fully explained by
the NPGO mainly on a quasi-decadal time scale. The
combined effects of NPGO and Atlantic SST variabil-
ities on WNP TCG are yet to be studied.
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The data that support the findings of this study are
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