Received: 24 September 2023

Revised: 9 January 2024

W) Check for updates

Accepted: 22 February 2024

DOL: 10.1002/joc.8417

RESEARCH ARTICLE

RMets

Independent contributions of tropical sea surface
temperature modes to the interannual variability of
western North Pacific tropical cyclone frequency

Jinjie Song'* |

'Nanjing Joint Institute for Atmospheric
Sciences, Chinese Academy of
Meteorological Sciences, Nanjing, China

2State Key Laboratory of Severe Weather,
Chinese Academy of Meteorological
Sciences, Beijing, China

*Department of Atmospheric Science,
Colorado State University, Fort Collins,
Colorado, USA

Correspondence

Jinjie Song, Nanjing Joint Institute for
Atmospheric Sciences, Chinese Academy
of Meteorological Sciences, 8 Yushun
Road, Nanjing 210041, China.

Email: songjinjie@qqg.com

Funding information

National Natural Science Foundation of
China, Grant/Award Numbers: 41905001,
42175007, 42192552, 42192554, 61827901,
U2342203; G. Unger Vetlesen Foundation

Philip J. Klotzbach® |

Nannan Qin'? | Yihong Duan?

Abstract

This study investigates the independent contributions of three tropical sea
surface temperature anomaly (SSTA) modes to interannual changes in sum-
mertime western North Pacific (WNP) tropical cyclone (TC) frequency from
1982 to 2022. We primarily analyse partial regressions of TC metrics and
environmental variables onto the El Nifio-Southern Oscillation Modoki
(ENM), North Indian Ocean (NIO) SSTA and tropical North Atlantic (TNA)
SSTA indices. We find that although basinwide WNP TC frequency signifi-
cantly correlates with both the ENM and NIO indices, the regions with the
most significant changes in TC formation induced by these two indices are
well separated. During El Nifio Modoki, significant increases in TC formation
concentrate over the southeastern part of the WNP, while during a warm
NIO, significant decreases in TC formation concentrate over the northwest-
ern part of the WNP. By contrast, insignificant changes in TC genesis over
the WNP are solely induced by TNA SSTAs. We show that the two pathways
of TNA SSTA's influence on WNP TC activity through modulation of Pacific
and NIO SSTAs are of comparable importance. During El Nifio Modoki, sig-
nificantly enhanced TC genesis over the southeastern WNP can be explained
by more favourable environmental conditions, which is linked to an anoma-
lous low-level cyclonic circulation over the WNP. During a warm NIO, TC
genesis is significantly suppressed over the northwestern WNP, due primarily
to an anomalous low-level anticyclonic circulation-induced decrease in rela-
tive vorticity. By contrast, during a warm TNA, no notable changes in envi-
ronmental variables are found over most of the WNP, while significant flow
anomalies are limited to the central-to-eastern Pacific and the western Atlan-
tic. These results highlight that the TNA SSTA by itself has a limited impact

on WNP TC genesis and the associated large-scale environment.
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1 | INTRODUCTION

Tropical cyclones (TCs) are one of the most severe natural
disasters around the world, causing considerable social
and economic damage due to the accompanying strong
winds, heavy rainfall and storm surge. The western North
Pacific (WNP) is the most TC-active basin worldwide,
accounting for approximately one-third of global TCs on
an annually averaged basis (Lee et al., 2012). Given height-
ened concern about the impact of climate change, increas-
ing attention has been paid to the temporal variability of
WNP TC activity as modulated by various climate phe-
nomena (Walsh et al., 2016).

El Nifio-Southern Oscillation (ENSO) is a major
mode influencing interannual changes in frequency,
intensity, formation location and lifespan of WNP TCs
(Emanuel, 2018). Traditionally, ENSO has been catego-
rized into two flavours: canonical ENSO (CEN) (also
known as conventional ENSO, cold tongue ENSO or east-
ern Pacific ENSO) and ENSO Modoki (ENM) (also
known as warm pool ENSO or central Pacific ENSO),
with peak sea surface warming/cooling centred over the
eastern equatorial Pacific and the central equatorial
Pacific, respectively (Capotondi et al., 2015; Kao &
Yu, 2009; Timmermann et al., 2018). CEN does not sig-
nificantly affect basinwide WNP TC frequency, although
it does cause a significant southeast-northwest shift in
average WNP TC formation location (e.g., Chan, 1985,
2000; Lander, 1994; Li & Zhou, 2012; Saunders
et al., 2000; Wang & Chan, 2002). By contrast, there is a
significant interannual relationship between basinwide
WNP TC frequency and ENM (e.g., Chen & Tam, 2010;
Kim et al., 2011; Li & Wang, 2014; Patricola et al., 2018;
Wang et al., 2013; Zhang et al., 2015). During ENM, TC
formation is enhanced over most of the WNP, due to a
large-scale anomalous cyclonic circulation, anomalous
ascending motion, as well as an anomalously moist mid-
troposphere. These conditions arise due to the maximum
oceanic warming occurring over the central Pacific, as
would be expected based on Gill's model (Gill, 1980).

The Pacific meridional mode (PMM) is another cli-
mate mode over the tropical Pacific that modulates WNP
TC activity. Previous studies (e.g., Fu et al., 2023; Zhang
et al., 2016, 2020; Wu et al., 2020) reported a basinwide
enhancement (suppression) of TC activity during the pos-
itive (negative) phase of the PMM, which was further
linked to PMM-induced changes in the large-scale circu-
lation over the WNP. There is also a significant positive
relationship between the PMM and the frequency of
intense TCs over the WNP as well as landfalling TCs in
China (Gao et al., 2018a, 2018b, 2020a, 2020b). Positive
phases of the PMM favour an anomalous low-level
cyclonic circulation over most of the WNP, favouring

more frequent TC formations over the main development
region. These TCs then tend to move westward/
northwestward and subsequently make landfall in China
(Gao et al., 2018a, 2018b, 2020a, 2020b).

Recently, several studies have reported on a remote
modulation of interannual TC frequency over the WNP
by sea surface temperature (SST) anomalies (SSTAs) over
other tropical ocean basins. There is a significant inverse
relationship between basinwide WNP TC frequency and
SSTAs over the tropical Indian Ocean (IO) (e.g., Du
et al., 2011; Gao et al., 2020a, 2020b; Ha et al., 2015; Zhan
et al., 2011a, 2011b, 2014; Zheng et al., 2016). During
warm tropical 10 years, TC formation is suppressed over
most of the WNP, leading to a significant decrease in
basinwide TC frequency. This decrease has been mainly
linked to a large-scale anomalous low-level anticyclonic
circulation over the WNP. Tropical IO warming can
excite a warm equatorial Kelvin wave that penetrates
eastward into the equatorial western Pacific, inducing
surface convergence on the equator and surface diver-
gence off the equator. This subsequently triggers an
anomalous WNP anticyclone (Xie et al., 2009, 2016).

There is also a notable negative correlation between
basinwide WNP TC frequency and tropical North Atlan-
tic (TNA) SSTAs (e.g., Cao et al., 2016; Gao et al., 2018a,
2018b; Huo et al., 2015; Jin et al., 2022; Yu et al., 2016a).
A significant decrease in basinwide WNP TC frequency
occurs during warm TNA years, driven by TC-
suppressing large-scale conditions over the WNP, includ-
ing reduced low-level vorticity and mid-level humidity
and enhanced vertical wind shear (VWS). As reported in
previous publications (e.g., Gao et al., 2018a, 2018b; Huo
et al., 2015; Wang, 2019; Yu et al., 2016a), two possible
pathways have been suggested for linking SSTAs over the
TNA to environmental changes over the WNP. Warm
TNA SSTAs can trigger anomalous atmospheric deep
convection. This deep convection is associated with
eastward-propagating Kelvin waves and westward-
propagating Rossby waves. The Kelvin wave-related
anomalous easterlies over the North I0 (NIO) decelerate
the climatological winds, suppressing surface evaporation
and thus warming the NIO through a wind-evaporation-
SST (WES) feedback (Xie & Philander, 1994). The Rossby
wave-related anomalous westerlies over the off-equatorial
northeastern Pacific induce local ocean cooling via the
WES mechanism. This cooling further propagates equa-
torward and westward, generating anomalous cooling
over the equatorial central Pacific (Xie, 1999). Both path-
ways indirectly influence changes in WNP environmental
conditions by warming the NIO or cooling the equatorial
central Pacific.

As summarized in Wang (2019), the Pacific, IO and
Atlantic interact significantly with each other. SSTAs in
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one basin can induce corresponding SST changes in the
other two basins via various atmospheric and oceanic
pathways, on timescales ranging from months to decades.
It is therefore possible that the impacts of SSTAs over dif-
ferent basins on WNP TC frequency are not independent.
Wang and Wang (2019) found that the two leading
empirical orthogonal function (EOF) modes of the west-
ern Pacific subtropical high could integrate the influences
of trans-basin SST anomalies over the Pacific, Atlantic
and I0 on WNP TC activity. The first mode integrated
the effects of ENSO and Atlantic SST anomalies, while
the second mode incorporated the effects of SST anoma-
lies over the Indo-Pacific warm pool and 10 (Wang &
Wang, 2019).

By using an EOF analysis, Yu et al. (2016b) quantita-
tively analysed the relative contributions of leading SSTA
modes in each basin to changes in WNP TC frequency.
They found that the first SSTA modes over the Pacific, IO
and Atlantic accounted for 0.8%, 17.6% and 14.3% of the
total variance of WNP TC frequency changes on inter-
annual timescales, respectively. Nonetheless, because the
EOF analysis was not performed over the globe, the vari-
ances explained by SSTA modes over different basins
may overlap.

Given that the ENM and SSTAs over the IO and
Atlantic can all lead to basinwide changes in WNP TC
formation, we investigate whether their-induced spatial
patterns of WNP TC formation changes are similar. In
particular, it is still unknown whether there are differ-
ences in the significant regions of TC formation
changes modulated by SSTAs over different basins.
Although the TNA has been shown to influence WNP
TC activity by modulating SSTAs over the Pacific
(e.g., Huo et al., 2015) and over the IO (e.g., Yu
et al., 2016a), it remains unclear as to how TNA SSTAs
modulate WNP TC activity via the Pacific and I0 SSTA
pathways. Furthermore, we quantify the contributions
of TNA SSTAs in modulating WNP TC formation
through these different pathways.

To answer the above questions, this study focuses on
analysing and comparing the independent contributions
of individual tropical SSTA modes on WNP TC fre-
quency. The remainder of this paper is arranged as fol-
lows. Section 2 describes the data and methodology.
Section 3 discusses the temporal relationship between
basinwide WNP TC frequency and different SSTA indi-
ces. Sections 4 and 5 highlight the spatial changes in
WNP TC genesis and environmental variables, respec-
tively, as modulated by different SSTA modes. Section 6
examines anomalies of WNP TC genesis and environ-
mental variables in 2005—a warm TNA year with ENM
and IO SSTAs that were near average. Section 7 summa-
rizes and concludes.

of Climatology

2 | DATA AND METHODOLOGY

WNP TC best track data are obtained from the Interna-
tional Best Track Archive for Climate Stewardship
(IBTrACS) v4 dataset (Knapp et al., 2010). There are four
warning agencies operationally providing TC best tracks
over the full WNP, including the Joint Typhoon Warning
Center (JTWC), the Japan Meteorological Agency (JMA),
the China Meteorological Administration (CMA) and the
Hong Kong Observatory (HKO). As suggested by Song
and Klotzbach (2018), this study only considers TCs
simultaneously recorded by all four agencies to minimize
the uncertainty among data sources. Accordingly, this
study identifies TC genesis as the first record that is
simultaneously reported by all four agencies. TC genesis
frequency (TCGF) is first obtained by counting TC gene-
sis numbers over a 5° X 5° grid and is then spatially
smoothed through the method proposed by Kim
et al. (2011).

This study focuses on the period from 1982 to 2022,
because of the low reliability of TC observations due to
lack of global satellite coverage prior to the early 1980s
(Kossin et al., 2014). Another reason is that there is an
interdecadal change in the relationship between WNP
TC frequency and the ENM/IO/TNA indices (Cao
et al., 2016; Liu & Chen, 2018; Zhan et al., 2014). All of
these relationships were much weaker before the 1980s
than they have been in more recent decades. Addition-
ally, this study only considers the season spanning June-
August (JJA), since the WNP TC frequency-ENM corre-
lation is significant during the boreal summer but insig-
nificant during the boreal autumn (Chen & Tam, 2010).

Monthly mean SST data over a 1° X 1° grid are pro-
vided by the Hadley Centre Sea Ice and Sea Surface Tem-
perature dataset (HadISST; Rayner et al., 2003). SSTAs
are obtained by subtracting the corresponding long-term
trends in SSTs from 1982 to 2022, to remove any global
warming signal. Following Ashok et al. (2007), the ENM
index is defined as

ENM index=SSTA¢ —0.5XSSTA; —0.5XSSTA,, (1)

where the overbar denotes the area-averaged SSTA, which
is computed over the three regions specified as the central
(C: 165°E-140°W, 10°S-10°N), eastern (E: 110°-70°W,
15°S-5°N) and western (W: 125°-145°W, 10°S-20°N) tropi-
cal Pacific. The canonical ENSO, NIO and TNA indices are
defined as SSTAs averaged over the Nifio3.4 (170°-120°W,
5°S-5°N), NIO (50°-100°E, 0°~20°N) and TNA (80°-25°W,
0°-20°N) regions, respectively.

Monthly mean atmospheric conditions are obtained
from the fifth generation European Centre for
Medium-Range Weather Forecasts (ECMWF) reanalysis
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of the global climate (ERAS5; Hersbach et al., 2020), with
a horizontal resolution of 0.25° x 0.25°. The genesis
potential index (GPI) proposed by Emanuel and Nolan
(2004) is estimated from the HadISST and ERAS5 datasets.
The GPI consists of four environmental variables: maxi-
mum potential intensity (MPI; Emanuel, 1988), 700-
500-hPa relative humidity, 850-hPa absolute vorticity and
850-200-hPa VWS.

Statistical significance of correlation coefficients and
regression coefficients is estimated based on a two-tailed
Student's t test, while the effective sample size proposed
by Bretherton et al. (1999) is used to account for autocor-
relation of individual timeseries. To consider the sole
impact of individual SSTA modes, this study applies the
following equation:

x=c+bcenIcen +benmIenm +bnioInio + brnaltna +e.

(2)

Here, x represents any variable, ¢ is a constant and &
is the residual. I denotes the normalized SSTA index, and
b denotes its corresponding partial regression coefficients.
The coefficients ¢ and b are derived using multiple linear
regression, while their significances are estimated by an
F test.

Given the two possible pathways for linking TNA
SSTAs to environmental changes over the WNP (Gao
et al., 2018a, 2018b; Wang, 2019), responses in WNP TC
activity to only one pathway are estimated by the follow-
ing equations:

y=c+ bTNA—ENMjTNA‘i'bNIOjNIO +bCENjCEN +é, (3)

y=c+brna—nioltna +benmlenm +beenlcen +e. (4)

Here, y represents any TC metric, while other sym-
bols are the same as in Equation (2). Note that brya_gnm
and brna-nio denote the influences of TNA SSTAs

0.3 0.4 0.5 0.6

wileyonlinelibrary.com]

through modulation of SSTAs over the NIO and the
equatorial central Pacific, respectively.

3 | TEMPORAL CHANGE IN
BASINWIDE WNP TC FREQUENCY

Figure 1 displays correlations between basinwide WNP
TC frequency during JJA and simultaneous near-global
SSTAs from 1982 to 2022. Consistent with Gao
et al. (2020a, 2020b) and Yu et al. (2016b), significant
negative correlations are concentrated over the NIO and
TNA regions. Over the Pacific, an SST pattern resembling
El Nifio Modoki pattern is observed, with positive corre-
lations over the central Pacific and negative correlations
over the western and eastern Pacific. We also do not find
a PMM-like SST pattern, which may be due to the insig-
nificant relationship between WNP TC frequency and the
PMM index in June and July (Fu et al., 2023). Figure 2
further highlights the notable interannual relationship
between basinwide WNP TC frequency and the ENM
(r=0.49, p <0.01), NIO (r=—0.44, p < 0.01) and TNA
(r=-043, p<0.01) indices. Consistent with earlier
research, WNP TC frequency is greater during El Nifio
Modoki, cold NIO and cold TNA years than during La
Nifia Modoki, warm NIO and warm TNA years.
However, the changes in these three indices are not
fully independent. Although the ENM and NIO indices
only weakly correlate (r = —0.24, p = 0.14), they both sig-
nificantly relate to the TNA index, with correlation coeffi-
cients of -048 (p<0.01) and 047 (p<0.01),
respectively. Figure 3a shows that during an El Nifio
Modoki, significantly decreased SSTAs occur over the
TNA, while SSTA changes are weak over the NIO. By
comparison, a warm NIO is associated with not only a
warm TNA but also a canonical El Nifio (Figure 3c).
There is a moderate correlation between the NIO and
CEN indices (r=0.29, p = 0.07). Consistent with Yang
et al. (2022), both a La Nifia Modoki structure and a
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basins (Figure 3b,d,f). The only difference is that the
regressions of SSTAs onto the ENM index are signifi-
cantly negative over the western Pacific, while the partial
regressions do not show these anomalies (Figure 3a,b).
This result is likely caused by SST changes over the west-
ern Pacific being more related to SSTAs over the NIO
than to the central-to-eastern Pacific, as shown in
Figure 3c,d. The ENM index-related SSTA changes over
the eastern Pacific are of a much greater magnitude than
those over the western Pacific, regardless of whether we
use the full regression or the partial regression. In addi-
tion, we also use Equations (3) and (4) to maintain one
pathway for TNA SSTAs modulating SSTAs over other
basins. As displayed in Figure 3g (Figure 3h), significant
TNA SSTAs are associated with significant SSTA changes

We also perform partial regression on basinwide
WNP TC frequency to measure the independent influ-
ence of these indices. Figure 4 displays what happens
when all four indices are used as predictors. The resulting
regression equation explains 37% of the total variance of
basinwide TC frequency change. However, the regression
coefficients of both the CEN and TNA indices are not sig-
nificant. The insignificant CEN coefficient is a result of
the weak correlation between basinwide WNP TC fre-
quency and the CEN index (r = 0.15, p = 0.34). By con-
trast, the insignificant TNA coefficient conflicts with the
significant basinwide WNP TC frequency-TNA correla-
tion. Furthermore, when only the ENM and NIO indices
are used as predictors, the explained variance of the
regression equation (35%) only decreases slightly
(Figure 4). These results imply that the contribution of
TNA SSTAs to basinwide WNP TC frequency is already
mostly included by using the ENM and NIO SSTAs. Con-
sequently, the TNA index is likely not an independent
variable for explaining WNP TC activity, given its close
connection to the ENM and NIO indices.

SONG ET AL.
a
20( )
>
G 15
(0]
s N '\
q’ \
LL 101 \/-\" v \' V \ \/ k
5 _
-
: N
5.
= r=0.49 — NTC
(p<0.01) ENM
1990 2000 2010 2020
Year
20 b)
- over the central Pacific (NIO).
% 151
AN AN
9 1 v k—
= 10 4
o \V ¥ V \_/\/ / -
=
S
5_
= r=—0.44 — NTC
(p<0.01) NIO
0 T T T T
1990 2000 2010 2020
Year
c
20( )
>
G 15
: I
(o
(0]
— \ /
VAVINGY! ﬂw
st
2
5.
= r=—0.43 — NTC
(p<0.01) TNA
1990 2000 2010 2020
Year

FIGURE 2 Annual changes in normalized (a) ENM, (b) NIO
and (c) TNA indices during JJA between 1982 and 2022, as well as
basinwide WNP TC frequency. Correlation coefficients and
corresponding significance levels are given in each panel. [Colour
figure can be viewed at wileyonlinelibrary.com]

warm NIO are observed during a warm TNA (Figure 3e).
These results confirm the cross-basin interactions among
the three basins, as reported in Wang (2019).

To obtain the independent impacts of SSTAs over
individual basins, we next estimate partial regressions
using Equation (2). Partial regressions generally maintain
the typical SSTA pattern over the basin where the index
predominates, but minimize the SSTA response in other

Furthermore, the partial correlations of WNP TC fre-
quency versus the ENM, NIO and TNA indices become
0.43 (p < 0.01), —0.38 (p =0.02) and —0.04 (p = 0.78),
respectively, if the effects of the other two indices are lin-
early removed. These results mean that the ENM (NIO)
index independently explains 18% (14%) of the total vari-
ance in annual WNP TC frequency changes, with the
TNA index by itself having almost no contribution. In
addition, the partial correlation between WNP TC fre-
quency and the TNA index is —0.22 (p =0.17) [-0.24
(p =0.13)] when removing the influence of the ENM
(NIO) index. This implies that the two pathways of TNA
SSTAs influencing environmental changes over the WNP
are of comparable importance. The linkage of TNA
SSTAs with WNP TC activity becomes insignificant if
either of the pathways are excluded.
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NIO and (e-h) TNA indices from 1982 to 2022. Green boxes refer to the corresponding regions for identifying indices. Black dots denote the
regressions or partial regressions significant at the 0.05 level. [Colour figure can be viewed at wileyonlinelibrary.com]

4 | SPATIAL CHANGE IN WNP TC
GENESIS FREQUENCY

Figure 5a,c,e displays regressions of WNP TCGFs onto
the ENM, NIO and TNA indices between 1982 and 2022.
During an El Nifio Modoki, TC genesis is enhanced over
most of the WNP, with significantly increased TCGFs
occurring east of 150°E (Figure 5a). During a warm NIO,
TC genesis is suppressed over the subtropical WNP, with
significantly decreased TCGFs north of 15°N and west of
155°E (Figure 5c). This significant region is shifted north-
westward from the region with significant ENM-induced
TCGF changes. During a warm TNA, there is suppressed

TC genesis over a northwest-southeast-oriented region of
the WNP (Figure 5e). This TCGF distribution looks like a
combination of TCGF changes in La Nifia Modoki and in
a warm NIO.

By comparison, Figure 5b,d,f displays partial regres-
sions of WNP TCGFs onto the ENM, NIO and TNA
indices, when the effects of the other indices are not
considered. The pattern of ENM-induced TCGF anoma-
lies remains almost unchanged, except that the magni-
tude of positive (negative) TCGFs decreases (increases)
during an El Nifio Modoki (Figure 5b). We next high-
light two regions: Region A (145°-175°E, 5°-20°N) and
Region B (125°-145°E, 15°-30°N). During an El Nifio
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FIGURE 4 Observed and predicted WNP TC frequency during

JJA between 1982 and 2022. The prediction equations are provided
in the panel, which are obtained by using multiple linear
regression. Their explained variances and the corresponding
significance levels are also shown. Coefficients significant at the
0.05 level are noted with an asterisk in the prediction equations.
[Colour figure can be viewed at wileyonlinelibrary.com]

Modoki, TC genesis is significantly enhanced over
Region A but is slightly suppressed over Region
B. Similarly, partial regressions of TCGFs onto the NIO
index exhibit a similar distribution to the regressions of
TCGFs, with a decreased (increased) magnitude of neg-
ative (positive) values (Figure 5d). During a warm NIO,
Region A has slightly enhanced TC genesis, while
Region B has significantly suppressed TC genesis. Note
that although ENM and NIO SSTAs both significantly
modulate basinwide TC frequency over the WNP, the
regions in which their influences are the most signifi-
cant are well separated.

By contrast, there are almost no significant warm
TNA-induced TCGF changes over the WNP, after remov-
ing the influences of the CEN, ENM and NIO indices
(Figure 5f). Weak TCGF decreases are observed over both
Regions A and B. This implies that TNA SSTAs alone,
unaccompanied by significant SSTAs over other tropical
basins, only slightly modulates WNP TC genesis. More-
over, when retaining the influence of the ENM (NIO)
index, partial regressions of TCGFs onto the TNA index
exhibit a similar pattern to those onto the ENM (NIO)
index (Figure 5g,h), with a pattern correlation coefficient
of —0.43 (p < 0.01) [0.49 (p < 0.01)]. When the pathway
linking TNA SSTAs to central Pacific (NIO) SSTAs is con-
sidered, WNP TC formation is significantly suppressed
only over Region A (Region B) during a warm TNA,
while it weakly changes over other subregions. This again
implies that TNA SSTAs lead to basinwide changes in
WNP TC formation through modulation of both NIO and
Pacific SSTAs.

of Climatology

5 | CHANGES IN LARGE-SCALE
ENVIRONMENTAL CONDITIONS

Figures 6-10 display partial regressions of environmental
variables over the WNP onto the ENM, NIO and TNA
indices. Full regression and correlation analysis has been
shown in several previous studies (e.g., Gao et al., 2018a,
2018b; Liu & Chen, 2018; Zheng et al., 2016). Here,
changes in 850-hPa relative vorticity are shown instead of
850-hPa absolute vorticity, since the Coriolis parameter is
invariant with time. Figure 6 displays partial regressions
of the GPI onto the three indices. These partial regres-
sions are broadly consistent with those for TCGFs as
shown in Figure 5b,d,f-h. During an El Nifio Modoki,
there are significant GPI increases over Region A and
weak GPI changes over Region B (Figure 6a). During a
warm NIO, significant GPI decreases are concentrated
over Region B, while insignificant GPI changes occur
over most of Region A (Figure 6b).

By contrast, the partial regressions of GPI onto the
TNA index are of a smaller magnitude than those of
the ENM and NIO indices (Figure 6c). These significant
GPI changes occur near the equator and near the date-
line, with almost no significant GPI changes over both
Regions A and B. Gao et al. (2018a, 2018b) displayed
regressions of the GPI directly onto the TNA index. Dur-
ing a warm TNA, GPI increases occur over a belt extend-
ing from the northern part of the South China Sea to the
southeastern quadrant of the WNP, with GPI decreases
occurring to the north and south. This pattern resembles
the mirror image of the partial regressions of the GPI
onto the ENM index (as shown in Figure 6a), likely
resulting from a warm TNA-induced ENM-like SSTA pat-
tern reported in Gao et al. (2018a, 2018b). Figure 6d,e
presents the partial regressions of GPI onto the TNA
index when retaining either of the influences of the ENM
and NIO indices, which exhibits a similar pattern to the
corresponding partial regressions of TCGF. When
the influence of the ENM (NIO) index is retained, signifi-
cantly decreased GPIs are observed over Region A
(Region B) during a warm TNA, corresponding to sup-
pressed TC formation. Note that the GPI pattern in
Figure 6d (Figure 6e) is consistent with that in Figure 6a
(Figure 6b), with a pattern correlation coefficient of
—0.64 (p < 0.01) [0.89 (p < 0.01)]. This implies that envi-
ronmental changes caused by TNA SSTAs through mod-
ulation of central Pacific (NIO) SSTAs are similar to
those independently influenced by the ENM (NIO) index.
Therefore, we focus on changes in environmental vari-
ables independently induced by the ENM, NIO and TNA
indices in the following analysis.

The above findings imply that changes in TCGF
induced by the three SSTA modes can be well captured by
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(a) Regression of TCGFs onto ENM Index (b) Partial Regression of TCGFs onto ENM Index
(Removing CEN, NIO and TNA)
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FIGURE 5 Legend on next page.
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(b) Partial Regression of GPI onto NIO Index
(Removing CEN, ENM and TNA)
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Partial regressions of GPI over the WNP onto the normalized (a) ENM, (b) NIO and (c-e) TNA indices from 1982 to 2022.

Black dots denote partial regressions significant at the 0.05 level. Green and yellow dashed boxes denote the regions spanning 145°-175°E,
5°-20°N and 125°-145°E, 15°-30°N, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

the corresponding large-scale environment. Figures 7-9
display the partial regressions of four environmental vari-
ables constituting the GPI, including MPI, 700-500-hPa rel-
ative humidity, 850-hPa relative vorticity and 850-200-hPa
VWS. During an El Nifio Modoki, there are significant
increases in MPI, relative humidity and relative vorticity
with significant decreases in VWS over Region A, all
favouring TC genesis (Figure 7). By comparison, weak
changes in environmental factors occur over Region B.

During a warm NIO, there are almost no significant
changes in environmental variables over Region A
(Figure 8). Over Region B, there are only weak increases
in MPI and VWS, with significant decreases in humidity
occurring over the southern periphery (Figure 8a,b,d).
Furthermore, there is a northeast-southwest-oriented
region with significant vorticity decreases within 10°-
20°N over the WNP, nearly covering all of Region B
(Figure 8c). NIO SSTAs likely influence WNP TC genesis

FIGURE 5

(a, c, e) Regressions and (b, d, f-h) partial regressions of WNP TCGFs onto the normalized (a, b) ENM, (c, d) NIO and (e-h)

TNA indices from 1982 to 2022. Black dots denote regressions or partial regressions significant at the 0.05 level. Green and yellow dashed
boxes denote the regions spanning 145°-175°E, 5°-20°N and 125°-145°E, 15°-30°N, respectively. [Colour figure can be viewed at

wileyonlinelibrary.com]
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primarily through modulations of low-level relative vor-
ticity over the WNP, as noted in previous publications
(e.g., Tao et al., 2012; Zhan et al., 2011a). Consistent with
weak changes in GPI, during a warm TNA, there are
almost no significant changes in all four environmental
factors over both Regions A and B (Figure 9). In particu-
lar, relative vorticity is only slightly reduced over both
regions (Figure 9c). This further implies that the TNA
SSTA by itself only slightly modulates the large-scale
WNP environment.

Given that changes in TCGF and GPI over both Regions
A and B correspond well to changes in low-level relative vor-
ticity, Figure 10 further displays partial regressions of the
850-hPa flow. During an El Nifio Modoki, maximum SSTA
increases occur over the equatorial central Pacific, triggering
anomalously deep convection there. This anomalously deep
convection can generate a westward-propagating Rossby
wave, which induces significant anomalous low-level west-
erlies over the equatorial WNP (Figure 10a). Subsequently,
there is an anomalous large-scale cyclonic circulation north
of 20°N over the WNP, with its centre located in Region
A. This anomalous large-scale cyclonic circulation provides
positive relative vorticity, favouring TC development.
By comparison, during a warm NIO, the peak SSTA

increases that occur over the NIO can generate
anomalous convection associated with a local anoma-
lous low-level cyclone (Figure 10b). Significant anoma-
lous low-level easterlies induced by an eastward-
propagating Kelvin wave extend from the NIO to the
WNP and are concentrated between the equator and
10°N. As a result, an anomalous large-scale anticyclonic
circulation occurs over the subtropical WNP, centred
over Region B. This leads to negative vorticity anoma-
lies, which suppresses TC genesis. When comparing the
locations of the anomalous flow over the WNP, the
anomalous anticyclone (cyclone) is shifted westward
(eastward) during a warm NIO (an El Nifio Modoki)
(Figure 10a,b), due to the shifts in where the maximum
SSTA increases occur. The warm NIO-induced anoma-
lous anticyclone is more poleward than the El Nifio
Modoki-induced anomalous cyclone. As a result, the
anomalous easterlies shift more northward than the
anomalous westerlies.

When excluding the impacts of the ENM and NIO
SSTAs, significant changes in the 850-hPa flow during a
warm TNA only occur over an off-equatorial region
extending from the central Pacific to the western Atlantic
(Figure 10c). Anomalous low-level westerlies are found
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FIGURE 8 Asin Figure 7, but for partial regressions onto the normalized NIO index. [Colour figure can be viewed at
wileyonlinelibrary.com]

Partial Regression of Environmental Variables onto TNA Index
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FIGURE 9 Asin Figure 7, but for partial regressions onto the normalized TNA index. [Colour figure can be viewed at
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between the eastern Pacific and the western Atlantic,
indicating an anomalous Walker circulation triggered by
the peak SSTA increases over the TNA. There is diver-
gent flow spanning 150°-120°W, corresponding to a des-
cending branch of the anomalous Walker cell. This
further results in anomalous easterlies over the off-
equatorial central-to-western Pacific. The significance of
these anomalous easterlies decreases westward, owing to
the increasing distance to the centre of the divergent
flow. Although an anomalous low-level anticyclone
occurs over the WNP, the flow anomalies that it gener-
ates are mostly insignificant. This leads to only weak
changes in WNP relative vorticity.

6 | DISCUSSION

The above results are based on partial regression analysis,
which considers the independent contributions of one
factor by statistically removing the contributions of
others. To confirm these findings, we now evaluate
changes in WNP TC genesis and environmental condi-
tions during JJA of 2005. 2005 was an extremely warm
TNA phase, with a TNA index exceeding 1.8 standard
deviations. At the same time, the ENM and NIO indices
were less than 0.2 standard deviations. Figure 11a high-
lights that during JJA of 2005, most of the significant
SSTAs occurred over the Atlantic, while almost no signif-
icant SSTAs occurred over other basins. Ten TCs formed

in JJA over the WNP, slightly less than the climatological
average of 11 TCs. Although WNP TCGF anomalies had
a west-east dipolar distribution, these anomalies were all
statistically insignificant (Figure 11b). In addition, the
850-hPa flow anomalies in 2005 showed a similar pattern
to the partial regressions onto the TNA index, with signif-
icant flow anomalies mainly concentrated from the east-
ern Pacific to the western Atlantic (Figure 11c). Over the
WNP, there was an insignificant anomalous low-level
anticyclonic circulation, which likely only slightly modu-
lated TC genesis due to its weak intensity.

7 | CONCLUSION

This study investigates the contributions of three tropical
SSTA modes to interannual changes in summertime
WNP TC frequency from 1982 to 2022. Given the close
interactions among tropical basins, partial regressions of
TC metrics and environmental variables onto the three
SSTA indices are applied to consider the independent
influences of the different modes. Basinwide WNP TC
frequency significantly correlates with both the ENM and
NIO indices, regardless of whether the influences of the
other indices are considered. The ENM and NIO indices
independently explain 18% and 14% of the total variance
in the annual WNP TC frequency change, respectively.
Moreover, although there are basinwide changes in WNP
TC genesis induced by both the ENM and NIO SSTAs,
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Anomalies of (a) SSTA, (b) TCGF and (c) 850-hPa flow in JJA 2005. Anomalies significant at the 0.05 level based on a

Student's ¢ test are marked with black dots in (a) and (b) with pink shading in (c). [Colour figure can be viewed at wileyonlinelibrary.com]

the regions with the most significant changes are well
separated. During an El Nifio Modoki (a warm NIO), sig-
nificant TCGF increases (decreases) are observed over
the southeastern (northwestern) part of the WNP.

By contrast, the significant TC frequency-TNA corre-
lation is primarily a result of the significant relationship
between the TNA index and the ENM and NIO indices.
The modulation of TNA SSTAs on basinwide WNP TC
frequency becomes insignificant when the impacts of
other SSTA modes are excluded. Furthermore, the partial
correlation between WNP TC frequency and the TNA
index when only removing the ENM effect is of a similar
value to that when only removing the NIO SSTA effect,
which implies that the two pathways of TNA SSTAs
influencing environmental changes over the WNP are of
comparable importance. The linkage of TNA SSTAs on
WNP TC activity becomes insignificant if either of the
pathways is excluded. In addition, only weak changes in
TCGF are observed over the WNP if the sole effect of
TNA SSTAs is considered. When only retaining the

influence of the ENM (NIO) index, partial regressions of
TCGFs onto the TNA index exhibit a similar pattern to
those onto the ENM (NIO) index. When the pathway
linking TNA SSTAs to central Pacific (NIO) SSTAs is con-
sidered, WNP TC formation is significantly suppressed
over the southeastern (northwestern) part of the WNP
during a warm TNA, while it changes weakly over other
subregions.

The above changes in TCGF can be well captured by
changes in the GPI. During an El Nifio Modoki, signifi-
cantly enhanced TC genesis over Region A (145°-
175°E, 5°-20°N) is linked to a combined increase in
MPI, 700-500-hPa relative humidity and 850-hPa rela-
tive vorticity as well as decreased VWS. Anomalous
convection triggered by the warm equatorial central
Pacific induces westward-propagating Rossby waves,
which are associated with anomalous westerlies near
the equator and an anomalous cyclone over the WNP,
favouring TC genesis. By comparison, during a warm
NIO, TC genesis is significantly suppressed over Region
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B (125°-145°E, 15°-30°N), primarily because of signifi-
cant decreases in relative vorticity. Warm NIO SSTAs
can also trigger anomalous convection over the NIO,
generating eastward-propagating Kelvin waves associ-
ated with anomalous easterlies in the off-equatorial belt
from the NIO to the WNP. This further induces an
anomalous anticyclone centred over the subtropical
WNP, inhibiting TC development. However, during a
warm TNA, no notable changes in environmental vari-
ables are found over most of the WNP. The significant
flow anomalies that are solely induced by TNA SSTAs
are limited to the central-to-eastern Pacific and the
western Atlantic, with only weak flow changes occur-
ring over the WNP. This implies that TNA SSTAs have
only a minor impact on modulating the WNP environ-
ment if related SSTA changes occurring in other basins
are not taken into consideration.

Our study highlights the distinct regions with signif-
icant TCGF changes induced by ENM and NIO SSTAs.
These changes are primarily caused by the anomalous
low-level anticyclone (cyclone) over the WNP shifting
westward (eastward) during a warm NIO (an El Nifo
Modoki), due to shifts in where the maximum SSTA
increases occur. Our study confirms that TNA SSTAs
can modulate WNP TC genesis through two pathways
influencing SSTAs over the Pacific and IO, respectively
(e.g., Gao et al, 2018a, 2018b; Huo et al., 2015;
Wang, 2019; Yu et al.,, 2016a). The signal related to
TNA SSTAs has difficulty propagating into the WNP
without the canonical response from other oceans. As
opposed to earlier publications which looked at just one
pathway for TNA SSTs influencing the WNP environ-
ment (e.g., Huo et al., 2015; Yu et al., 2016a), our study
shows that the two pathways of TNA SSTAs influencing
the WNP environment are of comparable importance. If
either of the pathways is excluded, the significant mod-
ulation of TNA SSTAs on WNP TC formation is limited
to a small subregion, while the correlation between the
TNA index and basinwide WNP frequency is largely
reduced and becomes insignificant. Note that the path-
ways of TNA SSTAs modulating central Pacific and
NIO SSTAs are considered the primary mechanism of
how TNA SSTAs influence WNP TC activity in Huo
et al. (2015) and Yu et al. (2016a), respectively. Huo
et al. (2015) focused on the lag relationship between
TNA SSTAs in the preceding boreal spring (March-
May) and WNP TC activity in June-October, while Yu
et al. (2016a) examined the simultaneous relationship
between TNA SSTAs and WNP TC activity during July-
October. It is likely that the relative importance of the
above two pathways of TNA SSTAs changes with the
season being investigated. This needs to be investigated
in a future work.
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