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Abstract: Tropical cloud clusters (TCCs) are embryos of tropical cyclones (TCs) and may have
the potential to develop into TCs. The genesis productivity (GP) of TCCs is used to quantify
the proportion of TCCs that can evolve into TCs. Recent studies have revealed a decrease in GP
of western North Pacific (WNP) TCCs during the extended boreal summer (July–October) since
1998. Here, we show that the changing tendencies in GP of WNP TCCs have obvious seasonality.
Although most months could see recent decreases in GP of WNP TCCs, with October experiencing
the strongest decreasing trend, May is the only month with a significant recent increasing trend.
The opposite changing tendencies in May and October could be attributed to different changes in
low-level atmospheric circulation anomalies triggered by different sea surface temperature (SST)
configurations across the tropical oceans. In May, stronger SST warming in the tropical western
Pacific could prompt increased anomalous westerlies associated with anomalous cyclonic circulation,
accompanied by the weakening of the WNP subtropical high and the strengthening of the WNP
monsoon. Such changes in background atmospheric circulations could favor the enhancement of
atmospheric eddy kinetic energy and barotropic energy conversions, resulting in a recent intensified
GP of WNP TCCs in May. In October, stronger SST warming in the tropical Atlantic and Indian
Oceans contributed to anomalous easterlies over the tropical WNP associated with anomalous
anticyclonic circulation, giving rise to the suppressed atmospheric eddy kinetic energy and recent
weakened GP of WNP TCCs. These results highlight the seasonality in recent changing tendencies in
the GP of WNP TCCs and associated large-scale atmospheric-oceanic conditions.

Keywords: tropical cloud cluster; tropical cyclone; genesis productivity; western North Pacific; late
1990s climate shift; seasonality of climatic change; sea surface temperature anomalies

1. Introduction

Tropical cloud clusters (TCCs), which are defined as synoptic-scale areas of deep
convection and associated cirrus outflow [1–3], are considered to be embryos for tropical
cyclones (TCs) and may have the potential to develop into TCs. TCCs are formed over
the tropical ocean with a diameter of 250–2500 km, lasting at least 6–24 h [1]. TCCs are
important components of the tropical system and play an important role in the energy
balance of the tropics. TCCs could transport significant amounts of energy from the ocean
and lower troposphere to the upper troposphere by releasing large amounts of latent heat
in the upper troposphere, thus being able to generate thermal and dynamic changes locally
and regionally [2,3].

About 1600 TCCs per year are observed globally, among which only about 6.4% evolve
into TCs under favorable environmental conditions for TC genesis [3]. It is of great

Atmosphere 2021, 12, 1177. https://doi.org/10.3390/atmos12091177 https://www.mdpi.com/journal/atmosphere

https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-9015-5422
https://doi.org/10.3390/atmos12091177
https://doi.org/10.3390/atmos12091177
https://doi.org/10.3390/atmos12091177
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/atmos12091177
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos12091177?type=check_update&version=2


Atmosphere 2021, 12, 1177 2 of 18

scientificity and practicality to study TCCs and TCs, considering that developed TCCs and
TCs could impose great impacts on society. If the background environmental fields are
favorable, a TCC in a favorable background environment may be able to develop into a TC.
However, if the background environmental fields are not favorable, a TCC may not be able
to develop into a TC. The proportion of TCCs that can evolve into TCs could be quantified
by using the genesis productivity (GP) (the ratio of TC numbers to TCC numbers) [3,4]. It
is of great significance to reveal the difference between developing and non-developing
TCCs for understanding the formation mechanism of TCs and the tropical cyclogenesis
prediction [5–10].

Compared with the climatology of TCs, the climatology of TCCs and GP has received
relatively less attention due to the lack of long-term observational data for TCCs. The
global TCC dataset, with a 28-year period (1982–2009), provides an opportunity to study
the climatology of TCCs [3,4,11], which are historically not well studied. Hennon et al. [3]
first noticed that the annual mean GP of TCCs over the western North Pacific (WNP)
dropped sharply since the late 1990s. Zhao et al. [4] further investigated the large-scale
atmospheric-oceanic conditions to cause the recent decrease in GP of WNP TCCs during
the extended boreal summer (July–October), coinciding with the late 1990s climate shift.

The changing tendency of the WNP TC genesis number in May is in sharp contrast
to the situation in other months (e.g., the peak or late TC seasons) [12,13]. The overall
WNP TC genesis frequency has been decreased greatly for annual TC counts or TC activity
during the peak season after the late 1990s [14]. On the contrary, increased WNP TC genesis
frequency could be observed in May after the late 1990s [12,13]. Other studies [15–20]
also support that the interdecadal variations and recent changes in WNP TC activity
are obviously seasonally dependent, suggesting possible different influential processes
responsible for TC activity changes in different seasons.

The recent changes in GP of WNP TCCs in May have not been examined in detail,
and no detailed investigation on the seasonality of changing tendencies in GP of WNP
TCCs has been carried out in the previous studies. In this study, we will focus on the
possible seasonality of recent changing tendencies in the GP of WNP TCCs. In particular, a
comparison is made between May and October in terms of recent changing tendencies in
the GP of WNP TCCs.

This paper is organized as follows. The data and methods used in this study are
introduced in Section 2. Recent changing tendencies in GP of TCCs over the WNP are
compared between May and October in Section 3, which also illustrates possible reasons
for the observed opposite changing tendencies in GP of WNP TCCs in May and October.
Conclusions and discussions are presented in Section 4.

2. Data and Methods

This study utilizes the 28-year (1982–2009) global TCC dataset [2,3], which was the
same dataset used to examine recent changing tendencies in the GP of WNP TCCs during
the extended boreal summer (July–October) in Zhao et al. [4]. TCCs were objectively
identified by gridded satellite infrared (IR) data based on the characteristics of atmospheric
convection, including size, shape, and persistence [2,3]. The expansive cirrus shield asso-
ciated with TCCs has very cold cloud tops, which enables a TCC to be identified by the
threshold of cloud-top brightness temperature, based on satellite observations. Further
details on the global TCC tracking algorithm can be found in Hennon et al. [2,3]. The global
TCC data set contains information regarding a TCC’s size, location, convective intensity,
cloud top height, and development status. The TC data are from the International Best
Tracks Archive for Climate Stewardship (IBTrACS) version v03r10 [21].

The sea surface temperature (SST) configurations across the tropical oceans are from
the monthly extended reconstructed SST (ERSST) version 3b [22]. The atmospheric winds
and geopotential heights are from the National Centers for Environmental Prediction
(NCEP)–National Center for Atmospheric Research (NCAR) reanalysis [23].
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Following Hennon et al. [3], the GP of TCCs was calculated as the ratio of TC numbers
to TCC numbers to quantify the percentage of TCCs that evolve into TCs.

Following Wang et al. [24], the WNP subtropical high-intensity index is defined as the
standardized 850-hPa geopotential height anomaly averaged over (15–25◦ N, 115–150◦ E).
According to Liu and Chan [14], the WNP subtropical high area index is defined as
the standardized anomalous number of grid points enclosed by the 5880-gpm line at
500 hPa within the region (0–40◦ N, 100–180◦ E). Following Wang and Fan [25], the WNP
summer monsoon index is defined as the difference in 850-hPa zonal wind anomalies
between (5–15◦ N, 100–130◦ E) and (20–30◦ N, 110–140◦ E). The Pacific Decadal Oscillation
(PDO) index is derived as the leading principal component of North Pacific monthly SST
variability poleward of 20◦ N [26,27], which is provided by the University of Washington’s
Joint Institute for the Study of the Atmosphere and Ocean.

The low-level atmospheric barotropic energy conversion (BEC) is the important source
of energy for the TCC development and TC genesis [28–31]. The BEC could provide
energy for the embedded synoptic-scale disturbances from the mean kinetic energy of the
background mean flow, supporting these growing disturbances and eddies to contribute
to the TCC development and TC formation. Therefore, a larger positive BEC may lead to
a higher GP of TCCs. The eddy kinetic energy (EKE), which is used to characterize the
features of synoptic-scale disturbances, is calculated from perturbation winds:

EKE =
1
2

(
u′2 + v′2

)
, (1)

Following Zhan et al. [30], the BEC term (KmKe) can be expressed as:

KmKe = −u′2
∂

∂x
u− v′2

∂

∂y
v− u′v′

∂

∂y
u− u′v′

∂

∂x
v, (2)

where u and v are the zonal and meridional winds, with the overbar denoting a time
average and the prime denoting a perturbation obtained by the 2–8-day bandpass-filtering.
The four terms on the right-hand side of Equation (2) are terms due to the convergences
of zonal wind (Ux)/meridional wind (Vy) and the shears of zonal wind (Uy)/meridional
wind (Vx). The positive KmKe term indicates that the disturbances and eddies could obtain
energy from the mean winds.

The significance of the linear trend for the GP of TCCs was determined by the Mann–
Kendall test [32]. The student’s t-test was applied to test the statistical significance of the
differences between two periods before and after the late 1990s.

3. Results
3.1. Opposite Changing Tendency for GP of WNP TCCs in May and October

Geographic distributions of TCC and TC formation locations in May and October over
the WNP are shown in Figure 1. The mean TCC formation location was 10.4◦ N, 139.6◦ E in
May and 9.7◦ N, 141.9◦ E in October. The mean TC genesis location was 11.2◦ N, 130.2◦ E
in May and 13.4◦ N, 139.8◦ E in October, indicating that the mean TC genesis location in
May is more southwest than that in October.

The annual mean (January–December) GP of WNP TCCs had a prominent downward
trend (Figure 2), consistent with the results in Zhao et al. [4]. According to Figure 2, the
changing trend in GP of the WNP TCCs exhibited obvious seasonality. Although most
months could see recent decreases in GP of TCCs, May was the only month with a signifi-
cant increase (Figure 2), with an increasing trend of 2.4% per decade (Figure 3a). October
was the month with the largest decrease in GP of TCCs (Figure 2), with a downward trend
of −7.5% per decade (Figure 3b).
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Figure 1. Geographic distributions of (a) TCC formation locations in May, (b) TC genesis locations in May, (c) TCC for-
mation locations in October, and (d) TC genesis locations in October over the WNP during 1982–2009. A blue (red) asterisk 
represents a TCC (TC). 

 
Figure 2. The seasonality of the linear trend in GP of WNP TCCs during 1982–2009. The red (blue) bar indicates that the 
increasing (decreasing) trend exceeds the 95% confidence level. The white bar indicates that the trend is not significant at 
the 95% confidence level.  

Figure 1. Geographic distributions of (a) TCC formation locations in May, (b) TC genesis locations in May, (c) TCC
formation locations in October, and (d) TC genesis locations in October over the WNP during 1982–2009. A blue (red)
asterisk represents a TCC (TC).
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1982–2009. The black dotted line is for the mean GP during P1 (1982–1997) and P2 (1998–2009). (b) As in (a) but for October. 
TC*5 represents the TC number multiplied by 5 for the convenience of display in this figure. 

The downward changing tendency in GP of WNP TCCs during the extended boreal 
summer was considered to be directly related to the late 1990s climate shift [4]. Many 
other studies also support the interdecadal variability around the late 1990s for WNP TC 
activities [12–14,33–36]. The regime shift detection analysis indicated that the point of re-
gime shift occurred around 1998 for both the WNP GP time series in May and October. 
Therefore, the late 1990s climate shift could possibly contribute to the observed recent 
changing tendencies in GP of WNP TCCs in May and October. Similar to Zhao et al. [4], 
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ods: P1 (1982–1997, before 1998) and P2 (1998–2009, since 1998), in order to reveal the 
possible influences of the late 1990s climate shift. 
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of the TCC number was not significant (Figure 3a). The increasing trend of the GP in May 
was mainly contributed to by the increasing trend of the TC number rather than the trend 

Figure 3. (a) Time series of the WNP TCC numbers (grey bars), TC numbers (white bars; multiplied by 5), and GP (black
solid line) in May. The solid lines are for the linear trends in GP (red), TC number (yellow), and TCC number (blue) during
1982–2009. The black dotted line is for the mean GP during P1 (1982–1997) and P2 (1998–2009). (b) As in (a) but for October.
TC*5 represents the TC number multiplied by 5 for the convenience of display in this figure.

The downward changing tendency in GP of WNP TCCs during the extended boreal
summer was considered to be directly related to the late 1990s climate shift [4]. Many
other studies also support the interdecadal variability around the late 1990s for WNP TC
activities [12–14,33–36]. The regime shift detection analysis indicated that the point of
regime shift occurred around 1998 for both the WNP GP time series in May and October.
Therefore, the late 1990s climate shift could possibly contribute to the observed recent
changing tendencies in GP of WNP TCCs in May and October. Similar to Zhao et al. [4], the
WNP GP in May and October were further examined and compared in two sub-periods:
P1 (1982–1997, before 1998) and P2 (1998–2009, since 1998), in order to reveal the possible
influences of the late 1990s climate shift.

In May, a significant increasing trend was observed for the TC number, but the trend
of the TCC number was not significant (Figure 3a). The increasing trend of the GP in
May was mainly contributed to by the increasing trend of the TC number rather than the
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trend of the TCC number. In May, the mean GP, calculated by averaging the GP value
of each year during the corresponding period, was 4.58% during P1 and boosted to be
7.60% during P2 (Figure 3a). For the mean TC number in May, it was 1.13 during P1 and
increased to be 1.92 during P2. For the mean TCC number in May, it was 22.19 during P1
and 23.50 during P2. The differences in TCC numbers in May between P1 and P2 were not
significant. Thus, the recent increase of GP in May was mainly due to the enhanced TC
counts, with no significant changes in TCC numbers.

In October, a significant decreasing trend for the TC number, while an increasing
trend for the TCC number could be observed (Figure 3b), both of which could contribute
to the decreasing trend of the GP at the same time. In October, the mean GP, calculated by
averaging the GP value of each year during the corresponding period, was 26.43% during
P1 and dropped to be 11.21% during P2 (Figure 3b). TC (TCC) counts were observed to
be decreased (increased) in October during P2, the conditions of which are different from
those in May. For the mean TC number in October, it was 5.32 during P1 and decreased
to be 3.25 during P2. For the mean TCC number in October, it was 21.56 during P1 and
increased to be 31.17 during P2. The suppressed TC and enhanced TCC numbers may
jointly lead to a significant recent decrease in the GP in October.

3.2. Possible Reasons for the Opposite Changing Tendency in May and October

Why are opposite changing tendencies in the GP of WNP TCCs observed in May and
October? Different changes in the low-level atmospheric circulations and EKE, which are
possibly triggered by different SST configurations across the tropical oceans, may explain
these differently changing tendencies in the GP of WNP TCCs between May and October.

3.2.1. Changing Tendencies in Low-Level Atmospheric Circulations, EKE, and BEC

Figure 4 shows the spatial distribution of linear trends of EKE (shading) and 850-hPa
winds (vectors) in May and October. Significant increasing (decreasing) trends could be
observed in the atmospheric EKE at 850 hPa west of 150◦ E in May (October), indicating the
strengthening (weakening) of atmospheric synoptic-scale disturbances. These observed in-
creasing (decreasing) changing tendencies in EKE could explain the increasing (decreasing)
changing tendencies in the GP of WNP TCCs in May (October).

The differences in low-level atmospheric circulation and EKE between P1 and P2 were
further compared in May and October (Figure 5) in order to highlight the differences before
and after the late 1990s.

In May, obvious westerly wind anomalies in the lower atmosphere could be observed
over the tropical WNP to the west of 140◦ E during P2 (Figure 5c). Westerly winds could be
observed over the South China Sea in the mean wind fields during P2 (Figure 5b). However,
the South China Sea was mainly controlled by easterly winds during P1 (Figure 5a). Thus,
obvious westerly wind anomalies could be obtained over the South China Sea region by
calculating the difference of mean winds between P2 and P1 (Figure 5c). For the WNP
region between 120◦ E and 140◦ E, westerly wind anomalies could also be observed in
the difference of winds between two periods (Figure 5c), which were mainly due to the
weakening of the mean easterly winds during P2 (Figure 5b) compared with those during
P1 (Figure 5a). These westerly wind anomalies were accompanied by atmospheric cyclonic
circulation anomalies west of 150◦ E. These observed westerly anomalies and atmospheric
cyclonic circulation anomalies could provide conditions conducive to TC formation by
enhancing the low-level atmospheric relative vorticity. The enhanced TC genesis activity
in May during P2 also mainly occurred west of 150◦ E (Figure 1b). At the same time, we
noticed that the atmospheric EKE at 850 hPa also significantly increased west of 150◦ E
during P2 (Figure 5c), indicating more active atmospheric synoptic-scale disturbances
which could facilitate the TC formation and induce a larger proportion of TCCs to evolve
into TCs in May (Figure 3a).
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In October, different characteristics were observed in the changes of low-level atmo-
spheric circulations and EKE (Figure 5). Easterly wind anomalies dominated over the
WNP to the east of 120◦ E during P2 (Figure 5f). These easterly wind anomalies were
accompanied by atmospheric anticyclonic circulation anomalies and weakened low-level
atmospheric relative vorticities, which are unfavorable for TC genesis. At the same time,
the WNP showed large negative EKE anomalies (Figure 5f), indicating less active atmo-
spheric synoptic-scale disturbances, which were consistent with observed suppressed TC
genesis and weakened GP of WNP TCCs in October during P2 (Figure 3b).

The spatial distribution of linear trends of BEC terms in May and October is shown in
Figure 6. Significant increasing (decreasing) trends could be observed in the BEC term at
850 hPa west of 150◦ E in May (October), which are similar to the distribution characteristics
of the trends of EKE (Figure 4). These results indicate that the changing trend of BEC may
contribute to the changing trend of EKE to a great extent.
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Differences in the BEC term were further compared between P2 and P1 in May and
October (Figure 7). The spatial distribution patterns of the differences in the BEC term
are very similar to those of the differences in the EKE, indicating that the changes in the
EKE in the lower troposphere may be mainly induced by the BEC. Stronger (weaker) BEC
term anomalies in May (October) could contribute to higher (lower) EKE in the lower
troposphere over the WNP during P2, indicating more (less) energy for the embedded
synoptic-scale disturbances from the mean kinetic energy of the background mean flow.



Atmosphere 2021, 12, 1177 9 of 18

Atmosphere 2021, 12, x FOR PEER REVIEW 9 of 18 
 

 

The relative contributions from four subcomponents in the BEC term (as defined in 
Equation (2)) were further compared (Figure 8). In May, the Ux term associated with 
zonal-wind convergence showed the largest positive value, indicating the largest contri-
bution of this term to the enhanced BEC during P2. In October, the Vy term associated 
with the meridional-wind convergence showed the strongest negative value, indicating 
the largest contribution of this term to the suppressed BEC during P2. These results show 
that there are some differences in the BEC subcomponent that makes the greatest contri-
bution to the BEC changes between May and October. 

 
Figure 7. Comparisons of BEC term (KmKe) (shading) between two sub-periods in May (a–c) and October (d–f). Mean 
Kmke (shading) in May during (a) P1 (1982–1997) and (b) P2(1998–2009). (c) Differences of Kmke (shading) between P2 
and P1 in May. As in (a–c), but for October (d–f). Signals above the 90% confidence level are highlighted by purple dots. 

Figure 7. Comparisons of BEC term (KmKe) (shading) between two sub-periods in May (a–c) and October (d–f). Mean
Kmke (shading) in May during (a) P1 (1982–1997) and (b) P2(1998–2009). (c) Differences of Kmke (shading) between P2 and
P1 in May. As in (a–c), but for October (d–f). Signals above the 90% confidence level are highlighted by purple dots.

The relative contributions from four subcomponents in the BEC term (as defined in
Equation (2)) were further compared (Figure 8). In May, the Ux term associated with zonal-
wind convergence showed the largest positive value, indicating the largest contribution
of this term to the enhanced BEC during P2. In October, the Vy term associated with the
meridional-wind convergence showed the strongest negative value, indicating the largest
contribution of this term to the suppressed BEC during P2. These results show that there
are some differences in the BEC subcomponent that makes the greatest contribution to the
BEC changes between May and October.
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In May, the WNP subtropical high-intensity index decreased from an average of
0.175 during P1 to an average of −0.209 during P2 (Figure 9a), indicating the weakening
of the intensity of the WNP subtropical high during P2. Meanwhile, the WNP monsoon
index showed a significant increasing trend (Figure 9c). The value of the WNP monsoon
index increased from an average of −0.978 during P1 to an average of 1.304 during P2
(Figure 9c), indicating the strengthening of the WNP monsoon in May during P2. There
were no significant differences in the WNP subtropical high area index between P1 and P2
(Figure 9b). The weakened WNP subtropical high and strengthened WNP monsoon are
consistent with observed enhanced westerly wind anomalies and atmospheric cyclonic
circulation anomalies in the lower atmosphere over the WNP (Figure 5c).

In October, no significant differences were observed between the two periods for the
mean value of the WNP subtropical high-intensity index (Figure 9d) and WNP monsoon
index (Figure 9f). However, the WNP subtropical high area index boosted from an average
of 0.029 during P1 to an average of 0.645 during P2, with a significant increasing trend
(Figure 9e). The enlarged WNP subtropical high could support the enhanced easterly wind
anomalies and atmospheric anticyclonic circulation anomalies over the WNP, as shown in
Figure 5f.

3.2.3. Changing Tendencies in SST Configurations across the Tropical Oceans

The different changes in SST (Figures 10 and 11) may be of vital importance to trigger
the different low-level atmospheric circulation anomalies between May and October.
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Figure 10 presents comparisons for spatial distributions of SST trends in tropical
ocean regions between May and October. Overall, there was a trend of SST cooling in the
tropical eastern Pacific, while there was a trend of SST warming in the tropical western
Pacific, tropical Atlantic, and Indian Oceans both in May and October. However, when we
quantitatively compare the intensity of SST changing trends, we found differences in the
specific magnitude of SST changing trends in different tropical ocean basins between May
and October (Figure 10c). In May, the tropical western Pacific showed a stronger trend of
SST warming. In contrast, the tropical Atlantic and Indian oceans showed a stronger trend
of SST warming in October (Figure 10c).

Differences of SST between P2 and P1 in May and October are shown in Figure 11,
which are very similar to the spatial distribution of SST trends as shown in Figure 10.
Although the differences of SST between P2 and P1 are very similar in qualitative spatial
distribution for May (Figure 11a) and October (Figure 11b), there are obvious differences in
quantitative values in different tropical ocean regions (Figure 11c). The “mega-La Nina”
like pattern [42] could be observed both in May (Figure 11a) and October (Figure 11b), with
triangular SST cooling (K-shape SST warming) in the tropical central-eastern (western)
Pacific. SST warming also occurred in the tropical Atlantic and Indian Oceans both in May
(Figure 11a) and October (Figure 11b), giving rise to a pan-tropical dipole-like SST pattern
(with SST increases in the tropical Atlantic and Indo-western Pacific, but SST decreases
in the eastern Pacific) as described in Li et al. [43]. However, when we compared the
specific values of SST changes in different tropical areas, we found obvious differences
in quantitative SST changes in different tropical ocean regions between May and October
(Figure 11c).
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In May, there was a stronger SST rising in the tropical western Pacific (between 140◦ E
and 180◦ E) and a larger SST dropping in the tropical eastern Pacific (between 160◦ W and
120◦ W) (Figure 11c). The stronger SST rising in the tropical western Pacific could support
westerly wind anomalies in the lower atmosphere west of 150◦ E through a Gill-type
response [44] (Figure 11a). At the same time, the stronger SST cooling in the tropical eastern
Pacific could induce stronger easterly wind anomalies in the lower atmosphere between
150◦ E and 180◦ E (Figure 11a). Therefore, large values of the Ux term associated with
zonal-wind convergence could exist during P2 in May (Figure 8), resulting in enhanced
BEC (Figure 7c) and higher EKE (Figure 5c).

In October, stronger SST rising could be observed in the tropical Atlantic Ocean (be-
tween 60◦ W and 10◦ W) and tropical Indian Ocean (between 50◦ E and 100◦ E) (Figure 11c).
Different from May, the tropical WNP was mainly controlled by easterly wind anomalies in
October (Figure 11b). The westerly wind anomalies west of 150◦ E, which were observed in
May (Figure 11a), had weakened significantly by October (Figure 11b). Stronger SST rising
in both tropical Indian and Atlantic Oceans may contribute to the stronger easterly wind
anomalies in the tropical WNP in October. The tropical Indian Ocean SST warming may
induce easterly wind anomalies over the tropical WNP through the atmospheric Kelvin
wave responses [45]. At the same time, the tropical Atlantic Ocean SST warming may
generate easterly wind anomalies over the tropical WNP through the atmospheric zonal
vertical circulation anomalies across ocean basins [46] or via atmospheric Kelvin waves [43].
As a result, the enhanced low-level atmospheric easterly wind anomalies over the tropical
WNP in October may lead to suppressed BEC (Figure 7f) and lower EKE (Figure 5f), giving
rise to a lower proportion of TCCs to evolve into TCs.

The differences of influencing processes in May and October may be mainly due to
the different mean background winds, thus triggering different air-sea feedback processes
and inter-basin interactions. May is the month of summer monsoon onset, while October
is the month of summer monsoon withdrawal and the transition to winter monsoon. A
positive air-sea feedback process may be involved in the concurrent stronger SST warming
in the tropical western Pacific (Figure 11c) and weakening of the WNP subtropical high
(Figure 9a) in May. As suggested in Wang et al. [24], the atmosphere-ocean thermodynamic
feedback between the WNP subtropical high and underlying Indo-Pacific SST anomalies
could play a role. On the one hand, the warm WNP SST anomalies could stimulate the
ascent atmospheric Rossby wave, which could promote the abnormal weakening of the
WNP subtropical high. On the other hand, the wind changes caused by the weakened
WNP subtropical high anomalies may also reinforce the WNP SST warming anomalies
by reducing the total wind speed and sea surface evaporation. On the contrary, the wind
changes caused by the weakened WNP subtropical high anomalies could induce SST
cooling anomalies in the tropical Indian Ocean by enhancing the total wind speed and
sea surface evaporation. This may provide an explanation for why the SST warming in
the tropical western Pacific was higher than that in the tropical Indian Ocean in May
(Figure 11c). Through the possible positive feedback processes, including the interaction
between the WNP subtropical high and underlying SST anomalies, the stronger warming
of the tropical west Pacific SST and the weakening of the WNP subtropical high could be
observed at the same time.

3.2.4. Possible Influences of the PDO

Zhao et al. [4] suggested that the observed downward changing tendency in GP of
WNP TCCs during the extended boreal summer was considered to be directly related
to the late 1990s climate shift. Zhao et al. [47] supported that natural decadal variability
has a much greater impact on the long-term variability of WNP TC track density than
anthropogenic global warming. In this study, the observed changing tendency in GP of
WNP TCCs may also possibly be contributed to by the late 1990s climate shift. In the next
section, we will examine the results by removing the influence of natural interdecadal
variability like PDO.
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The impact of PDO on the GP changing tendency was excluded by removing the
linear regressions with respect to the PDO index. The results showed that the increasing
(decreasing) trend in GP of WNP TCCs could still exist after removing the PDO influences,
but the intensity of the trends was obviously weakened. In May, the increasing trend
in GP of WNP TCCs decreased from 2.42% per decade (for original GP time series) to
1.92% per decade (for GP time series after removing the PDO influences). The increasing
trend in GP of WNP TCCs in May after removing the PDO influences was significant
at the 95% confidence level. In October, the decreasing trend in GP of WNP TCCs was
weakened from −7.47% per decade (for original GP time series) to −3.88% per decade (for
GP time series after removing the PDO influences). The decreasing trend in GP of WNP
TCCs in October, after removing the PDO influences, was significant at the 90% confidence
level but not significant at the 95% confidence level. These results confirmed that the late
1990s climate shift associated with PDO could have contributed to the observed changing
tendencies in GP of WNP TCCs both in May and October. A less pronounced trend in
October, after removing the PDO influences, was observed, suggesting that the PDO
influence on the changing tendency of GP in October may be stronger than that in May.

4. Conclusions and Discussion

The recent changing tendencies in the GP of WNP TCCs in May and October were
compared in this study. The results reveal the opposite changing tendencies in the GP
of WNP TCCs in May and October, providing new insights into the climatology of WNP
TCCs. The results in this study highlight the seasonality in recent changing tendencies in
the GP of WNP TCCs and associated large-scale atmospheric-oceanic conditions.

Although most months showed recent decreases in the GP of WNP TCCs, May is
the only month with a significant recent increase. October is the month with the largest
decrease in the GP of WNP TCCs. The opposite-changing tendencies in May and October
were contributed to by different changes in low-level atmospheric circulation anomalies
triggered by different SST configurations across the tropical oceans.

In May, stronger SST warming in the tropical western Pacific prompted increased
anomalous westerlies associated with an anomalous cyclone, accompanied by the weak-
ening of the WNP subtropical high and strengthening of the WNP monsoon (Figure 12a).
Positive air-sea feedback processes, including the interaction between the WNP subtropical
high and underlying SST anomalies, may be involved in the concurrent stronger SST
warming in the tropical western Pacific and weakening of the WNP subtropical high in
May. Such changes in background atmospheric circulations could favor the enhancement
of atmospheric EKE and BEC, resulting in the recent intensified GP of WNP TCCs in May.

In October, stronger SST warming in the tropical Atlantic and Indian Oceans con-
tributed to anomalous easterlies over the tropical WNP associated with an anomalous
anti-cyclone, giving rise to the suppressed atmospheric EKE and recent weakened GP of
WNP TCCs (Figure 12b). It is through atmospheric Kelvin waves or atmospheric zonal
vertical circulation anomalies across ocean basins that warm tropical Atlantic and Indian
SST anomalies trigger anomalous easterlies over the tropical WNP.

Recent studies have also noticed the combined impacts of SST anomalies in different
tropical ocean regions on the WNP TC activities [48–52]. Our results reveal that there
may be differences in tropical ocean regions where SST anomalies play a more important
role between May and October, with more possible influences from stronger SST rising in
the tropical western Pacific (tropical Atlantic and Indian Oceans) in May (October). The
mechanism for the seasonality of recent SST changes in different tropical oceans and the
relationship between SST anomalies across the three tropical oceans (including tropical
Pacific, Indian, and Atlantic Oceans) need further research in the future.
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The inter-basin interactions among three tropical oceans (Pacific, Indian, and Atlantic
Oceans) is a hot topic in the field of climate research [53,54], which may be a golden
key to understanding recent climate variability. Inter-basin interactions among the three
tropical oceans may involve many complex air-sea processes [45,55,56], which are not
fully understood at present. The results in this study suggest possible seasonality in the
inter-basin interactions among three tropical oceans, which are worthy of further study.

Because the time range of the available global TCC dataset is relatively short, further
confirmation on the results reported here is needed by using more TCC observations and
numerical experiments in subsequent research. Considering that the time distribution
of four seasons in a year may be changed greatly under global warming [57], possible
changes in the seasonality of TCCs and TCs in the future global warming scenario are
also worthy of further study. The relative contributions to the observed GP changing
tendencies by the global warming (due to the increased emissions of greenhouse gases)
and the natural decadal variability need to be further untangled by longer observational
data and numerical modeling experiments.
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