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Abstract

of arole.

September-November (e.g.,, autumn) 2023 produced the fewest western North Pacific (WNP) tropical cyclones

(TCs) since 1951, likely as a joint response to El Niflo and a warm phase of the North Pacific Mode (NPM). Decreases

in both TC genesis frequency and two genesis potential indices (GPIs) over the western WNP were likely the result

of Bl Nifio-induced and warm NPM-induced negative low-level relative vorticity anomalies. Over the eastern WNP,

TC genesis and GPI reductions were also associated with vorticity decreases over the eastern WNP, where the TC-
suppressing effect of the warm NPM surpassed the TC-favoring effect of El Nifio. The changes in vorticity were further
linked to anomalous anticyclones centered over the South China Sea and the midlatitude central North Pacific. A lin-
ear combination of the responses to El Nifio and a warm NPM can explain the changes in TC genesis and low-level
circulation over most of the WNP in 2023, except east of 160°E where other climate modes may have played more
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Introduction

The western North Pacific (WNP) is the most active
basin for tropical cyclone (TC) activity worldwide, pro-
ducing approximately one-third of global TCs on an
annually averaged basis (Maue 2011; Lee et al. 2012).
Climatologically, most WNP TCs occur in boreal sum-
mer (June—August) and autumn (September—Novem-
ber), accounting for ~43% and ~42% of the annual total
number, respectively (Yao et al. 2020). Many studies
have examined anomalous boreal summer WNP TC
frequency. WNP TC frequency was extremely high in
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summer 2018, likely driven by the anomalous low-level
cyclone that predominated across the WNP that sum-
mer, jointly induced by a warm tropical central Pacific
and a cold tropical Indian Ocean (Gao et al. 2020; Bas-
concillo et al. 2021). In contrast, the low WNP TC fre-
quency in summer 2020 was linked to an anomalous
low-level anticyclonic circulation over the WNP, mainly
because of an anomalously warm tropical Indian Ocean
(Wang et al. 2021; Liu et al. 2021). However, few studies
have investigated extremes in autumn WNP TC activ-
ity. Of note, in autumn 2023, only four TCs formed over
the WNP—the fewest in the WNP in autumn since 1951
(Fig. 1a, b). The causes of this remarkably quiet autumn
are unknown, and we intend to investigate them further
in this manuscript.

Autumn 2023 witnessed the developing phase of a
strong El Nifo, with a seasonal mean Nifo-3 (5°S-5°N,
150°-90°W) sea surface temperature (SST) anomaly
(SSTA) exceeding 1.5°C (Fig. 2a—e). Although El Nifio-
Southern Oscillation (ENSO) has been shown to be the
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Fig. 1 a, b Annual variations of WNP TC number, normalized ENSO and NPM indices, as well as the first two principal components of WNP TCGFs

in boreal autumn during 1951-2023. The correlation coefficients between two timeseries are given in the panel, while correlations significant

at the 0.10, 0.05 and 0.01 levels are marked by “*’,"**"and "***" respectively. ¢, d The c first and d third leading EOFs of autumn SSTAs over the tropical
and North Pacific from 1951 to 2023. The fractions of the SSTA variance explained by these modes are indicated in the titles of the panels. e
Reconstructed SSTAs based on the first and third EOFs and their corresponding PCs in 2023. f, g The f first and g second leading EOFs of autumn

WNP TCGFs during 1951 to 2023. The fractions of the TCGF variance explained by these modes are indicated in the titles of the panels. h

Reconstructed TCGF anomalies based on the first and second EOFs and their corresponding PCs in 2023



Song et al. Geoscience Letters (2024) 11:34 Page 3 of 12

s LSONzozz SLPA (nPe

60N L

40N ESS 2

30°E

-3 - -1 0 1 2 3 =12 -8 -4 0 4 8 12 -3 -2 -1 0 1 2 3

aon B) Dﬁ??z‘”: 2023 SST‘_\ ‘(°C) _ s0°N gz D2022JF 2023 SLPA

N 'l) D2022JF 2023 1%2/\{5pr_/\_(}" s“)»&v;Angmalous 10-m Wind Vector

/20

60°N & 60°N

40°s - > 7

60°s | - g . -

80°S, L 80§, - < e = =
30°E 60°E 90°E 120°E 150°E 180° 150°W 120°W 90 30°E 60'E 90°E 120°E 150°E 180° 150°W 120°W 90°W 60°'W 30°W 0° 30°E

-3 -2 -1 0 1 2 3 -12 -8 -4 0 4 8

¢) MAM3023 SSTA (°C) . 1) MAMo,3 SLPA (hPa

Bo'N (22023 = — - 80'N —H*

60°N o i} el 60N ~
¥ i ongs

200N N\, SN
o

20°S

40°s

il

80°s - = i 80°s :
30°E 60'E 90°E 120°E 150°E 180° 150°W 120°W 90°W 60°W 30'W 0° 30'E  30°E 60'E O0'E 120°E 150°E 180° 150°W 120'W S0°W 60'W 30W 0° 30°E

-3 -2 -1 [ 1 2 3 -12 -8 -4 0 4 8 12 3 2 -1 0 1 2 25

LPA (hPa)

S : 80
SUS6E 60 S0'E 120°E 150°E 180" T50W 120W SOW 60W SOW 0 30°E

2
PN s .
— = -
180° 150°W 120°'W 90°W B0'W 30°'W 0" ! wSﬂ'E 60°E 90°E 120°E 150°E 180" 150°W 120°W 90°W 60°W 30°W 0° 30°E

-3 -2 =, 0 1 2 3 =12 -8 -4 0 4 8 12 -3 -2 -1 0 1 2 3

- ©) SON2023 SSTA (°C) aon 9\ SONz0z3 10:m WSPDA (m s™*) & Anomalous 10-m Wind Vector
- =1 Qs . P > y =

40°s —_—

80°s 80°S 1 1 o -2 - o
30°E 60°E 90°E 120°E 150°E 180° 150°W 120°W 90°W 60'W 30°W 0° 30°E  30°E 60°E 90°E 120°E 150°E 180° 150°W 120°W 90°W 60‘'W 30°W 0° 30°E 30°E

-3 -2 . 0 1 2 3 -12 -8 -4 0 4 8 12 -3 -2 wf 0 1 2 3
Fig. 2 Seasonal evolution of global a—e SSTAs, f—j sea level pressure anomalies and k—o 10-m wind speed anomalies and anomalous 10-m
wind anomalies from autumn 2022 to autumn 2023. Dashed black boxes in a—e refer to the Nifo-3 region (5°5-5°N, 150°-90°W), the midlatitude
western-to-central North Pacific (35°-45°N, 140°E-170°W), the western equatorial Indian Ocean (10°S-10°N, 50°~70°E,) and the tropical North
Atlantic (0°-20°N, 80°-25°W). The dashed black box in f-j denotes the Aleutian Low region (30°-65°N, 160°E-140°W)

most important mode modulating interannual changes  with the withdrawal date of the South China Sea (SCS)
in WNP TC activity (Emanuel 2018), there is only a summer monsoon. Fewer (more) TCs formed in early
weak correlation between autumn WNP TC numbers (late) SCS summer monsoon withdrawal years, due to
and ENSO, regardless of ENSO index considered (Choi  the breakdown (maintenance) of the monsoon trough
et al. 2019). Several other factors have been found to  over the WNP. Zhang et al. (2022) noted that there was
significantly influence autumn WNP TC frequency. Hu a close linkage between September—October WNP
et al. (2020) showed that WNP TC frequency from mid- TC frequency and Chukchi-Beaufort and Greenland
September to mid-October was significantly correlated  Sea ice variability. Excessive sea ice triggered Rossby

wave trains propagating southeastward into the WNP,
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resulting in an anomalous WNP low-level cyclonic cir-
culation favoring TC development.

The El Nifo in autumn 2023 also exhibited some non-
canonical spatial characteristics with positive SSTAs
over the extratropical western-to-central North Pacific
(Fig. 2e). These SSTAs were unlike the classical El Nifo
SSTA pattern (Fig. 1c). The SSTAs in autumn 2023
showed a structure similar to a warm phase of the North
Pacific Mode (NPM; Fig. 1d). Previous studies have con-
sidered the NPM to be a significant ENSO-independent
North Pacific SSTA mode on interannual timescales
(Deser and Blackmon 1995; Zhang et al. 1996; Zhou et al.
2002; An and Wang 2005; Park et al. 2012; Hartmann
2015; Tao et al. 2022). During a warm NPM, midlatitude
positive SSTAs are associated with an anomalous large-
scale anticyclonic circulation over the North Pacific, cor-
responding to a weakened Aleutian Low (Park et al. 2012;
Hartmann 2015). Given the high correlation between the
Aleutian Low index and WNP TC frequency as reported
in Choi and Cha (2017), the NPM is likely to impact
WNP TC genesis. The objective of this work is to find the
primary factors responsible for the record-low WNP TC
frequency in autumn 2023 as well as its related physical
mechanisms.

Data and methods

WNP TC best track data from 1951 to 2023 are taken
from the Regional Specialized Meteorological Center
Tokyo—Typhoon Center of the Japan Meteorological
Agency. TC genesis is defined as the first record when a
TC reaches tropical storm intensity (maximum sustained
wind >34 kt). Consistent with Fudeyasu et al. (2018),
TCs that formed over the eastern North Pacific and then
entered the WNP are excluded. TC genesis frequency
(TCGF) is first obtained by counting TC genesis over
a 5°x5° grid and is then spatially smoothed using the
method detailed in Kim et al. (2011).

Monthly mean SST data on a 1°X1° grid are obtained
from the Hadley Centre Sea Ice and Sea Surface Temper-
ature data set (HadISST; Rayner et al. 2003). The ENSO
Modoki index (EMI; Ashok et al. 2007) and the mean
SSTAs over the Nino-3 region, the midlatitude western-
to-central North Pacific (35°-45°N, 140°E-170°W), the
western equatorial Indian Ocean (WEIO; 10°S-10°N,
50°-70°E) and the tropical North Atlantic (TNA;
0°-20°N, 80°-25°W) are all calculated from detrended
SST fields. The Pacific Meridional Mode (PMM) index
is downloaded from the Physical Sciences Laboratory of
the National Oceanic and Atmospheric Administration.
Monthly mean atmospheric variables on a 0.25°x0.25°
grid are taken from the fifth generation European Centre
for Medium-Range Weather Forecasts reanalysis of the
global climate (ERA5; Hersbach et al. 2020). Oceanic and
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atmospheric variables in the HadISST and ERA5 datasets
are used to calculate two versions of the genesis potential
index (GPI): the GPI developed by Emanuel and Nolan
(2004; ENGPI) and the dynamic GPI (DGPI) developed
by Wang and Murakami (2020). ENGPI consists of both
thermodynamic and dynamic variables: maximum poten-
tial intensity (MPI), 700-500-hPa relative humidity, 850-
hPa absolute vorticity and 850-200-hPa vertical wind
shear (VWS). By comparison, the DGPI consists of four
dynamic variables: 850-200-hPa VWS, 850-hPa abso-
lute vorticity, 500-hPa vertical velocity and the meridi-
onal gradient of the 500-hPa zonal wind. Greater GPIs
typically correspond to increased TC genesis frequency,
resulting from positive anomalies of MP], relative humid-
ity and absolute vorticity and negative anomalies of VWS,
vertical velocity and the zonal wind meridional gradient.

The significance levels (p) of correlation coefficients
(r) and linear regressions are both estimated by using a
two-tailed Student’s f-test. When evaluating statisti-
cal significance, the effective sample size proposed by
Trenberth (1984) is applied to minimize the influence of
autocorrelations.

The leading modes of interannual variability in SSTAs
are derived from an empirical orthogonal function
(EOF) analysis. The EOF decomposition is performed
on monthly SSTAs over the tropical and North Pacific
(20°S—60°N, 120°E-80°W), following Zhang et al. (1996)
and An and Wang (2005). The leading three EOFs resem-
ble the patterns of El Nifo with positive SSTAs over the
equatorial central-to-eastern Pacific (Fig. 1c), El Nifo
Modoki/positive PMM with positive SSTAs extending
from the subtropical northeastern Pacific to the equa-
torial central Pacific (Figure S3 in the supplementary
information), and a warm NPM with positive SSTAs
over the midlatitude western-to-central North Pacific
(Fig. 1d). Hereafter, we consider the first and third prin-
cipal components (PCs) as the ENSO and NPM indices,
respectively.

Results and discussion

Seasonal evolution of the large-scale environment

from autumn 2022 to autumn 2023

Positive SSTAs began to appear over the midlatitude
western-to-central North Pacific in autumn 2022. These
positive SSTAs are a typical feature for a developing La
Nina (Fig. 2a). This pattern persisted in winter 2022/23,
with no obvious changes in either the WEIO or the TNA
(Fig. 2b). In spring 2023, the La Nifna decayed, while El
Nifio developed with the highest SSTAs over the coastal
eastern Pacific (Fig. 2c). Positive SSTAs also occurred
over the Nifio-3 region and the WEIO, while TNA SSTAs
were weak. SSTAs remained positive over the midlatitude
western-to-central North Pacific, which is atypical for
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the canonical El Nifio SSTA structure across the North
Pacific.

A similar SSTA pattern prevailed during the sum-
mer and autumn, with warmer SSTAs over the Nifo-3
region, the WEIO, and the TNA as well as the midlati-
tude western-to-central North Pacific (Fig. 2d, e). There
is a significant simultaneous correlation between Nifio-3
SSTA with SSTAs over the WEIO and the TNA during
1951-2023, with correlations of 0.68 (p<0.01) and 0.24
(p=0.04), respectively. Also as shown in Fig. 2a—e, the
three regions (Nifio-3 region, WEIO and TNA) started
to warm at almost the same time. This result implies
that the positive SSTAs over the WEIO and the TNA in
autumn 2023 were very likely the result of the develop-
ing El Nifio. By contrast, compared with other strong El
Ninos (Figure S2 in the supplementary information), El
Nifio in 2023 had much warmer SSTAs over the mid-
latitude western-to-central North Pacific (Fig. 2c—e).
This is atypical for El Niflo events, as there is an inverse
relationship between SSTAs over the Nifio-3 region and
the midlatitude western-to-central North Pacific dur-
ing 1951-2023 (r=— 0.36; p<0.01). Therefore, although
several publications have reported a remote influence of
SSTAs over the Indian Ocean and the Atlantic on WNP
TC activity (e.g., Du et al. 2011; Yu et al. 2016), this study
focuses on the impact of Pacific SSTAs.

In addition, the autumn 2023 value of the PMM was
quite negative—the lowest since 1997. When focus-
ing on all three months comprising autumn (Septem-
ber—November), Fu et al. (2023) reported a significant
positive correlation between WNP TC number and
the PMM. However, in autumn 2023, the SSTA pattern
was not structured like a typical negative PMM pattern
(Fig. 2e). Negative SSTAs weakened over the subtropical
northeastern Pacific, while positive SSTAs extended from
the equatorial eastern Pacific to the equatorial central
Pacific. Owing to the lack of similarity in the spatial SSTA
pattern between autumn 2023 and the canonical PMM,
we do not believe that the PMM played a significant role
in modulating autumn 2023 TC activity.

Accompanied by the peak SSTA increases over the
midlatitude western-to-central North Pacific, there were
ocean fronts with notable SSTA gradients (Fig. 2a—e).
Small et al. (2008) showed that a positive correlation
between SST and surface wind speed indicated that
the ocean was forcing the atmosphere, while a negative
correlation suggested that the atmosphere was driving
the ocean. Figure 2f-o displays seasonal changes in sea
level pressure and 10-m wind. Over the Aleutian Low
region (30°-65°N, 160°E—140°W), an anomalous high
was observed from autumn 2022 to spring 2023 (Fig. 2f-
h). Associated with this anomalous surface high were
decreased surface wind speeds, because the anomalous

Page 5 of 12

surface easterlies counteracted the climatological sur-
face westerlies (Fig. 2k—m). This implies that atmospheric
changes (e.g., a weakened Aleutian Low) drove the warm-
ing of the midlatitude western-to-central North Pacific.

By comparison, beginning in summer 2023, increased
surface wind speeds and anomalous surface westerlies
occurred over the Aleutian Low region (Fig. 2n, o). Asso-
ciated with this circulation was a dipole in surface pres-
sure, with an anomalous surface low to the north and an
anomalous surface high to the south (Fig. 2i, j). As noted
in Small et al. (2008), this surface pressure pattern was
likely forced by the anomalously warm midlatitude west-
ern-to-central North Pacific.

Changes in WNP TC genesis modulated by the ENSO

and the NPM

Figure 1a, b shows the annual variation of WNP TC fre-
quency in boreal autumn from 1951 to 2023. Only four
TCs (Yun-Yeung, Koinu, Bolaven, and Sanba) formed
over the WNP in autumn 2023, the fewest on record and
well below the climatological average of 11 TCs. Given
that autumn WNP TC frequency has decreased at a weak
and insignificant rate (— 0.02 TCs yr™; p=0.17) during
1951-2023, the long-term trend likely played a minimal
role in the record-low value observed in 2023.

Figure la also shows a weak inverse relationship
between autumn WNP TC frequency and the simultane-
ous ENSO index during 1951-2023 (r=— 0.22; p=0.06),
consistent with Choi et al. (2019). A strong El Nino was
developing in autumn 2023, with the sixth largest Nifio-3
SSTA (1.7°C) during the 73-year period. By contrast, the
five strongest El Nifios since 1951 had TC numbers close
to the climatological average of 11 TCs (Figure S2 in the
supplementary information). 1972 had 12 TCs, 1982 had
9 TCs, 1987 had 10 TCs, 1997 had 9 TCs and 2015 had
10 TCs. This weak relationship between El Nifio and
autumn WNP TC frequency highlights that the record-
low TC frequency in autumn 2023 was not solely induced
by the strong El Niiio.

There is a significant negative correlation between
WNP autumn TC frequency and the concurrent NPM
index during 1951-2023 (r=- 0.37; p<0.01; Fig. 1b).
Of note is that autumn 2023 had the highest NPM index
during the 73-year period. When removing the influ-
ence of the midlatitude western-to-central North Pacific
SSTA, the partial correlation between TC frequency
and the NPM index becomes insignificant (r=— 0.11;
p=0.38). By contrast, the partial correlation is nearly
unchanged (r=- 0.37; p<0.01) if the influence of the
Nifio-3 SSTA is removed. This suggests that the impact
of the NPM on WNP TC frequency is mainly due to
SSTA changes over the midlatitude western-to-central
North Pacific. A coherence spectrum analysis further
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shows that correlations of autumn WNP frequency with
the ENSO and NPM indices primarily occur at interan-
nual timescales ranging from 2 to 4 years, with no signifi-
cant relationship found at longer timescales (figure not
shown).

Positive SSTAs were concentrated over two zonal belts
in autumn 2023 (Fig. 2e). The positive SSTAs over the
equatorial central-to-eastern Pacific were much larger
(smaller) than those over the midlatitude western-to-
central North Pacific. When reconstructing SSTAs using
the first and third EOFs and their corresponding PCs, the
reconstructed SSTAs in 2023 showed an extremely high
similarity to observed SSTAs (Fig. 1e), with a pattern cor-
relation of 0.94 (p <0.01). This confirms that El Nifio and
a warm NPM were the primary climate modes driving
the observed Pacific SSTAs in autumn 2023.

We also performed an EOF decomposition on grid-
ded autumn TCGFs during 1951-2023. The first EOF
displays a basinwide change in WNP TCGFs (Fig. 1f),
while the second EOF displays an east—west dipolar pat-
tern in TCGF changes (Fig. 1 g). Furthermore, as shown
in Fig. 1a, b, the first TCGF PC is significantly anti-cor-
related with the NPM (r=— 0.33; p<0.01), while the
second TCGF PC is significantly correlated with ENSO
(r=0.42; p<0.01). This means that changes in the leading
TCGF patterns are significantly linked to phase changes
in ENSO and the NPM.

Figure 3a and b displays the spatial distributions of
TCGFs regressed onto the ENSO and NPM indices,
respectively. Given that the ENSO and PMM indices
are both derived from EOF analyses, their influences on
TC genesis are linearly independent. Consistent with
numerous previous publications (e.g., Lander 1994; Chan
1985, 2000; Saunders et al. 2000; Wang and Chan 2002;
Camargo et al. 2007), during an El Nifio, TC genesis is
significantly enhanced (suppressed) over the southeast-
ern (northwestern) part of the WNP (Fig. 3a). By com-
parison, during a warm NPM, TC genesis is suppressed
over most of the WNP, except for the northwestern SCS
(Fig. 3b). Significant TCGF reductions are concentrated
over a region spanning 10°-20°N and 140°-160°E, which
is slightly east of the region with significant Aleutian
Low-induced TCGF changes (10°-20°N, 130°-155°E;
Choi and Cha 2017).

TCGF anomalies can be further calculated as a lin-
ear sum of the regressions of TCGF multiplied by the
ENSO and NPM indices. In 2023, TC genesis was esti-
mated to decrease west of 140°E (Fig. 3c), due to both El
Nino-induced and warm NPM-induced TC genesis sup-
pressions. Over the region spanning 140°E-160°E, the
regressions of TCGFs onto the ENSO and NPM indices
are of comparable magnitudes but are of opposite signs
(Fig. 3a, b). Given that the NPM index was relatively
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higher than the ENSO index in autumn 2023 (Fig. 1a, b),
the TC-suppressing effect of the warm NPM tended to
dominate over the TC-enhancing effect of El Nifio in that
region, leading to decreases in estimated TCGF (Fig. 3c).
There were estimated increases in TCGF east of 160°E
(Fig. 3c), due to significantly enhanced TCGF induced
by El Nifio and nearly unchanged TCGF induced by the
warm NPM.

In autumn 2023, most of the observed TCGF decreases
occurred over 10°~20°N and 110°-160°E (Fig. 3d). This
observed distribution is similar to the reconstructed
TCGFs, with a pattern correlation of 0.79 (p<0.01). The
reconstructed TCGF is derived from the first and sec-
ond EOFs and their corresponding PCs (Fig. 1 h). Over
most of the WNDP, the observed TCGF reductions are
well captured by the TCGF anomalies estimated by the
ENSO and NPM indices, which highlights that TC gen-
esis changes in 2023 were primarily linked to El Nino and
a warm NPM. By comparison, the TCGFs east of 160°E
and south of 20°N were suppressed in observations but
were estimated to be enhanced based on the ENSO and
NPM indices. These observed TCGF decreases were
likely induced by other factors (e.g., a negative North
Pacific Oscillation phase) in autumn 2023. In addition,
climatologically, there are 0.6 autumn TCs forming east
of 160°E and south of 20°N, accounting for only 5% of
WNP TCs (Figure S5 in the supplementary information).
When focusing on El Nifio events, there are, on average,
1.1 autumn TCs forming over this region, accounting for
11% of WNP TCs (Figure S6 in the supplementary infor-
mation). The autumn TC frequency in 2023 was 4, which
is 2 TCs fewer than in the second lowest year (6 autumn
TCs in 2010). Even if the canonical ENSO and NPM
index relationship with TCGF increases east of 160°E
had held in autumn 2023, basinwide TC frequency would
likely have remained at its historical lowest level.

Changes in environmental conditions as modulated

by ENSO and the NPM

Figure 3e—h and Fig. 3i-1 display spatial changes in the
DGPI and ENGP], respectively. The results using the GPI
broadly show good consistency with those for TCGE,
regardless of which GPI is considered. During an EIl
Nifo, GPIs are significantly enhanced (suppressed) over
the southeastern (northwestern) portion of the WNP
(Fig. 3e, i). During a warm NPM, significantly decreased
GPIs occur over 10°~20°N and 130°-160°E. This region
extends more eastward and covers a larger area than
the region with significantly decreased TCGF (Fig. 3f, j).
There are decreases in both estimated and observed GPI
anomalies in 2023 over a zonal belt spanning 10°-20°N
(Fig. 3 g, h, k, 1). These results mean that TC genesis
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anomalies in 2023 can be explained by changes in large-
scale atmospheric conditions.

During El Nifo, significantly enhanced DGPIs and
ENGPIs east of 145°E are mainly linked to decreases in
850-200-hPa VWS and increases in 850-hPa relative
vorticity and MPI, while significantly reduced DGPIs
and ENGPIs west of 145°E are caused by increases in the
meridional gradient of the zonal wind and vertical veloc-
ity at 500 hPa, along with decreases in 850-hPa relative
vorticity, MPI and 700-500-hPa relative humidity (Figure
S4 in the supplementary information). Given previous
extensive research on the ENSO-WNP TC relationship
(e.g., Lander 1994; Chan 1985, 2000; Saunders et al. 2000;

Wang and Chan 2002; Camargo et al. 2007), we only
highlight here that relative vorticity tends to be the most
important contributor to the DGPI and ENGPI by ENSO
over both the eastern and western parts of the WNP.
During a warm NPM, over the region with significant
TCGF changes (10°-20°N, 140°-160°E), there are signifi-
cant increases in 850-200-hPa VWS, 500-hPa vertical
velocity and 700-500-hPa relative humidity and signifi-
cant decreases in 850-hPa relative vorticity. There are
only weak changes in the 500-hPa meridional gradient of
the zonal wind and MPI (Fig. 4a—e). Note that the impact
of relative humidity changes is opposite to those of the
other significantly changed factors. When focusing on
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the region with the highest climatological TC formation
(10°-20°N, 110°-160°E; Figure S5 in the supplementary
information), relative vorticity is the dominant factor
determining NPM’s effect on both the DGPI and the
ENGPI (Fig. 3 g). This is because significant changes in
VWS, vertical velocity and relative humidity only occur
over the eastern part of the highest TC forming region
(east of 145°E, 130°E and 150°E, respectively), while sig-
nificant decreases in relative vorticity span from 110°E to
the dateline. Due to the dominant role of relative vorti-
city, the DGPI and ENGPI changes exhibit similar distri-
butions as displayed in Fig. 3e-1.

The change in relative vorticity are directly linked to an
anomalous low-level WNP circulation. During El Niflo,
there are significant anomalous westerlies at 850 hPa
over the equatorial Pacific, associated with a large-scale
anomalous anticyclone centered over the SCS, along with
a large-scale anomalous cyclone centered near 40°N,
160°W (Fig. 5a). This flow pattern is consistent with com-
posite wind anomalies during eastern Pacific El Nifios as
reported in Kim et al. (2011). The anomalous anticyclone
spans the western WNP, resulting in negative vorticity
anomalies. There is a trough extending southwestward
from the anomalous cyclone’s center to the eastern WNP,
producing positive vorticity anomalies. By comparison,
during a warm NPM, there is a large-scale anomalous
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low-level anticyclonic circulation centered near 40°N,
180°, with significant flow anomalies mainly occurring
in the midlatitudes (Fig. 5b). This feature is also shown
in Park et al. (2012) and Tao et al. (2022), corresponding
to a weakened Aleutian Low. Most of the WNP is in the
southwestern quadrant of this anomalous anticyclone,
where negative vorticity anomalies predominate.

The 850-hPa anomalous flow in autumn 2023, esti-
mated by summing the regressions of the flow multiplied
by the ENSO and NPM indices, is complex (Fig. 5c).
South of 20°N, the anomalous flow has a similar structure
to the El Nifio-induced flow, possibly because of a strong
(weak) response of the low-level flow to ENSO (NPM).
Anomalous westerlies extend from the western Pacific to
the eastern Pacific, along with an anomalous SCS anticy-
clone that suppresses TC genesis over the western WNP.
North of 20°N, there is an anomalous anticyclone cen-
tered near 40°N, 160°E, which is near the location of the
warm NPM-induced anticyclone shown in Fig. 5b. This
result implies that this anomalous anticyclone is primar-
ily linked to positive SSTAs over the midlatitude west-
ern-to-central North Pacific. The warm NPM-induced
midlatitude anticyclone causes shifts in the observed cir-
culation pattern compared with the El Nifio-induced flow
displayed in Fig. 5a, with the anomalous cyclone shifted
southeastward into the subtropical northeastern Pacific

60°N b) Regressions of Flow onto PC3
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Fig. 5 a, b Regressions of 850-hP a horizontal wind vectors and relative vorticity onto a ENSO and b the NPM indices from 1951 to 2023. Green
vectors denote flow anomalies significant at the 0.05 level. Only regressions of relative vorticity significant at the 0.05 level are shown. ¢ Estimated
850-hPa anomalous wind vectors and relative vorticity anomalies in autumn 2023 based on the regressions in a and b multiplied by their
corresponding indices. d Observed 850-hPa anomalous wind vectors and relative vorticity anomalies in autumn 2023
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(Fig. 5¢—d). Over the subtropical eastern WNP, there is
a warm NPM-induced anticyclonic circulation instead of
an eastward-retreated ENSO-induced cyclonic circula-
tion, reducing TC genesis.

In addition, the estimated 850-hPa anomalous flow
captures the general characteristics of the observed flow
in autumn 2023 (Fig. 5d). One difference is that com-
pared with observations, the estimated anomalous anti-
cyclone over the North Pacific shifts eastward, and the
estimated anomalous cyclone over the northeastern
Pacific shifts westward (Fig. 5c, d). Another difference
is that there is an observed wave train-like pattern with
anomalous northerlies around the dateline (Fig. 5d). This
pattern does not occur in the estimated anomalous flow
(Fig. 5¢). Although the general pattern of the anomalous
low-level flow in autumn 2023 can be attributed to the
linear combination of El Nifio and a warm NPM, there
are other climate modes influencing the low-level circu-
lation over some portions of the WNP in autumn 2023.

Conclusions

Autumn 2023 had the fewest WNP TCs during autumn
since 1951. This period was associated with a strong El
Nifo and a warm NPM. There is only a weak inverse rela-
tionship between autumn WNP TC frequency during
autumn and the simultaneous ENSO index from 1951
to 2023, likely due to the northwest—southeast dipolar
change in TC genesis caused by ENSO. By contrast, TC
frequency is significantly anti-correlated with the NPM
index. Reduced TC genesis occurs over most of the WNP
during a warm NPM, with significant TCGF decreases
occurring over the region spanning 10°-20°N, 140°-
160°E. When focusing on autumn 2023, decreases in
TC genesis west of 140°E were jointly linked to El Nifo-
induced and warm NPM-induced reductions in TCGE.
By comparison, decreases in TC genesis over the region
spanning 140°E-160°E were caused by the TC-suppress-
ing effect of the warm NPM tending to exceed the TC-
enhancing effect of El Nino.

Given that the changes in both the DGPI and ENGPI
show good consistency with changes in TCGEF, the
influences of ENSO and the NPM on TC genesis can
be explained by environmental changes. During El
Nifio, there are significant decreases in 850—200-hPa
VWS and significant increases in 850-hPa relative vor-
ticity east of 145°E. There are significant increases in
the meridional gradient of the zonal wind and vertical
velocity at 500 hPa and significant decreases in 850-
hPa relative vorticity, MPI and 700-500-hPa relative
humidity west of 145°E. During a warm NPM, there are

Page 10 of 12

significant increases in 850-200-hPa VWS and 500-hPa
vertical velocity and significant decreases in 850-hPa
relative vorticity over 10°~20°N and 140°-160°E. These
results indicate that relative vorticity tends to be the
most important factor for comparing the influences of
ENSO and the NPM on WNP TC genesis.

The anomalous low-level flow in autumn 2023 exhib-
ited a combination of the response to an El Nifno and
a warm NPM. South of 20°N, the anomalous flow was
mainly influenced by El Nifo, with an anomalous anti-
cyclone over the SCS that suppressed TC genesis over
the western WNP. North of 20°N, there was an anom-
alous anticyclone centered at around 40°N, 160°E—a
typical feature during a warm NPM. This resulted in
an anticyclonic circulation reducing TC genesis over
the western WNPD, instead of just the eastward retreat
in TC-favoring conditions generated by the ENSO-
induced cyclonic circulation.

By analyzing the sole and joint influences of the
ENSO and the NPM on WNP TC genesis, this study
highlights that the record-low TC activity in autumn
2023 was likely driven by the co-occurrence of El Nifio
and a warm NPM. In autumn 2023, there were two
zonal belts of positive SSTAs. The first zonal belt was
located over the equatorial central-to-eastern Pacific,
while the second was located over the midlatitude
western-to-central North Pacific. This spatial SSTA
structure has not been observed in the developing
phase of other historically strong El Nifios (e.g., 1972,
1982, 1987, 1997 and 2015).

As displayed in Fig. 2d, there was also a combined
pattern of El Nifio and a warm NPM in summer 2023.
However, consistent with the weak correlations of sum-
mer WNP TC frequency versus the simultaneous ENSO
index (r=- 0.05; p=0.66) and the simultaneous NPM
index (r=— 0.10; p=0.30), WNP TC activity in summer
2023 was close to its long-term average. 10 WNP TCs
formed in summer 2023, which is near the climatological
(1951-2023) average of 11.1. This result further implies
that a specified climate mode (e.g., ENSO, NPM, etc.) can
pose different impacts on basinwide WNP TC activity
during different seasons, as noted in previous publica-
tions (e.g., Choi et al. 2019; Fu et al. 2023).

Xu et al. (2021) reported that during recent decades,
SST warming trends over the extratropical North Pacific
were higher than for other Pacific sub-regions, implying
an increasing probability of a warm NPM. This warming
trend may play a considerable role in projected decreases
in WNP TCs. Our main findings will be verified in future
work using numerical experiments and different SSTA
forcings over the tropical and North Pacific.
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