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This study analyzes the frequency characteristics of tropical cyclone (TC) genesis
in the southeastern part of the western North Pacific (SEWNP) during
June–November from 1965 to 2019 and investigates the possible combined
effect of the solar activity and El Niño-Southern Oscillation (ENSO). Results
suggest that TCs generated in the SEWNP have the longest lifetime and
greatest strength, and its frequency has apparent interannual and decadal
variations, which is jointly affected by the solar activity and ENSO. In El Niño
years during declining phases of solar cycle (1–3 years following the solar
maximum), positive TC genesis frequency anomalies in the SEWNP are
significantly strong and tend to occur in extremes. While the opposite is true
for La Niña during ascending phases of solar cycle (1–3 years following the solar
minimum). However, there exists no significant feature in the combined effect of
La Niña (El Niño) and declining (ascending) phases of solar cycle. When declining
(ascending) phases of solar cycle and El Niño (La Niña) are combined, the
overlapping effect leads to apparently warmer (colder) sea surface temperature
(SST) anomalies in the central equatorial Pacific and colder (warmer) SST
anomalies in the western Pacific, so the SST anomalies gradient are stronger. It
enhances low-level westerly (easterly) wind anomalies and upper-level easterly
(westerly) wind anomalies, which is favorable for the further decrease (increase) of
the vertical wind shear in the eastern (most) part of SEWNP.Moreover, the stronger
and more westward low-level convergence (divergence) center appears in the
Pacific, causing stronger low-level convergent (divergent) flow and upper-level
divergent (convergent) flow anomalies, and strengthened (suppressed) ascending
movement anomalies in the SEWNP. As a result, the TC genesis frequency in the
SEWNP is much higher (lower). Further diagnoses show that absolute vorticity
plays a leading role in El Niño years during declining phases of solar cycle, and its
contribution is obviously much greater than other environmental factors. It is not
perfectly symmetrical in La Niña years during ascending phases of solar cycle
when the contribution of absolute vorticity is the greatest, but vertical wind shear
is also important.
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1 Introduction

Tropical cyclones (TCs) could not only bring severe weather
with significant casualties and economic losses, but also make an
impact on the atmospheric circulation (Zhong, 2006; Ren et al.,
2007; Zhong and Hu, 2007; Chen et al., 2017; Wang et al., 2019; Ling
and Lu, 2022), so understanding the TC activity is of great
importance. TC genesis has attracted considerable attention, but
its prediction has been a difficult topic for the past few decades (Cao
et al., 2022). The western North Pacific (WNP) is known to be the
most prolific tropical cyclone basin, accounting for about 1/3 of all
the global TCs (Chan, 2005; Huang and Chen, 2007; Woodruff et al.,
2013), and the southeastern part of the WNP (SEWNP) is an
important key region for the TC genesis (Wang and Chan, 2002;
Camargo and Sobel, 2005; Zhang et al., 2017; Liu et al., 2019; Shan
and Yu, 2021; Cao et al., 2022; Song et al., 2022). Zhang et al. (2017)
found that the Atlantic meridional mode affects TC activity in the
WNP mainly through changes in the TC genesis in the SEWNP.
What is more, the TC genesis frequency in the SEWNP is associated
with that in the eastern North Pacific and tropical North Atlantic
Ocean.Whenmore TCs generate in the SEWNP, more TCs generate
in the eastern North Pacific, but less in the tropical North Atlantic
Ocean (Cao et al., 2022). The sudden decrease in TC genesis
frequency in the SEWNP also leads to the abrupt reduction of
the frequency of TC landfall in southern China in the post-peak
season, owing to the abrupt decline in westward-moving tracks
(Shan and Yu, 2021). In addition, the increased TC activity in the
SEWNP contributes significantly to the intensity of El Niño after
3 months by weakening the Walker circulation and strengthening
the eastward propagating oceanic Kelvin waves in the tropical
Pacific (Wang et al., 2019). Consequently, the TC genesis in the
SEWNP is noteworthy.

As the most significant signal of interannual variability in the
coupled atmosphere-ocean system, El Niño-Southern Oscillation
(ENSO) plays a crucial role in TC genesis in the WNP (Pan, 1982;
Chan, 1985; Li, 1987; Lander, 1994; Chen et al., 1998; Chan, 2000;
Wang and Chan, 2002; Elsner and Liu, 2003; Chu, 2004; Camargo
et al., 2007; Kim et al., 2011, 2016; Zhan et al., 2011; Wang et al.,
2014; Zhao and Wang, 2019; Song et al., 2022). A general consensus
is that the relationship between ENSO and TC genesis frequency is
weak in the entire WNP, but ENSO remarkably affects the shift of
TC genesis location. The TC genesis frequency increases in the
SEWNP and decreases in the northwestern part of the WNP
(NWWNP) during El Niño years. Wang and Chan (2002)
attributed the more TCs in the SEWNP to the increase of the
low-level vorticity, and fewer TCs in the NWWNP to the upper-level
convergence induced by the strengthening of the East Asian trough
and WNP subtropical high, which are all forced by El Niño.
Camargo and Sobel (2005) suggested that more TCs generated in
the SEWNP take relatively longer time to make landfall or encounter
colder mid-latitude water during El Niño years, which results in
more opportunities to obtain energy and enhance TC intensity.

Besides the interannual variation, the frequency of TC genesis in
the WNP has the decadal feature, which is modulated by several
decadal influencing factors. The solar activity has a remarkable
quasi-11-year cycle and plays an important role in driving climate
(Herschel, 1801; Meehl et al., 2008; Gray et al., 2010). As previous
studies have shown, the solar activity exerts an influence on sea

surface temperature (SST) in the central tropical Pacific (Kodera
et al., 2016; Huo et al., 2021; Lin et al., 2021), and El Niño Modoki
events are found within 1–3 years following the solar maximum
(Huo and Xiao, 2016, 2017). Huo and Xiao (2017) proposed two
mechanisms to explain it. One is the direct effect that the lagging
warming response of the central tropical Pacific to the solar
radiation is amplified by the coupled atmosphere-ocean
processes. The other is the indirect effect that the anomalous
atmospheric circulation at mid-high latitudes is modulated by the
heating effect propagating from the upper atmosphere, which may
trigger an El Niño Modoki event in the 1–3 years following the solar
maximum through wind-evaporation-SST feedback and the
seasonal footprint mechanism. Enfield and Cid (1991) found that
the persistence of ENSO is shorter (longer) in low (high) solar
activity years. In addition, the solar activity could also modulate the
impact of ENSO on the Pacific North American teleconnection,
South Asia high, East Asian winter monsoon, and precipitation in
southern China (Huth et al., 2006; Zhou et al., 2013; Liu et al., 2014;
Li and Xiao, 2018; Xue et al., 2020; Ma et al., 2021;Wang et al., 2021).

Although Li et al. (2019) have pointed out that the solar activity
is closely related to all the global TC genesis frequency, the
relationship between the solar activity and TC genesis frequency
in the WNP is less studied. It is still unclear whether the influence of
ENSO on the TC genesis frequency in theWNP depends on the solar
activity. Considering the significance of the SEWNP, this study
focuses mainly on the modulation of the effect of ENSO on the TC
genesis frequency in the SEWNP by different solar activities to
provide evidence for the forecast of TC genesis frequency in the
SEWNP and improve the forecast accuracy.

2 Data and methods

In this study, the TC best-track data are derived from the
Shanghai Typhoon Institute of the China Meteorological
Administration (CMA), including the information on TC
location (latitude and longitude) and intensity at 6-h intervals
during 1965–2019 (Ying et al., 2014; Lu et al., 2021). Owing to
the uncertainty of tropical depression, a TC here refers to reaching
tropical storm intensity (17.2 m s-2) and generating in the west of
180°C in theWNP. The TC genesis location is defined as the position
where the TC reaches tropical storm intensity at the first time. As
suggested by Cao et al. (2022), the WNP is divided into southeastern

FIGURE 1
Four subregions of the WNP (black box).
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(5°N–15°N, 140°E−180°), northeastern (15°N–30°N, 140°E−180°),
northwestern (15°N–30°N, 120°E−140°E) and southwestern
(5°N–15°N, 120°E−140°E) regions (Figure 1). This analysis focuses
on the active TC season in the WNP, which is from June to
November (JJASON).

The monthly atmospheric fields including wind, temperature,
relative humidity, specific humidity, sea level pressure, total
cloud cover, and surface heat flux are obtained from the
National Centers for Environmental Prediction and National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
dataset on 2.5°C × 2.5°C grids (Kalnay et al., 1996). The
monthly SST data are taken from the National Oceanic and
Atmospheric Administration (NOAA)’s Extended
Reconstructed SST version 5 (ERSST.v5) with a horizontal
resolution of 2°C × 2°C (Huang et al., 2017). The data cover
the period 1965–2019, and the linear trend is removed before the
analysis. The power spectrum, Pearson correlation, linear
regression, and composite analysis are used in this work, and
the statistical significance is evaluated based on the Student t-test.
According to Yan et al. (2004) and Yu et al. (2019), the effective
degree of freedom of low-pass filtering is calculated.

The Niño3.4 index (5°S–5°N, 170°W–120°W) is from the
NOAA’s Climate Prediction Center. We identify ENSO based on
the ±0.5 standard deviations of the June–November-averaged
Niño3.4 index. An El Niño (La Niña) event is identified when
the Niño3.4 index is greater (less) than + (−) 0.5 standard deviations.
The sunspot numbers (SSN) index from the World Data Center at
the Royal Observatory of Belgium is used to quantify the solar
activity. An 11-year fast Fourier low-pass filtering is applied to the
June–November-averaged SSN index to obtain the solar maximum
(minimum), which are greater (less) than 0 standard deviations. The
declining (ascending) phase of solar cycle is then defined as the
1–3 years following the solar maximum (minimum).

To quantitatively diagnose the contributions of different
environmental factors to TC genesis, the genesis potential index
(GPI) from Emanuel and Nolan (2004) is employed, which is
calculated as follows:

GPI � T1 × T2 × T3 × T4

Where T1 � |105η| 32, T2 � (1 + 0.1Vshear)−2, T3 � (H50)3,
T4 � (Vpot

70 )3, η is the absolute vorticity at 850 hPa (s−1), Vshear is
calculated as the magnitude of the vertical wind shear between
200 and 850 hPa (m s-1), H is the relative humidity at 600 hPa (%),
and Vpot is the potential intensity (PI; m s-1), which is estimated in
detail following the study of Bister and Emanuel (2002). According

to the method of Li et al. (2013), the deviation of GPI is evaluated as
follows:

GPI′ � T1′ ×T2×T3×T4 + T1× T2′ ×T3×T4
+T1×T2× T3′ ×T4 + T1×T2×T3× T4′

where the bar represents the climatological mean, and the prime
indicates the deviation from the climatological mean. The four terms
in the right-hand side of the above equation denote the contributions
of lower-level absolute vorticity, vertical wind shear between 200 hPa
and 850 hPa, mid-level relative humidity, and PI, respectively.

3 Results

3.1 Frequency characteristics of TC genesis
in the SEWNP and NWWNP

Characteristics of TCs generated in the four subregions of the
WNP are shown in Table 1. In the NWWNP, the average TC genesis
frequency in JJASON during 1965–2019 is 5.9 per year, with the
highest in the four subregions of the WNP, and there is an
insignificant linear decreasing trend with a value of −0.01 per
year. The NWWNP is so close to East Asia that more TCs
generated here tend to have a serious impact on East Asia.
Compared to that in the NWWNP and northeastern part of the
WNP (NEWNP), TC genesis frequency in the SEWNP of 3.8 is
lower, with a linear trend of −0.04 at the 90% confidence level.
However, TCs generated in the SEWNP have the longest average
lifetime of 202.7 h, which far exceeds the second value of 154.4 h in
the southwestern part of the WNP (SWWNP). The shortest average
TC lifetime appears in the NWWNP with a value of 129.6 h.
Additionally, the strongest TCs generate in the SEWNP with the
average annual accumulated cyclone energy (ACE) of 2 × 105 m2 s-2,
while the smallest ACE is in the SWWNP. To further confirm the
feature, TC genesis frequency reaching typhoon intensity (32.7 m s-
1) and super typhoon intensity (51 m s-1) are checked. It is found that
in the SEWNP, there are 196 TCs reaching typhoon grade,
accounting for 93% of the total number, while 131 TCs reaching
super typhoon grade, accounting for 62% of the total number. It
outdistances that in the other three subregions, which also verifies
TCs generated in the SEWNP are the strongest in general. To sum
up, TCs generated in the SEWNP have the longest lifetime and the
greatest strength, while the TC genesis frequency in the NWWNP is
the highest. Furthermore, ENSO has a great influence on the TC
genesis in the SEWNP and NWWNP (Lander, 1994; Chen et al.,
1998; Wang and Chan, 2002; Elsner and Liu, 2003; Chu, 2004;

TABLE 1 Characteristics of TCs generated in the four subregions of the WNP in JJASON during 1965–2019.

SEWNP NWWNP NEWNP SWWNP

Average annual TC genesis frequency 3.8 5.9 4.9 3.1

Lifetime of each TC (h) 202.7 129.6 151.4 154.4

Average annual accumulated cyclone energy (105 m2 s-2) 2.0 1.1 1.3 0.8

TC genesis frequency and proportion reaching typhoon intensity 196 (93%) 180 (55%) 171 (63%) 132 (79%)

TC genesis frequency and proportion reaching super typhoon intensity 131 (62%) 42 (13%) 47 (17%) 32 (19%)
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Camargo et al., 2007; Kim et al., 2011; Zhan et al., 2011; Song et al.,
2022). Therefore, it is of great significance to study the TC genesis
in the SEWNP and NWWNP, which is the focus of our analysis
below.

As can be seen in Figure 2, there are apparent interannual and
decadal variations in the TC genesis frequency in the SEWNP, with
the highest TC genesis frequency occurring in 1972 and 1994, which
is approximately 9 TCs. The corresponding power spectrum of TC
genesis frequency in the SEWNP shows obvious peaks at cycles of
2–4 years and 11 years, in which the 11-year cycle is the most
significant (Figure 3A). By means of filtering, the decadal
variance contribution is proved to be significant, explaining 26%
of the total variance. Therefore, in addition to the interannual
influence, the TC genesis frequency in the SEWNP may be
modulated by decadal factors. It is well known that solar activity
has a remarkable quasi-11-year cycle and ENSO is the strongest
signal of interannual variation in the coupled atmosphere-ocean
system. Thus, a hypothesis naturally comes out that the TC genesis
frequency in the SEWNPmay be jointly affected by solar activity and
ENSO. With regards to the TC genesis frequency in the NWWNP,
the interannual variation is dominant and the highest TC genesis
frequency occurred in 1966, 1978, 1989, and 1993, with about
10 TCs (Figure 2). The power spectrum also confirms that it has
a significant peak at cycles of 3–4 years (Figure 3B). The TC genesis

frequency in the NWWNP is primarily influenced by interannual
factors.

3.2 Association between ENSO and TC
genesis frequency in the SEWNP and
NWWNP during different solar cycle phases

Previous studies have verified that ENSO plays an important
role in TC genesis frequency in the SEWNP and NWWNP (Lander,
1994; Chen et al., 1998; Wang and Chan, 2002; Elsner and Liu, 2003;
Chu, 2004; Camargo et al., 2007; Kim et al., 2011; Zhan et al., 2011;
Song et al., 2022). The researchers suggested that El Niño
contributes to the increase of TC genesis frequency in the
SEWNP and the decrease in the NWWNP, while the effect of La
Niña is roughly opposite. We calculated the correlation coefficient
again and found a highly strong correlation between TC genesis
frequency in the SEWNP and Niño3.4 index in JJASON during
1965–2019, with a value of 0.74 at the 99% confidence level. The TC
genesis frequency in the NWWNP has a significant negative
correlation with Niño3.4 index, with a value of −0.41 at the 99%
confidence level. These results are consistent with the previous
findings. Then what are the relationships between the SSN index
and TC genesis frequency in the SEWNP and NWWNP on the
decadal time scale? As demonstrated in the lead-lag correlation on
the decadal time scale, TC genesis frequency in the SEWNP has a
significant positive correlation with the SSN index in the leading
1–3 years (Table 2). When the SSN index leads 2–3 years, the
correlation coefficients of 0.77 and 0.75 are the largest, both at
the 99% confidence level. In addition, no obvious correlations are
found between the TC genesis frequency in the NWWNP and the
SSN index in the leading 1–3 years. In consequence, the relationship
between the SSN index and TC genesis frequency in the SEWNP is
different from that in the NWWNP, meaning that the declining
phase of solar cycle only favors increasing TC genesis frequency in
the SEWNP. It is unlike El Niño, which also has an impact on the TC
genesis frequency in the NWWNP.

According to the above analysis, the TC genesis frequency in the
SEWNP has a significant positive correlation with the SSN index on
the decadal time scale. Furthermore, the decadal variance
contribution of the TC genesis frequency in the SEWNP is large,
so can the influence of ENSO on TC genesis frequency in the
SEWNP be modulated by the solar activity? The previous studies

FIGURE 2
Time series of TC genesis frequency in the SEWNP (red line) and
NWWNP (black line) in JJASON during 1965–2019. The dotted line
denotes the average.

FIGURE 3
Power spectrum analysis of TC genesis frequency in the (A) SEWNP and (B)NWWNP. The green line indicates the red noise spectrum and the red line
denotes statistical significance at the 95% confidence level.
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indicated that the influence of solar activity on the tropical Pacific
SST lags for more than 1 year (Huo and Xiao, 2016, 2017), and TC
genesis frequency in the SEWNP is significantly related to the SSN
index in the leading 1–3 years. Thus, the following study focuses
mainly on the situation of the SSN index in the leading 1–3 years in
detail. As described in Part 2 of this study, the declining (ascending)
phase of solar cycle is defined as the 1–3 years following the solar
maximum (minimum). During declining phases of solar cycle, El
Niño events are associated with significantly strong positive TC
genesis frequency anomalies in the SEWNP. It tends to occur in
extreme value, and the standardized anomalies exceed +1.0 in the
overwhelming majority of El Niño years. TCs in the SEWNP are
more numerous, with the mean of +1.1, +1.0, and +1.3 in the
1–3 years following the solar maximum, passing the 95% or 99%
confidence level, respectively (Table 3). During ascending phases of
solar cycle, there are negative or relatively weak positive TC genesis
frequency anomalies in the SEWNP in El Niño years, and the mean
of +0.6, +0.5, and +0.3 are all not significant. On the contrary, in La
Niña years, there are generally obviously fewer TCs and the average
anomalies are −0.9, −1.2, and −1.2 at the 99% confidence level in the
1–3 years following the solar minimum. However, in La Niña years
during declining phases of solar cycle, there are nearly half more-TC
years and the average negative anomalies of −0.4, 0, and −0.3 are
all weak.

For the combined impact of ENSO and solar cycle phases, it is
the most obvious in the 3 years following the solar maximum and
minimum, so take this as an example to show the detailed
anomalous TC genesis frequency in the SEWNP (Table 4). As
can be seen, during El Niño in the 3 years following the solar
maximum, TC genesis frequency anomalies are greater than or
equal to +0.8 in all years, except 2006 when it is only −0.1. As a
result, the positive anomalies are quite high. However, during El
Niño in the 3 years following the solar minimum, TC genesis
frequency anomalies are smaller than −1.0 for 2 years, and weak
positive anomalies also appear for 2 years in all 8 years. Similarly,
La Niña events are associated with all the negative TC genesis
frequency anomalies smaller than or equal to −0.9 in the 3 years
following the solar minimum, while this feature is weak in the
3 years following the solar maximum. To sum up, with regards to
the TC genesis frequency in the SEWNP influenced by ENSO,
solar activity is an important modulation in the decadal
background. In El Niño (La Niña) years during declining
(ascending) phases of solar cycle, there are significantly strong
positive (negative) TC genesis frequency anomalies in the
SEWNP, which may be synergistic. Resulting from the
opposite effect of El Niño (La Niña) and ascending (declining)
phases of solar cycle, TC genesis frequency anomalies in the
SEWNP have no significant feature.

TABLE 2 Correlation coefficients of TC genesis frequency in the SEWNP with the SSN index in the leading 0–3 years on the decadal time scale in JJASON during
1965–2019. * (***) denotes the 90% (99%) confidence level.

Leading 0 year Leading 1 year Leading 2 years Leading 3 years

0.2 0.57* 0.77*** 0.75***

TABLE 3Mean standardized TC genesis frequency in the SEWNP in El Niño and La Niña years during different solar cycle phases from 1965 to 2019. ** (***) denotes
the 95% (99%) confidence level.

1 year following the solar
maximum or minimum

2 years following the solar
maximum or minimum

3 years following the solar
maximum or minimum

El Niño during declining phases
of solar cycle

+1.1*** +1.0** +1.3***

El Niño during ascending
phases of solar cycle

+0.6 +0.5 +0.3

La Niña during declining
phases of solar cycle

−0.4 0 −0.3

La Niña during ascending
phases of solar cycle

−0.9*** −1.2*** −1.2***

TABLE 4 Standardized TC genesis frequency in the SEWNP during ENSO in the 3 years following the solar maximum and solar minimum from 1965 to 2019.

3 years following the solar maximum (1967–1970,
1978–1982, 1988–1992, 1998–2003, 2011–2015)

3 years following the solar minimum (1965–1966,
1971–1977, 1983–1987, 1993–1997, 2004–2010,

2016–2019)

El Niño
(16 years)

1972(+2.2), 1982(+1.5), 1991(+0.8), 1994(+2.1), 2002(+1.4), 2004(+1.4),
2006(−0.1), 2015(+1.2)

1968(+1.3), 1969(−1.1), 1976(+0.2), 1977(−1.0), 1986(+0.4), 1987(+0.8),
1997(+1.3), 2009(+0.7)

La Niña
(16 years)

1970(−0.7), 1971(+0.2), 1973(−1.0), 1984(+1.1), 1985(−0.8), 1995(−0.7),
2007(−0.9), 2016(0)

1974(−1.4), 1975(−1.4), 1988(−1.2), 1998(−1.4), 1999(−1.4), 2000(−1.0),
2010(−0.9), 2011(−1.2)

Frontiers in Earth Science frontiersin.org05

Li et al. 10.3389/feart.2023.1139699

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1139699


Although there is no significant lead-lag relationship between
TC genesis frequency in the NWWNP and the SSN index on the
decadal time scale, it is hard to judge whether solar activity
modulates the effect of ENSO on the TC genesis frequency in the
NWWNP or not. It is essential to carry out statistical analysis in
detail. In El Niño years during ascending phases of solar cycle, the
TCs in the NWWNP are significantly reduced. However, the effects
of El Niño and ascending phases of solar cycle are out of phase, so
TC genesis frequency in the NWWNP is dominated by El Niño,
which is less modulated by ascending phases of solar cycle. In
addition, the TC genesis frequency anomalies in the NWWNP
are all not significant in the combined effects of La Niña and
ascending or declining phases of solar cycle. Consequently, the
modulation of ENSO’s influence on the TC genesis frequency in
the NWWNP by solar activity is little.

3.3 Physical mechanism for the solar activity
to modulate the effect of ENSO on TC
genesis frequency in the SEWNP

According to the previous studies, the solar activity has an effect
on the anomalous SST in the central equatorial Pacific (Huo and
Xiao, 2016, 2017; Kodera et al., 2016; Huo et al., 2021; Lin et al.,
2021), so the SST in the central equatorial Pacific may be the key
modulated by solar activity in the influencing process of ENSO on
TC genesis frequency in the SEWNP. To explain it, the anomalous
SST, cloud cover, and surface heat fluxes in the 1–3 years following

the solar activity are regressed onto the SSN index on the decadal
time scale (Figure 4), which are primarily alike from the lagging
1 year to the lagging 3 years. The downward (upward) surface heat
flux is defined as the positive (negative). During the declining phases
of solar cycle, the negative shortwave radiation flux anomalies
appear in the western equatorial Pacific and positive anomalies in
the central-eastern equatorial Pacific (Figure 4A), which contributes
to the negative and positive SST anomalies in the western and
central-eastern equatorial Pacific, respectively (Figure 4B). It is well
known that the shortwave radiation flux is dominantly controlled by
the cloud cover. The distribution of the cloud cover anomalies is also
essentially in agreement with that of the shortwave radiation flux
anomalies in the equatorial Pacific (Figure 4D). Meanwhile, the
westerly wind anomalies over the central equatorial Pacific on
account of the zonal SST anomalies gradient reduce the
climatological trade winds, which reduces the surface evaporation
and upward latent heat flux (Figure 4C). Besides, the longwave
radiation flux anomalies are negative and sensible heat flux
anomalies are positive in the central equatorial Pacific (Figure
omitted). Thus, the positive net heat flux anomalies (Figure 4E)
contribute to the warm SST anomalies in the central equatorial
Pacific. In consequence, by means of the direct radiative effect of
solar activity and wind-evaporation-SST feedback, the declining
phases of the solar cycle cause warm SST anomalies in the
central equatorial Pacific, which verifies the findings of Huo and
Xiao (2017) and Huo et al. (2021).

Then how does the solar activity modulate the effect of ENSO on
TC genesis frequency in the SEWNP through anomalous

FIGURE 4
Regression of (A) shortwave radiation flux anomalies (units: W m−2), (B) SST anomalies (shaded; units: °C) and wind anomalies at 925 hPa (vector;
units: m s−1; vectors denote statistical significance at the 95% confidence level), (C) latent heat flux anomalies (units: W m−2), (D) cloud cover anomalies
(units: %), and (E) net heat flux anomalies (units: W m−2) in the lagging 2 years onto the SSN index on the decadal time scale. Dots indicate statistical
significance at the 95% confidence level.
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atmospheric circulation? Because the distributions of anomalous
SST and atmospheric variables during ENSO in the 1–3 years
following the solar maximum or solar minimum are basically
similar, the physical fields from the following 1 year to the
following 3 years are averagely composited. As shown in the
composited SST and wind anomalies at 925 hPa (Figures 5A, B),
owing to the effect of solar cycle phases, compared to El Niño during
ascending phases of solar cycle, there are apparently warmer SST
anomalies in the central equatorial Pacific and colder SST anomalies
in the western Pacific in El Niño years during declining phases of

solar cycle, along with the stronger SST gradient anomalies between
the central equatorial Pacific and western Pacific. Therefore, the
overlapping of declining phases of solar cycle and El Niño possibly
enhances the low-level westerly wind anomalies in the SEWNP,
where the upper-level easterly wind anomalies are also stronger. In
the climatological mean, the SEWNP is dominated by the easterly
wind at low levels, while dominated by the westerly wind at eastern
high levels and the easterly wind at western high levels. As a result,
the vertical wind shear between 200 hPa and 850 hPa in the eastern
SEWNP is further reduced, which is more favorable for TC genesis

FIGURE 5
Composite SST anomalies (shaded; units: °C) and wind anomalies at 925 hPa (vector; units: m s−1) in JJASON in (A), (B) El Niño and (C), (D) La Niña
years during different solar cycle phases. Dots (vectors) indicate SST (wind) anomalies are significant at the 99% confidence level.

FIGURE 6
Composite velocity potential anomalies (shaded; units: 106 m2 s−1) and divergent wind anomalies at 925 hPa (vector; units: m s−1) in JJASON in (A),
(B) El Niño and (C), (D) La Niña years during different solar cycle phases. Dots (vectors) indicate velocity potential (divergent wind) anomalies are significant
at the 99% confidence level.
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in the eastern SEWNP. Additionally, it can be seen in the low-level
velocity potential and divergent wind anomalies (Figures 6A, B) that
a stronger and more westward convergence center exists in the
Pacific in the combined effect of El Niño and declining phases of
solar cycle, which is conducive to the stronger low-level convergent
flow and high-level divergent flow anomalies in the SEWNP (Figures
7A, B). Correspondingly, the ascending movement and convection
anomalies are strengthened, leading to more TCs in the SEWNP.

Compared to the declining phases of solar cycle, La Niña brings
the obviously colder SST anomalies in the central equatorial Pacific
and warmer SST anomalies in the western Pacific during ascending
phases of solar cycle (Figures 5C, D). As a result, the SST anomalies
gradient are stronger and low-level easterly wind and upper-level
westerly anomalies are also stronger in the SEWNP. It further
increases the vertical wind shear between 200 hPa and 850 hPa in
most parts of the SEWNP, resulting in the further suppression of TC
genesis. In La Niña years during ascending phases of solar cycle, the
low-level divergent and high-level convergent flow anomalies in
the SEWNP become more pronounced (Figures 6C, 6D, 7C, 7D)
and the descending movement anomalies become more enhanced,
accompanied with weaker humidity and convection, which suppress
TC genesis in the SEWNP in further.

The vertical wind shear, low-level vorticity, and middle-level
relative humidity are three important environment factors for TC
genesis (Gao et al., 2018; Liu and Chan, 2018). In El Niño years during
declining phases of solar cycle, the warmer SST anomalies in the
central equatorial Pacific induce a stronger Rossby wave response in
the northwest compared to the ascending phases of solar cycle, causing
the stronger cyclonic circulation anomalies. As a result, the positive
low-level relative vorticity anomalies are further intensified in the
SEWNP (Figures 8A, B), which is beneficial to more TCs. It exhibits
different characteristics of the vertical wind shear anomalies in the
eastern and western SEWNP, that is the stronger positive anomalies
are in the western SEWNP, while the stronger negative anomalies are

in the eastern SEWNP (Figures 8E, F). Thus, the vertical wind shear
favors TC genesis in the eastern SEWNP and suppresses TC genesis in
the western SEWNP. In terms ofmiddle-level relative humidity, during
declining phases of solar cycle, El Niño events are associated with
stronger positive relative humidity anomalies in most parts of the
SEWNPcompared to the ascending phases of solar cycle (Figures 8I, J).
It is more favorable for TC genesis and leads to higher TC genesis
frequency in the SEWNP. In La Niña years during ascending phases of
solar cycle, the negative relative vorticity anomalies are stronger in the
SEWNP (Figures 6C, D), and the positive vertical wind shear
anomalies (Figures 8G, H) and the negative relative humidity
anomalies (Figures 8K, L) are also stronger in most parts of the
SEWNP compared to the declining phases of solar cycle. These
environment conditions further inhibit TC genesis, resulting in the
lower TC genesis frequency in the SEWNP.

To ascertain which environmental factor plays a dominant role
in TC genesis, the GPI is employed to quantitatively diagnose the
relative contributions of environmental factors to TC genesis in the
SEWNP. The detailed calculation method of the anomalous GPI is
described in Part 2 of this study, which consists of the low-level
absolute vorticity, vertical wind shear between 200 hPa and 850 hPa,
mid-level relative humidity, and PI terms. Cao et al. (2022) pointed
out that absolute vorticity contributes the most to the GPI anomalies
in the SEWNP, along with the secondary contribution of relative
humidity and vertical wind shear terms. How is it in our study? On
account of the overlapping effect of the declining (ascending) phases
of solar cycle and El Niño (La Niña), the regional averages of the four
terms in the SEWNP are composited in El Niño (La Niña) years
during declining (ascending) phases of solar cycle (Figure 9). As
shown in Figure 9A, the positive GPI anomalies appear in the
SEWNP, corresponding to the increase of TC genesis frequency in El
Niño years during declining phases of solar cycle. The absolute
vorticity term makes the largest contribution to the GPI anomalies,
and it is obviously much larger than the other terms. The

FIGURE 7
Composite velocity potential anomalies (shaded; units: 106 m2 s−1) and divergent wind anomalies at 200 hPa (vector; units: m s−1) in JJASON in (A),
(B) El Niño and (C), (D) La Niña years during different solar cycle phases. Dots (vectors) indicate velocity potential (divergent wind) anomalies are significant
at the 99% confidence level.
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contributions of the other terms are different in El Niño years during
declining phases of solar cycle. The second largest contribution is the
vertical wind shear term in the 1 year following the solar maximum,

and the relative humidity term in the 2–3 years following the solar
maximum. In conclusion, the absolute vorticity term plays a leading
role in the GPI anomalies, whose contribution is obviously much

FIGURE 8
Composite (A–D) relative vorticity anomalies (units: 10–6 s−1), (E–H) vertical wind shear anomalies between 200 hPa and 850 hPa (units: m s−1), and
(I–L) relative humidity anomalies at 600 hPa (units: %) in JJASON during ENSO in different solar cycle phases. Dots indicate statistical significance at the
99% confidence level.
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larger than the other terms. In the meanwhile, it is not perfectly
symmetrical with the combined effect of La Niña and ascending
phases of solar cycle. During this period, the negative GPI anomalies
are accordant to the decrease in TC genesis frequency (Figure 9B).
The absolute vorticity term makes the largest contribution to the
GPI anomalies and the second largestt contribution is the vertical
wind shear term. It is different from that in El Niño during declining
phases of solar cycle because the vertical wind shear term is also
important. The above conclusions are basically consistent with the
analysis in Figure 8.

4 Summary and discussion

Previous studies have suggested that ENSO has an important
impact on the TC genesis frequency in the SEWNP and NWWNP
(Lander, 1994; Chen et al., 1998; Wang and Chan, 2002; Elsner and
Liu, 2003; Chu, 2004; Camargo et al., 2007; Kim et al., 2011; Zhan
et al., 2011; Song et al., 2022). However, few studies have focused on
the influence of solar activity on TC genesis frequency in the WNP.
In this study, the combined effect of solar activity and ENSO on the
TC genesis frequency in the SEWNP during JJASON from 1965 to
2019 has been primarily investigated. The results indicate that as for
the four subregions in the WNP, TCs generated in the SEWNP have
the longest lifetime and greatest strength, with an average lifetime of
202.7 h and an average annual ACE of 2 × 105 m2 s-2, far larger than
that in the other subregions in the WNP. The overwhelming
majority of TCs generated in the SEWNP reach typhoon
intensity and super typhoons accounting for 62% of the total
number. Additionally, The TC genesis frequency in the SEWNP
has apparent interannual and decadal variations, reflecting both the
interannual influencing factors and decadal background factors.

The lead-lag correlation shows that TC genesis frequency in the
SEWNP has a significant positive correlation with the SSN index in
the leading 1–3 years on the decadal time scale, and it is the largest
when the SSN index leads 2–3 years. However, no significant
correlations are found between the TC genesis frequency in the
NWWNP and the SSN index in the leading 1–3 years. Further

analysis indicates that the effect of ENSO on TC genesis
frequency in the SEWNP is modulated by the decadal
background of the solar activity. In El Niño (La Niña) years
during declining (ascending) phases of solar cycle, there are
significantly strong positive (negative) TC genesis frequency
anomalies in the SEWNP, which tends to occur in extreme value.
Resulting from the opposite effect of El Niño (La Niña) and
ascending (declining) phases of solar cycle, TC genesis frequency
anomalies in the SEWNP have no significant feature.

For El Niño (La Niña) modulated by declining (ascending) phases
of solar cycle, the overlapping effect leads to apparently warmer
(colder) SST anomalies in the central equatorial Pacific and colder
(warmer) SST anomalies in the western Pacific, along with the stronger
SST anomalies gradient between the central (western) equatorial Pacific
and western (central) equatorial Pacific. It enhances low-level westerly
(easterly) wind anomalies and upper-level easterly (westerly) wind
anomalies, which is favorable for the further decrease (increase) of
vertical wind shear between 200 hPa and 850 hPa in the eastern (most)
parts of SEWNP. Moreover, there exists a stronger and more westerly
low-level convergence (divergence) center in the Pacific, resulting in
stronger low-level convergent (divergent) flow and high-level divergent
(convergent) flow anomalies in the SEWNP. Correspondingly, the
ascending movement and convection anomalies are strengthened
(suppressed). As a result, more (fewer) TCs generate in the SEWNP.

The TC genesis factors including vertical wind shear, low-level
vorticity, and middle-level relative humidity are examined. In El Niño
years during declining phases of solar cycle, the stronger cyclonic
circulation anomalies bring about the stronger positive low-level
vorticity anomalies in the SEWNP, which is beneficial to more
TCs. The stronger positive vertical wind shear anomalies appear in
the western SEWNP, while the stronger negative anomalies are in the
eastern SEWNP. El Niño events are associated with stronger positive
middle-level relative humidity anomalies inmost parts of the SEWNP.
In La Niña years during ascending phases of solar cycle, the negative
vorticity anomalies, positive vertical wind shear anomalies, and
negative relative humidity anomalies are stronger in most parts of
the SEWNP, resulting in the lower TC genesis frequency in the
SEWNP.

FIGURE 9
Composite regional mean absolute vorticity term (T1), vertical wind shear term (T2), relative humidity term (T3), potential intensity term (T4), and GPI
anomalies in the SEWNP in (A) El Niño years during declining phases of solar cycle and (B) La Niña years during ascending phases of solar cycle.
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The relative contributions of environmental factors to TC genesis
in the SEWNP are further quantitatively diagnosed by the GPI. The
major characteristic in the combined effect of El Niño and declining
phases of solar cycle is different from that in the combined effect of La
Niña and ascending phases of solar cycle. During El Niño years in
declining phases of solar cycle, the absolute vorticity plays a leading
role in the GPI anomalies, whose contribution is obviously much
greater than other terms. In La Niña during ascending phases of solar
cycle, the absolute vorticity term has the greatest contribution to GPI
anomalies, but the vertical wind shear is also important, which is
secondary.

In this study, the combined effect of solar activity and ENSO on
the TC genesis frequency in the SEWNP is primarily investigated. It
helps us to make better forecasts for the TC genesis frequency in the
SEWNP. However, the influence of solar activity on the TC genesis
frequency in the other subregions ofWNP is unknown. Especially, the
feature of TC genesis in the South China Sea is different from that in
theWNP, how is the combined effect of solar activity and ENSO? The
questions deserve to be carried out in the following work.
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