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Abstract
Based on satellite era data after 1979, we �nd that the tropical cyclone (TC) variations in the Western
North Paci�c (WNP) can be divided into three-periods: a high-frequency period from 1979-1997 (P1), a
low-frequency period from 1998-2010 (P2), and a high-frequency period from 2011-2020 (P3). Previous
studies have focused on WNP TC activity during P1 and P2. Here we use observational data to study the
WNP TC variation and its possible mechanisms during P3. Compared with P2, more TCs during P3 are
due to the large-scale atmospheric environmental conditions of positive relative vorticity, negative vertical
velocity and weak vertical wind shear. Warmer SST is found during P3, which is favorable for TC genesis.
The correlation between the WNP TC frequency and SST shows a signi�cant positive correlation around
the equator and a signi�cant negative correlation around 36°N, which is similar to the warm phase of the
Paci�c Decadal Oscillation (PDO). The correlation coe�cient between the PDO and TC frequency is 0.71,
signi�cant at 99% con�dence level. The results indicate that the increase of the WNP TC frequency during
2011-2020 is associated with the phase transition of the PDO and warmer SST. Therefore, more attention
should be given to the warmer SST and PDO phase when predicting WNP TC activity.

Introduction
Tropical cyclone (TC) is one of the most intense weather systems in the world. A TC is called a typhoon
when its wind speed exceeds 34 knots in the Western North Paci�c (WNP). The WNP basin (0º-30ºN,
100ºE-180º) exhibits a high level of TC activity and is the most active region globally. About 26 TCs enter
the WNP basin each year, leading to huge loss of life and property (Zhang et al., 2009, Wang et al., 2021).
Many studies point out that an increasing pattern in TC-induced damages over the past several decades
(Knutson et al., 2010; Mendelsohn et al., 2012; Peduzzi et al., 2012). A better understanding of how the
behavior of TCs may change (such as their frequency) has scienti�c and socio-economic values. Under
the background of global warming, whether the number of TCs is increasing has attracted much
attention.

Great efforts have been put in improving our understanding of changes in TC activity (Zhao and Wang,
2019; Liu et al., 2019, Yamaguchi et al., 2020). Numerous studies have shown the favorable large-scale
conditions for TC formation (Bister and Emanuel, 1997; Ritchie and Holland, 1997; Molinari et al., 2000;
Nolan et al., 2007; Vu et al., 2020; Walsh et al., 2020). Several general conducive conditions are: (a) warm
sea surface temperature (SST); (b) weak vertical wind shear; (c) high relative humidity; and (d) large
vorticity. Understanding the environmental conditions that cause changes in TC genesis is very important
for practical applications (such as TC forecast).

TCs show signi�cant variability at multiple time scales, due to various climate forcing (Wang and Chan
2002; Vecchi and Soden 2007; Kim et al. 2008; Zhan et al. 2012; Li and Zhou 2013; Lin and Chan 2015;
Wang et al. 2015; Mei and Xie 2016). The Madden–Julian Oscillation (MJO) with 30–90 day period can
regulate WNP TC activity (Li and Zhou, 2013; Liu et al., 2021; Wang et al., 2018; Zhao and Wang, 2019). In
the WNP basin, the active phase of the MJO enhances the local convection, which in turn leads to the
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increase in TC activity in the basin. Quasi-biweekly oscillation (QBWO) is another intra-seasonal mode,
but with a more localized effect, that also affects WNP TC activity (Li and Zhou 2013). The El Niño-
Southern Oscillation (ENSO) is known as the main phenomenon occurring at inter-annual time scales
(Trenberth and Caron 2000; Timmermann et al. 2018). ENSO has signi�cant impacts on WNP TCs (Kim et
al., 2011). Zhao and Wang (2016, 2019) examine a stronger inter-annual relationship between ENSO and
TCs in the WNP during the boreal summer from 1998 to 2015. The correlation is 0.60 at 95% con�dence
level. At decadal time scales, many factors affecting the TC frequency have already been suggested. The
researchers mainly focus on the following factors: (a) the strengthened western North Paci�c subtropical
high (Liu and Chan, 2020); (b) the anomalous westward WNP SST gradient (Choi et al., 2015); (c) phase
shifts of the Paci�c Decadal Oscillation (PDO) (Zhao and Wang, 2016); (d) the Inter-decadal Paci�c
Oscillation (He et al., 2015; Zhao et al., 2018), and also (e) the Atlantic Multi-decadal Oscillation (AMO)
(Zhang et al., 2020; Zhang et al., 2017). The potential mechanisms of WNP TC decadal changes remain
to be studied.

Most studies suggest that the frequency of WNP TCs decreased from 1979 to 2010 (Tu et al., 2009; Yokoi
and Takayabu, 2013; Hsu et al., 2014). Few studies have examined the change of TC activity from 2010
to 2020. Most of the previous analyses on TCs focus on the �rst or the second half of the year, or a
certain period of the year, and the number of TCs throughout the year is less covered in previous studies.
With global warming and the emergence of various extreme weather phenomena, how did the TC
frequency per year change during 2010–2020 compared to the pre-2010 decades? And what caused
those changes? To our knowledge, these issues have not been explained in previous studies. Here we
investigate the possible reasons associated with the changes in the WNP TC frequency during 2010–
2020 based on observations and reanalysis data.

The aim of this paper is to explore the change of the WNP TC frequency, and the corresponding large-
scale atmospheric changes and oceanic SST changes. The rest of this paper is organized as follows.
Section 2 describes the data used in this study. The TC increase is illustrated in Sect. 3. In Sect. 4, we
explore the possible in�uences of large-scale atmospheric environment and ocean conditions associated
with TC increase. The main interrelated discussion and conclusions are presented in Sect. 5.

Data

2.1 TC data
The TC best-track data, including the TC intensity, latitude and longitude, are from the United States Joint
Typhoon Warning Center (JTWC). The selected period for the present study is the period after the satellite
era from 1979 to 2020 (https://www.ncdc.noaa.gov/ibtracs/index.php?name=ib-v4-access). In this study,
we focus on the TC frequency throughout the year (from January to December). The TC frequency in this
study is calculated over the whole WNP region. The WNP domain (0°–30°N, 100°E–180°) is divided into
5° × 5° resolution grids. TC genesis positions are counted for each grid box. The �rst position of a TC
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recorded in JTWC is de�ned as the TC genesis location. Student’s t test is performed to test statistical
signi�cance.

2.2 Atmospheric and SST data
The monthly mean atmospheric �elds (e.g., winds) are obtained from the United States National Centers
for Environmental Prediction and National Center for Atmospheric Research (NCEP/NCAR) monthly
Reanalysis II dataset with a 2.5° × 2.5° grid (Kalnay et al. 1996) (https://psl.noaa.gov/data/gridded/). The
monthly mean SST is taken from the United States National Oceanic and Atmospheric Administration
(NOAA) Extended Reconstruction SST version 5 (ERSSTv5) with a resolution of 2° × 2° (Huang et al.
2017).

2.3 Selection of ENSO events
The Niño 3.4 SST index is calculated from the HadISST1 dataset (Rayner et al. 2003)
(https://psl.noaa.gov/gcos_wgsp/Timeseries/Nino34/). The Oceanic Niño Index (ONI) from the Climate
Prediction Center is used to distinguish El Niño and La Niña years based on a 0.5°C threshold.
(https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring). The years with SST anomalies larger
(less) than 0.5°C (− 0.5°C) during the late season (October to December) are de�ned as El Niño (La Niña)
years. The other years are considered as neutral years. Detailed classi�cations are shown in Table 1. P1,
P2 and P3 represent the periods of 1979–1997, 1998–2010 and 2011–2020, respectively.

Table 1
The list of El Niño years, La Niña years and neutral years during P2(1998–

2010)and P3 (2011–2020)

  P2(1998–2010) P3(2011–2020)

El Niño years 2002 2004 2006 2009 2014 2015 2018

La Niña years 1998 1999 2000 2007 2010 2011 2016 2017 2020

Neutral years 2001 2003 2005 2008 2012 2013 2019

Tc Frequency Changes
The present work focuses on the total number of WNP TCs each year (from January to December), and
all analyses use the annual mean data. The time series of the WNP TC numbers are displayed in Fig. 1.
Based on the variations, we divide 1979–2020 into three epochs, with turning points in 1998 and 2010,
respectively. The reason for choosing these two years as turning points is that the number of TCs
generated in the WNP is the least in the two years. Moreover, 1998 is approximately the PDO phase
transition year (Zhao and Wang, 2016). Compared with P2, there is a signi�cant and abrupt increase in
the WNP TC frequency during P3 (Fig. 1). Since the TC frequency between P1 and P2 has been previously
studied (e.g., Zhao and Wang, 2016, 2019; Choi and Kim, 2019; Zhao et al., 2021), this study explores the
reasons for the WNP TC frequency rise during P3 compared to P2.
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Figure 2 shows that more TCs can be found during P3 than during P2. The difference between P2 and P3
is 3.3. It is shown that the major difference between P2 and P3 is due to the signi�cant differences during
neutral and La Niña years. In La Niña years, the average TC number in P2 (P3) is about 20 (24). In neutral
years, the average TC counts in P2 (P3) are about 23.5 (28.3). In El Niño years, 25.25 (26.33) TCs are
observed during P2 (P3). Figure 2 also shows that there is more TC generation in La Niña years and
neutral years during P3 compared to P2. Furthermore, most TCs form in neutral years than in La Niña and
El Niño years in P3, while most TCs are in El Niño years during P2. It is shown that there is no signi�cant
change of the TC frequency between P2 and P3 in El Niño years.

Large‐scale Climate Patterns Related To Tc Frequency Changes

4.1 Differences in atmospheric and SST conditions between
P2 and P3
Figure 3 shows that TCs in the northwest, southeast, and central areas increase signi�cantly during P3
compared to P2. There is a slight reduction between 10°-18°N and 155°-160°E. More TCs can be observed
over the South China Sea during P3. The genesis of TCs is generally in�uenced by favorable
environmental conditions, such as the increase of the relative vorticity and the decrease of the vertical
wind shear, the high SST and the strengthened vertical velocity (omega). The increase in relative vorticity
at the lower layer (850 hPa) can concentrate more convective heating, which is bene�cial to the TC
development. The vertical wind shear is usually calculated as the difference between wind vectors at 200
hPa and 850 hPa. The decreased vertical wind shear can reduce the advection of heat and moisture from
the TC center.

Figure 4 displays a signi�cant enhancement in vertical velocity (omega) in the southeastern part (123°E-
180°, 0°-13°N) of the WNP between P2 and P3. Increase in relative vorticity can also be found in similar
and even larger areas. It can be seen that compared with P2, the SSTs during P3 in the WNP and Indian
Ocean increase signi�cantly. The signi�cant statistical results are 95%. Figure 4 also shows that the
vertical wind shear in the WNP during P3 period is smaller than that during P2. In summary, according to
Fig. 3, the difference of the TC genesis position is associated with the location of atmospheric and SST
conditions difference between P3 and P2. Figures 3 and 4 suggest that more TCs could occur during P3
due to the increase in low-level relative vorticity and SST, and also the enhanced vertical convection.

Figures 5–6 display differences in atmospheric and SST conditions between P2 and P3 in La Niña years,
El Niño years, respectively. Figure 5 shows that in La Niña years, the vertical velocity, the relative vorticity
and the vertical wind shear, which are conducive to the development of TCs, are mainly concentrated
between 0° and 18°N, and there is a signi�cant SST increase area. The positions of the positive relative
vorticity and negative vertical velocity are very similar to the positions where the number of TCs in Fig. 3
increases. The large‐scale climate differences for El Niño years are shown in Fig. 6. The P3 vertical wind
shear is smaller than that of P2, which is displayed as a negative value for the WNP basin. Also, there are
apparent positive vorticity anomalies between 6°-18°N, 140°E-180°. The signi�cant positive SST
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differences and negative vertical velocity differences at 2°-12°N and 150°E-180° are bene�cial to TC
genesis. Figures 5–6 show that the amplitude of SST difference is somewhat dissimilar, which may be
one of the reasons why the TC frequency in La Niña years and El Niño years changes differently (Fig. 2).

4.2 Relations to SST variations
According to the above analyses, whatever it is a La Niña year or an El Niño year, the SST plays a role in
WNP TCs. As suggested by previous studies (Zhan et al., 2011; Hsu et al., 2014; Yamaguchi et al., 2020),
the different SST anomaly distributions can impact atmospheric circulation in the WNP. The SST
changes in the WNP region are warm SST differences between P2 and P3 (Figs. 4–6). We calculate the
correlation of the WNP TC frequency throughout the year (January-December) with SST over the three
ocean basins during 1979–2020 (Fig. 7a). A signi�cant negative correlation appears in the northern
Indian Ocean, due to the remote SST warming effect on WNP TCs (Wang et al. 2021). The signi�cant
negative correlation in the Atlantic Ocean is related to the AMO (Zhang et al. 2018). The signi�cant
positive correlation is seen in the eastern and central Paci�c, owing to the ENSO phenomenon. Figure 7b
compares the TC frequency throughout the year (January-December) with the Niño 3.4 index. The
correlation during 1979–2020 is 0.12, indicating that ENSO is not signi�cantly correlated with the TC
number in the whole WNP (e.g., Wang and Chan 2002). The correlations between the Niño 3.4 index and
TC frequency during P1, P2 and P3 are − 0.31, 0.22 and 0.38, respectively, all of which are below the 90%
signi�cant level.

To emphasize the decadal variations, we perofrm the 7-year running mean on the data and repeat the
correlation calculations (Fig. 8). The patterns of correlation distribution in Fig. 7a and Fig. 8a are similar,
indicating that the correlation pattern in Fig. 7a (at both interannual and decadal time scales) is
dominated by decadal variability. A signi�cant negative correlation around 36°N can also be seen in Fig.
8a. The correlation patterns in the Paci�c are similar to those of the PDO. Therefore, we compare the TC
frequency variation at decadal time scales with the PDO index (Fig. 8b). The correlation between the PDO
and WNP TC frequency during 1982–2017 is 0.71 with a 99% con�dence level. Figure 8b also shows that
the decadal relationships of WNP TCs with the PDO are opposite before and after the middle 1990s. The
correlations during 1982–1995 and 1996–2017 are − 0.84 and 0.90, respectively. These analyses
suggest that in the Paci�c, the PDO has a stronger relationship with WNP TCs than ENSO.

4.3 Compared with P1
Based on the above results (Figs. 1 and 8b), P1 and P3 are both in the warm phase of the PDO. The TC
frequency during the late season (October-December) or from June to August in P1 has previously been
studied (Zhao and Wang, 2016, 2019). In this section, the changes in the factors in�uencing the TC
frequency between P1 and P3 are discussed.

Zhao and Wang (2016, 2019) previously point out that the warm phase (P1) is related to the increase in
the TC frequency and the decrease of interannual correlation between ENSO and TCs, while the cold
phase (P2) is related to the decrease in the TC frequency and the increase in interannual correlation
between ENSO and TCs. The changes of relative vorticity and vertical wind shear in the WNP play a major
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role in the change of the TC frequency during P1 compared to P2. The change in SST in tropical Indo-
Paci�c is closely associated with the correlation between ENSO and TCs. According to the analysis of the
P3 period, we �nd that the WNP TC frequency also increases, which are consistent with the result of P1
(Zhao and Wang, 2016, 2019): the PDO in�uences the WNP TC frequency. The TC frequency is the
highest in neutral years and the smallest in La Niña years ( Fig. 2), which is different from P1 described in
Zhao and Wang (2016): La Niña years are with the highest TC frequency and El Niño years are with the
lowest. The TC frequency in El Niño years is no longer the least during P3. This may be caused by the
PDO: the correlation between the TC frequency per year and PDO is different during P1 and P3 (Fig. 8b).
In addition, the difference between P1 and P3 may be caused by the warmer SST. The SST gradient
between the northern Indian Ocean and WNP in�uences the South China Sea TC Frequency (Li and Zhou,
2014). The WNP SST during the P3 period is higher than that during P2, which is different from P1. Warm
SST anomalies in the WNP are observed during P3 (the warm phase of the PDO), which can induce
equatorial wind anomalies and thereby further change atmospheric circulations. Different with P1, during
the El Niño years and La Niña years of P3, the WNP TC frequency is mainly affected by vertical wind
shear and relative vorticity, as well as by vertical velocity (Figs. 5–6).

Discussion And Conclusions
In this study, the increase in the WNP TC frequency during 2011–2020 is analyzed based on large-scale
atmospheric and ocean conditions. During 2011–2020, approximately 26 TCs occurred on average every
year in the WNP and caused catastrophic damages to the Philippines and other Asian countries (Fig. 3).
In recent years, several studies found a decrease in TC counts during 1979–2010 (Hsu et al., 2014; Zhao
and Wang, 2016, 2019). It is associated with ENSO and PDO changes. Previous studies mainly focused
on the TC frequency before 2015 and did not investigate the change of the whole year TC frequency after
2015. Such investigations are necessary and useful to improve our understanding of TC activity in the
WNP.

Based on the JTWC best-track data, this study examines the variations in the WNP TC frequency between
January and December of 1979–2020. The WNP TC count shows a signi�cant decline in 1998 and a rise
since 2010, resulting in a low cycle (P2: 1998–2010) and two high cycles (P1: 1979–1997 and P3: 2011–
2020). Previous studies have analyzed the decrease between P1 and P2. In this study, the analysis is
mainly focused on the increased counts of WNP TCs in P3. A difference in the TC number between P2
and P3 can be found (Figs. 1 and 2). The difference is mainly due to the signi�cant difference in La Niña
years and neutral years. During P3, the TC frequency for El Niño years, La Niña years and neutral years
are slightly different. Among the three types of years, the TC frequency is the highest in neutral years and
the smallest in La Niña years. This is different from P1 described in Zhao and Wang (2016) where La
Niña years are the highest and El Niño years are the lowest. There may be two reasons for this: one is the
different months used to count TCs, and the other is due to the warm SST during the P3 period compared
with P2 period (Fig. 4). Zhao and Wang (2016) used TCs during October to December, whereas the
present study analyzed the TC frequency from January to December. Li and Zhou (2014) point out that
the zonal SST gradient between the cooling WNP SST and the warming northern Indian Ocean SST is not
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favorable for TC genesis. The warming WNP SST during P3 reduces the zonal SST gradient, resulting in a
favorable environment for TC genesis (Liu and Chan, 2020).

Our research also suggests that the changes of dynamical factors like low-level vorticity, vertical wind
shear and vertical velocity play an essential role in TC genesis during P3. Vertical velocity, relative
vorticity and SST play a major role in La Nina years. For El Niño years, relative vorticity, vertical wind
shear and SST are dominant. The WNP SST has an important in�uence on TC activity (Hsu et al. 2014;
Song et al. 2020). So we study the correlation between the WNP TC frequency and SST. The result shows
that the WNP TC frequency and SST have a signi�cant positive correlation region and a signi�cant
negative correlation region. The correlation coe�cients distributions in the WNP are related to the PDO
pattern at decadal time scales (Fig. 8a). To further con�rm the in�uence of the PDO, we compare the time
series of the PDO and TC frequency (Fig. 8b). The calculation indicates that the PDO is positively
correlated to the frequency of TC. The correlation coe�cient is 0.71, which is signi�cant at 99%
con�dence level.

P1 and P3 are both in the warm phase of the PDO. Compared with P2, the tropical Paci�c SST of P3 is
warmer, and P1 is colder (Zhao and Wang, 2016). This may be one of the reasons why the average TC
frequency is different during P3 and P1. The warmer phase of the PDO with warmer WNP SST anomalies
is a favorable environmental factor for TC genesis. To sum up, warmer SST during the warm phase of the
PDO may cause atmospheric circulation anomalies in the WNP which in turn affect TC activity.

In summary, more TCs are detected during P3 compared with P2. During the period 2011–2020, the warm
phase of the PDO and the warm tropical Paci�c SST are favorable for increasing the TC frequency in the
WNP. SST anomalies could change atmospheric circulations. The large-scale atmospheric environmental
conditions like relative vorticity, vertical wind shear and vertical velocity play a signi�cant role in TC
genesis during P3. The PDO plays an important role on the whole year TC activity in the WNP. Under
global warming environmental conditions, this article provides a better outlook of TC activity in the WNP.
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Figures

Figure 1

Time series of standardized TC frequency in the WNP. El Niño years and La Niña years are represented
with the blue diamond box and orange asterisk, respectively. The orange, yellow and amethyst lines
represent the average standardized frequency of TCs in P1 (1979-1997), P2 (1998-2010) and P3 (2011-
2020), respectively.
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Figure 2

Mean TC number during El Niño years, neutral years, La Niña years and total years for P2 (1998-2010)
and P3 (2011–2020).
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Figure 3

Differences in WNP TC genesis distribution (×10) between P2 and P3 (P3 minus P2). The asterisk
indicates that the statistical difference in this region is signi�cant at 90% con�dence level.

Figure 4

(From left to right and top to bottom) 500 hPa omega difference, 850 hPa relative vorticity difference
(×106), sea surface temperature difference and vertical wind shear difference between P2 and P3 (P3
minus P2). The asterisk indicates that the statistical difference in this region is signi�cant at 95%
con�dence level.
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Figure 5

Same as Figure 4, but the differences are for La Niña years.
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Figure 6

Same as Figure 4, but the differences are for El Niño years.
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Figure 7

(a) Correlation between the TC frequency and SST during 1979-2020. The asterisk indicates statistical
signi�cance at 95% con�dence level. (b) Time series of the Niño 3.4 index (blue line) and the TC
frequency (orange line), both of which are standardized. During 1979-2020, the correlation is 0.12. During
P1, P2 and P3, the correlations between the Niño 3.4 and the TC frequency are -0.31, 0.22 and 0.38,
respectively.
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Figure 8

(a) Correlations between the TC frequency and SST during 1982-2017 at decadal time scales. The
asterisk indicates statistical signi�cance at 95% con�dence level. (b) Time series of the PDO index (blue
line) and the TC frequency (orange line). The TC frequency and the PDO index are standardized. During
1982-1995 and 1996-2017, the correlation between the PDO and the TC frequency is -0.84 and 0.9,
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respectively. The correlation of the whole interval from 1982 to 2017 is 0.71. A 7-year running mean is
perfomed on all data to obtain decadal variability.


