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Abstract

The monsoon is regarded as a key system influencing tropical cyclone (TC) activity over
the Western North Pacific (WNP). However, the relationship between WNP TC frequency
(TCF) and the monsoon across different timescales remains incompletely understood. This
study explores the interannual-scale relationship between WNP TCF and the WNP summer
monsoon over the period 1982-2020. We found that the interannual variation in basin-scale
TCF is dominated by dynamic factors, particularly lower troposphere vorticity and middle
troposphere ascending motion, which are driven by the WNP summer monsoon. Enhanced
monsoonal precipitation over the WNP intensifies convective heating, which acts as a dia-
batic heat source and triggers a Rossby wave response to the west. This response generates
anomalous lower troposphere cyclonic circulation and ascending motion in the main TC
development region. In turn, the strengthened WNP summer monsoon circulation further
amplifies precipitation, establishing positive feedback between atmospheric circulation
and convection. This mechanism establishes dynamic conditions favorable for TC genesis,
thereby dominating the basin-scale interannual variation in TCFE.

Keywords: WNP summer monsoon; TC frequency; interannual variation; large-scale
environmental conditions

1. Introduction

The Western North Pacific (WNP) is the most conducive basin for tropical cyclone (TC)
genesis among all ocean basins [1-3]. The WNP provides favorable conditions for TC gene-
sis due to its high sea surface and subsurface temperatures that fulfill the thermodynamic
requirements for genesis year-round. During boreal summer and autumn, the WNP is also
strongly influenced by the summer monsoon system, which creates a large-scale lower
troposphere cyclonic circulation, middle troposphere ascending motion, and convection.
These combined conditions create a conducive large-scale environment and initiate the
disturbances that lead to TC formation [4-8].

Prior studies have analyzed the contributing factors for the interannual variability of
TCs in the WNP [9-11], with particular emphasis on the impacts of sea surface temperature
(SST). Chan [12] examined the temporal variability of basin-scale TCF over the WNP and
identified a dominant interannual variability of 3-3.5 years, which was mainly linked to
the Southern Oscillation. It has been demonstrated that the El Nifio-Southern Oscillation
(ENSO) modulates the genesis position of TCs in the WNP, which shifts southeastward
(northwestward) during El Nifio (La Nifia) years [9,13-17]. El Nifio is classified into

Remote Sens. 2025,17, 2317

https://doi.org/10.3390/rs17132317


https://doi.org/10.3390/rs17132317
https://doi.org/10.3390/rs17132317
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://doi.org/10.3390/rs17132317
https://www.mdpi.com/article/10.3390/rs17132317?type=check_update&version=2

Remote Sens. 2025, 17,2317

20f17

Central and Eastern Pacific types based on the SST warming location, with each type
exerting distinct influences on TC activity [18,19]. TCs show a higher frequency of eastward
occurrence in Eastern Pacific El Nifio years than during central Pacific events [20-22].
Although ENSO effectively influences the TC genesis location, its impact on the overall
basin-scale TC frequency remains relatively limited [13,14].

The North Pacific Meridional Mode (PMM) is characterized by warm SSTs extending
from the central equatorial Pacific to Baja California [23,24]. Studies have shown that the
warm PMM SST can excite anomalous lower (upper) troposphere cyclonic (anticyclonic)
circulation over the WNP, resulting in increased lower troposphere vorticity, which facili-
tates TC genesis [25,26]. By focusing on the interannual timescale, Wu et al. [27] suggested
that ENSO can affect the relationship between WNP TCF and PMM. The PMM can also
modulate TCF by altering the activity of the tropical waves. Yu et al. [28] showed that
positive phases of the PMM facilitate the transfer of barotropic energy from the mean flow
into eddy kinetic energy, which fuels the tropical waves and provides more energy for
TC genesis.

Anomalous tropical Indian Ocean SST also affects the interannual variability of the
WNP TCE. Warming SST in the tropical Eastern Indian Ocean can excite an equatorial
Kelvin wave response that ultimately induces an anomalous lower troposphere anticyclone
circulation over the WNP, thereby significantly suppressing TC formation [29-31]. Gao
et al. [32] revealed a robust interannual correlation between Indian Ocean SST and rapidly
intensifying TCs over the WNP. However, the association between the Indian Ocean SST
anomalies and WNP TCF varies over time, likely due to the synergistic impacts of Indian
Ocean SST and different types of ENSO. A strong negative Indian Ocean Dipole coupled
with Eastern Pacific warming leads to an increase in tropical cyclones in the WNP [31,33,34].

The above-mentioned studies suggest that the remote SSTs modulate TCs over some
specific regions of the WNP through changes in atmospheric circulation. As in the WNP,
the oceanic monsoon is the key circulation system, which has been demonstrated to be
vital for TC formation. Previous studies have shown that the changes in TC genesis
location are associated with the monsoon trough [35-37]. Within the monsoon trough, the
convergence of trade winds and westerly monsoons accompanies ascending motion and
strong convective activity, providing favorable environmental conditions that facilitate TC
formation. The zonal displacement of the monsoon trough influences TCF on a regional
scale, while the basin-scale TCF in the WNP is less affected [4,5,38-41]. Moreover, the
intensity and eastward expansion of the monsoon trough have been demonstrated to affect
the TCF over the Southeastern WNP [39,42].

The monsoon trough is an integral component of the WNP summer monsoon. The role
of circulation in the WNP monsoon based on the variability of TCF has been studied on a
regional scale from June to August [43,44]. Choi et al. [43] found that a high WNP monsoon
circulation index is related to the increased probability of TC genesis over the Southeastern
WNP, whereas a negative index is associated with more TC genesis over the Northwestern
WNP. Zhao et al. [44] found that the positive correlation between the WNP monsoon and
TCF on interannual timescales is dominated by the TCs in the monsoon trough, which
affects regional rather than basin-wide TCE. And there is a clear interdecadal change in the
monsoon-TCF relationship, suggesting that this relationship may differ between decadal
and interannual timescales. Additionally, most of the above-mentioned studies reveal the
changes in TCF over the regional scale of WNP. The determining factors for the interannual
variation in the main development region of TCF are still inclusive.

Motivated by the above studies, this work will examine environmental factors affecting
the basin-scale TCF in the WNP and identify the linkage between the basin-scale TCF and
WNP monsoon on the interannual timescale. Numerical simulations will be used to verify
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the impact of WNP monsoon rainfall on the key environmental factors. The remainder
of this study is organized as follows: Section 2 introduces the datasets and methods. In
Section 3, we demonstrate the close association between the WNP monsoon and basin-
scale TCF on the interannual timescale and examine the key role of monsoon rainfall
in modulating TC-related environmental factors. Section 4 presents a summary of the
main findings.

2. Datasets and Methods
2.1. Datasets

In this work, we only analyzed TCs with maximum sustained wind speeds reaching or
exceeding 34 knots. TC intensity estimation is mainly based on the Dvorak technique, which
derives intensity estimates from cloud patterns observed by enhanced IR and/or visible
satellite imagery. The estimated intensity code is converted to the wind speed [45]. The
observed TC data are from NOAA IBTrACS v4 for the period 1980-2022 [46]. The datasets
include the position (latitude and longitude) of TC centers, along with their maximum
wind speeds and minimum central pressure every 6 h. The genesis point is identified as the
position where the maximum surface wind speed exceeds 34 knots for the first time. The
study focuses on the period from July to October, which refers to the peak TC season in
the main development region ([10°N-25°N, 110°E-160°E]). To better measure the oceanic
monsoon rainfall, we used three rainfall datasets: the Tropical Rainfall Measuring Mission
(TRMM), Global Precipitation Measurement (GPM), and Global Precipitation Climatology
Project (GPCP). As a major satellite mission, TRMM monitored rainfall patterns across the
low-latitude belts, including both tropical and subtropical zones. The precipitation radar
of TRMM measured precipitation in the atmospheric column. The qualification of rainfall
intensity in the TRMM was assessed through the measured microwave energy emitted
from the Earth and the atmosphere [47,48]. The precipitation data from TRMM covers the
period of 1997-2015 at an approximate grid size of 0.25° x 0.25°. GPM data were used to
extend the temporal coverage from 2016 to 2022. GPM retrieves precipitation data using
both dual-frequency radar and microwave imaging instruments. To build up a relatively
long temporal coverage of satellite-observed precipitation, we merged TRMM and GPM
data. The GPCP precipitation combined satellite-based rainfall estimates over global oceans
and sounding observation and gauge station data over global land [49,50]. We use the data
from 1980 to 2022 on a 2.5° x 2.5° spatial grid. SST data from the Hadley Centre’s Sea Ice
and SST dataset (HadISST v1) were used in this study [51]. They use a horizontal resolution
of 1° x 1°. Reanalysis data were obtained from the European Centre for Medium-Range
Weather Forecasts fifth-generation global reanalysis (ERA5) dataset, with a resolution of
0.25° x 0.25° [52]. Atmospheric variables included zonal wind, meridional wind, vertical
velocity, precipitation, etc.

To obtain the interannual component, we first calculated the 5-year running mean
and then subtracted it from the original data. This procedure was applied to all datasets.
A sensitive test using the 7-year running mean yielded similar results.

2.2. Methods

The TC genesis potential index (GPI) provides an empirical estimate of TC activities
according to large-scale environmental fields. Dynamic GPI (DGPI) can well represent the
observed interannual variation in TC frequency [53]. It is expressed as follows:

2.3 2.4
DGPI = (24 0.1V,) "7 <5.5 - 33105> (5 —20w)>? (5.5 + ]105;7]) e M1 (1)
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where V; is the vertical wind shear between 850 and 200 hPa; 9 js the meridional gradient

%y
of zonal wind at 500 hPa; w is the 500 hPa vertical pressure velocity; and 7 is the absolute
vorticity at 850 hPa. To assess the contribution of individual components to the change in

DGPI, their respective contributions are quantified using the following formula:
ADGPI,,1 = AVarl x Var2 x Var3 x Var4 2)

Using Equation (2), the impact of each term on the DGPI change is calculated (e.g.,
ADGPI 41, ADGPI a0, ADGPIyar3, ADGPLyg4).

According to Wang and Fan [54], the Western North Pacific monsoon index (WNPMI)
is formulated as follows:

WNPMI = U850(5n - 15°N,100°E—130°E] — U850[20°N—30°N,110°E — 140°E] 3)

where U850 refers to the zonal wind at 850 hPa. A positive value of U850 in the box
of [5°N-15°N, 100°E—130°E] combined with a negative value of U850 in the box of
[20°N—30°N, 110°E—140°E] results in a positive WNPM]I, indicating a strengthened mon-
soon rainfall. The monsoon rainfall index is defined as the precipitation averaged over the
main development region.

The linear baroclinic model (LBM) is a simplified atmospheric model without detailed
physical processes [55]. It is used to examine how atmospheric circulation is influenced
by artificial atmospheric diabatic heating. This model is configured at a T42 horizontal
resolution, scaling to the resolution of ~2.8°. It has 20 vertical layers. The mean atmospheric
circulation for the climatology of July—October during 1982-2020 is specified as the model’s
basic state. The LBM experiment ran for 50 days, with atmospheric circulation responses to
heating analyzed using data from the final 30 days.

3. Results
3.1. Close Association Between TCF and WNP Monsoon

Figure 1 illustrates the climatological distributions of the TCEF, low-troposphere circu-
lation, precipitation, and interannual variations in precipitation during JASO for the period
of 1982-2020. The pattern of TCF reveals a high frequency of genesis events occurring
across the main development region. And the TC genesis peaked along the climatological
WNP monsoon trough (Figure 1b), which is characterized by intense convective activity
and abundant precipitation. The monsoon circulation provides critical dynamic conditions
for TC genesis, including lower troposphere positive relative vorticity and convergence
environment, a wet middle-level atmosphere, and upper-level divergence [4,5,56]. The
distribution of precipitation variation further reveals that the region with more TCs also
exhibits significant interannual variation in rainfall. This may suggest a potential link
between TCF and variability in monsoon rainfall (Figure 1c). Therefore, in the following
sections, we focus on TCF in the main development region to investigate the interannual
relationship between the WNP monsoon and tropical cyclone activity.
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Figure 1. Climatological mean states averaged from 1982 to 2020 from July to October. (a) TCF
density distribution on a 2.5° x 2.5° grid box; (b) 850 hPa winds (m s~ 1) and precipitation (shading,
mm day~!); and (c) interannual variation (mm day !, represented by standard deviation) of precipi-
tation. The black boxes represent the main TC development region. The red boxes outline the areas
that define the WNP monsoon index. The precipitation data are from GPCP.

To investigate the interannual relationship between basin-scale TCF and the WNP mon-
soon, we first computed the WNP monsoon index [54]. Analysis at the decadal timescale
revealed a weak negative correlation between the WNPMI and TCF (Figure 2a). In contrast,
on the interannual timescale, a significant (p < 0.05) positive correlation was observed,
showing a correlation coefficient of 0.53. This highlights the pronounced interannual
association between the WNP monsoon and TC frequency (Figure 2b).
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Figure 2. (a) Decadal variation in TCF (red) and the WNP monsoon index (WNPMI, blue); (b) inter-
annual variation in TCF (red) and WNPMI (blue); and (c) interannual variation in the GPCP (red) and
TRMM/GPM (blue) precipitation. The black and yellow circles in (b) represent the years with TCF
standard deviation values above +1 and below —1, respectively. * indicates statistical significance

exceeding the 95% confidence level.

The monsoon index effectively captures the interannual variation in the WNP mon-
soon rainfall intensity during 1982-2020 from the GPCP dataset (r = 0.72, p < 0.05, Table 1).
To verify the reliability of the GPCP dataset, we compared the interannual correlation
between GPCP and the combination of TRMM and GPM precipitation over the main
development region. Figure 2c shows that the two time series have exhibited similar inter-
annual variations since 1998. This indicates that GPCP effectively captures the interannual
variability of WNP monsoon rainfall, which is comparable to satellite observations. To
ensure extended temporal coverage, GPCP data are utilized in the following analysis for
the monsoon-TCF relationship.



Remote Sens. 2025, 17,2317

7 of 17

Table 1. Correlation coefficients among TCF, precipitation, WNPMI, and SST over the WNP. All
variables within the TC main development region. * indicates statistical significance exceeding the
95% confidence level.

Correlation TCF WNPMI Pr SST
TCF / 0.53 * 0.53 % —04*
WNPMI 0.53 * / 0.72% —0.67 %
Pr 0.53 * 0.72* / —04*

3.2. Key Environmental Factors Determine the Interannual Variation in Basin-Scale TCF

Large-scale seasonal mean environmental conditions are vital for WNP TC
genesis [57-59]. We began by analyzing the environmental conditions, including SST,
precipitation, 850 hPa vorticity and winds, middle troposphere vertical pressure velocity
and relative humidity, and vertical wind shear, all of which influence TC formation over
the WNP [57-60]. By regressing large-scale environmental fields onto the interannual time
series of TCEF, it indicates that only slight positive SST anomalies extend from the central
equatorial Pacific to the vicinity of California (Figure 3a), resembling the pattern of the
Pacific Meridional Mode [61-63]. However, most of the positive SST regions in the Eastern
Central Pacific show insignificant correlations with basin-scale TCF, suggesting that the
Pacific Meridional Mode is likely not the dominant factor driving the interannual variation
in basin-scale TCF during 1982-2020. In the Western Pacific, TCF shows a significant
negative correlation with local SST. This suggests that cooler SSTs do not necessarily lead to
a decrease in TCFE. The correlation coefficient between the TCF and SST over the main TC
development region is —0.4 (p < 0.05, Table 1). This is notably different from other ocean
basins, where active TC activities are often associated with a higher SST relative to the
tropical average [64,65].

40°N (b) TCF regressed precipitation and 850-hPa wind
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Figure 3. Basin-scale TCF regressed (a) sea surface temperature (K) and (b) precipitation (mm dayfl)
patterns. (c) Point-to-point precipitation regressed SST. (d) Basin-scale TCF regressed 850 hPa zonal
wind (ms™1).

Within the main TC development region, the increased TCF is associated with positive
precipitation anomalies accompanied by enhanced lower troposphere cyclonic circulations
(Figure 3b). It should be noted that the positive precipitation is not the response to SST
changes because of the negative correlation between local SST and precipitation (Figure 3c).
The area-averaged correlation coefficient is —0.4 (p < 0.05, Table 1). Therefore, the interan-
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nual variation in basin-scale TCF is more likely associated with seasonal mean monsoon
rainfall and circulation rather than with SST and its related thermodynamic effects. This
is further confirmed by the significant positive correlation (r = 0.53, p < 0.05) between
the monsoon rainfall index and basin-scale TCF (Table 1). Note that the tropical zonal
wind is positively correlated with the TCFE, while an opposite correlation is found over the
subtropics (Figure 3d). This opposite correlation between the two monsoon index-related
boxes suggests that a strengthened WNP monsoon circulation is linked to enhanced TC
activity (Figure 3d).

To further explore how large-scale environmental factors affect the interannual vari-
ation in basin-scale TCF, we first calculated the standard deviation of the interannual
variation in WNP TCEF. Based on this, we identified five years exceeding 1 standard devia-
tion and five years below the —1 standard deviation as active TCF years and inactive TCF
years, respectively (Figure 2b). The five active TCF years are 1984, 1994, 1997, 2013, and
2016, and the five inactive TCF years are 1995, 1998, 2003, 2011, and 2014 (Figure 2b). The
composite differences in SST, precipitation, and dynamic conditions between the active
and inactive TCF years are illustrated in Figure 4. In the main TC development region,
SST exhibits negative anomalies (Figure 4a), while precipitation generally shows positive
anomalies in the same areas (Figure 4b). At lower levels, the wind field displays anomalous
cyclonic circulation and positive vorticity (Figure 4c). In the mid-troposphere, vertical
pressure velocity anomalies are negative north of 10°N (Figure 4d), indicating a strong
upward motion. Over the upper troposphere, a clear anticyclonic circulation is observed
over the WNP, which is opposite to the lower troposphere circulation (Figure 4f). The
nearly opposite-signed changes in lower and upper-level circulation align with the the-
oretical Rossby wave response to atmospheric heating [66]. In contrast to the dynamic
factors favoring TC genesis, the cold SST anomalies and drier middle troposphere relative
humidity are shown over the majority of the WNDP, suggesting thermodynamic conditions
have negative impacts on TC genesis on interannual timescales (Figure 4e). Therefore, we
emphasize that changes in TCF are primarily influenced by dynamic processes.

The development of DGPI primarily focuses on the influence of atmospheric circula-
tion on TC genesis [53]. To further identify the key dynamic factors driving TC genesis, we
computed the difference in DGPI between years with active and inactive TCF. Figure 5a
shows that the DGPI anomalies exhibit positive values in the main TC development region,
particularly around the monsoon trough (Figure 5a). This indicates that more favorable
large-scale dynamical environmental conditions exist in years with higher TC genesis
numbers. The relative importance of individual factors is diagnosed using Equation (2). As
shown in Figure 5b, the lower troposphere vorticity contributes the most to this, followed
by vertical motion and the meridional gradient of 500 hPa zonal wind, whereas the influ-
ence of VWS is comparatively weak. These four components together account for over 75%
of the DGPI change.

Figure 6 shows the spatial pattern of the contributions from individual terms. The
contribution from low-level vorticity has a positive sign in nearly the entire main TC
development region, which is in alignment with the basin-wide increase in TCF (Figure 6a).
The middle-level vertical motion positively contributes to the increase in TCF over the
central and eastern parts of the main TC development region (Figure 6b). The positive
contribution from the meridional gradient of the 500 hPa zonal wind is mainly located
along the monsoon trough, while there is a negative contribution east of 140°E (Figure 6c¢).
The vertical wind shear demonstrates a dipole pattern (Figure 6d), suggesting its effective
role in changing the TC genesis location but its lower significance for basin-wide TCF
changes [9,13-15].
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Figure 4. Composite differences in environmental fields between the five active (>1 standard de-
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(b) precipitation (mm day‘l); (c) 850 hPa relative vorticity (1072 s71) and circulation (m s~ 1); (d) ver-
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3.3. Dominance of WNP Monsoon on TC Environmental Factors and Frequency

How does the WNP monsoon drive the TCF and related environmental factors? To
explore this, we computed the standard deviation of the WNP monsoon index. Five years
with values greater than +1 standard deviation, which were classified as high WNPMI
years, and five years with values less than —1 standard deviation, which were classified as
low WNPMI years, were selected to perform a composite difference analysis (Figure 2b).
The high WNPMI years were 1986, 1994, 2006, 2009, and 2018, and the low WNPMI years
were 1983, 1988, 1998, 2008, and 2010 (Figure 2b). In the high WNPMI years, an average of
20.2 TCs formed in the peak season, while in the low WNPMI years, this number dropped
to 15.4 events, yielding a difference of 4.8 TCs. This translates to about one-quarter of
the climatological events from 1982 to 2020 (18.2 events) and two-thirds of the standard
deviation of the interannual variation (6.8 events). Figure 7 shows the differences in SST and
key TC environmental factors. There are negative SSTs west of 160°E, which are associated
with the positive precipitation east of the Philippine Sea (Figure 7a,b). It indicates that
the changes in SST are in response to an increase in precipitation and cloudiness, which
is consistent with the findings of Wang et al. [67]. As shown in Figure 7c, enhanced
westerly winds over the low latitudes of the WNP and enhanced easterly winds over
the subtropical WNP increase the basin-wide cyclonic vorticity, facilitating TC genesis.
The increases in vertical motion are mainly located south of 20°N, which is in alignment
with the precipitation (Figure 7b,f). Changes in vertical wind shear display a clear spatial
pattern, with enhanced shear over the Southwestern WNP and reduced shear across the
Northwestern WNP. Notably, during strong monsoon years, the mid-troposphere over
much of the WNP exhibits an anomalously low relative humidity (Figure 7e). This pattern
is consistent with the composite analysis of high and low TCF years, reinforcing the notion
that thermodynamic factors play an opposite role in driving the interannual variation in
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WNP TCF (Figure 7a,e). In addition, the WNP monsoon plays a critical role in modulating
large-scale dynamical environmental conditions conducive to TC genesis.
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Figure 7. Composite differences in (a) SST (K); (b) precipitation (mm day_l) ; (¢) 850 hPa vorticity
(1075 s71) and circulation (m s~1); (d) 500 hPa vertical pressure velocity (10~2 Pa s~ 1); (e) 600 hPa
relative humidity (%); and (f) 200 hPa circulation and vertical wind shear (m s~ 1) between the active
WNP monsoon years and the inactive WNP monsoon years.

How does enhanced WNP monsoon precipitation influence the large-scale circulation
and thereby shape the dynamic environmental conditions favorable for TC genesis? To
verify this, we conducted an atmospheric forcing experiment using the linear baroclinic
model. Figure 8 shows the experimental design. In this experiment, the prescribed diabatic
heating was located over [10°N-20°N, 120°E-160°E], where more precipitation occurs
during the strong monsoon years (Figure 8a). The maximum heating rate is set to 2 K day !
and centered at 300 hPa. The heating is decayed upward and downward (Figure 8b).
The mean tropical circulation is derived from the climatological boreal summer winds
(Figure 8c).
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Figure 8. Experimental design of linear baroclinic experiment. (a) Spatial pattern of heating at
300 hPa (K day_1); (b) vertical profile of prescribed atmospheric heating; and (c) climatological
850 hPa circulations used as basic state.

After the model simulation reaches a stable state, the response of atmospheric circu-
lation reveals low-level cyclonic circulation west of the heating center in the WNP region
(Figure 9a). East of the heating center, anomalous easterly winds prevail in the lower
troposphere. Over the upper troposphere, the circulation response is dominated by an
anticyclonic circulation and westerly wind located east of 160°E (Figure 9c). The divergence
of the upper troposphere and convergence of the lower troposphere circulation promotes
an ascending motion in the atmospheric column (Figure 9b). This baroclinic atmospheric
circulation structure is a typical pattern of the Gill-type Rossby response [66].

Atmospheric heating-induced changes in environmental conditions favor TC genesis.
The enhanced cyclonic circulation in the lower troposphere increases relative vorticity
(Figure 9a), which is a key dynamic factor contributing to the interannual variation in TCF
(Figures 5 and 6). At 500 hPa, horizontal wind anomalies are characterized by westerlies
over low latitudes and easterlies over the subtropics, resulting in the enhanced meridional
shear of the zonal wind—another favorable condition for TC genesis (Figure 9b). Addition-
ally, the ascending motion at 500 hPa supports the development of convection (Figure 9b).
Thus, the change in atmospheric circulation could further enhance moisture convergence
and monsoon rainfall. This positive precipitation-circulation feedback establishes favorable
dynamic conditions, which facilitates the TC genesis. Moreover, the simulated response
of atmospheric circulations closely resembles the differences in large-scale environmental
fields associated with the interannual variation in the WNP monsoon, as well as that from
the interannual variation in the basin-scale TCF (Figures 4 and 7), further confirming that
the heat forced from monsoonal precipitation over the WNP can dynamically influence the
basin-scale TCF on the interannual timescale.
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Figure 9. The steady response of (a) 850 hPa wind (m s~ 1) and relative vorticity (10~¢s~1), (b) 500 hPa
wind (ms~1) and omega (1072 Pas~1), and (c) 200 hPa wind (m s 1) to specified atmospheric heating.

4. Conclusions

The WNP experiences the highest frequency of TC genesis worldwide, exhibiting sub-
stantial interannual variability [12]. Most studies have revealed the influence of interannual
air-sea-coupled modes on regional-scale TC frequency [13-17], but our understanding
on a basin scale remains inconclusive. This study explores the relationship between the
interannual variations in basin-scale WNP TC frequency and its summer monsoon pre-
cipitation from 1982 to 2020. Results show that there is a significant positive correlation
between basin-scale TC frequency and WNP monsoon circulation, as well as monsoon
rainfall. In contrast, the interannual variation in basin-scale TCF is less affected by SSTs
over the central and Eastern Pacific, revealing the relatively weaker roles of ENSO and
the Pacific Meridional Mode. Nevertheless, ENSO effectively modulates regional-scale
TC frequency by altering lower tropospheric vorticity, middle tropospheric humidity, and
vertical wind shear over the Southeastern and Northwestern WNP. For instance, more TCs
occur over the Southeastern WNP during El Nifo years, while fewer occur during La Nifia
years [20,21].
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The interannual variation in basin-scale TC frequency is predominantly driven by
dynamic rather than thermodynamic factors. Comparing environmental conditions be-
tween active and inactive TC years over the WNP reveals that interannual variations in
TC frequency are primarily controlled by large-scale dynamic factors, with low-level cy-
clonic vorticity and mid-level upward motion playing central roles. Active TC years are
typically characterized by a significant anomalous lower troposphere cyclonic circulation
and enhanced vertical ascent, providing favorable dynamic conditions for TC genesis.
However, the SST and relative humidity are lower in the TC-active years, suggesting the
thermodynamic effects would partially reduce the impacts from dynamic conditions. These
findings are further supported by the diagnostic analysis of the DGPI.

The WNP monsoon is effectively modulating atmospheric circulation, forming fa-
vorable large-scale dynamic conditions for TC genesis. During active WNP monsoon
years, abundant monsoon rainfall induces a Rossby wave response across the main TC
development region. It enhances the lower troposphere cyclonic circulation and generates
anticyclonic circulation over the upper troposphere. This baroclinic vertical circulation
change promotes the middle-level ascending motion. Moreover, the atmospheric heating-
induced circulation change triggered by monsoon precipitation further strengthens the
low-level circulation convergence and convection, leading to more precipitation. Positive
feedback processes further promote TC genesis over the WNP. The linear baroclinic model
experiment confirmed the above physical mechanisms. In contrast, there are lower SST
and middle-level relative levels of humidity in the active WNP monsoon years. There-
fore, monsoonal precipitation-induced atmospheric heating effectively shapes the dynamic
conditions needed for TC genesis.

The WNP lower troposphere circulation is also potentially affected by remote SST forc-
ings via atmospheric teleconnections. The warming of the SST over the Indian Ocean can
trigger an equatorial Kelvin wave that leads to the development of anomalous anticyclonic
circulation over the WNP [29-31]. The SST anomaly over the tropical Atlantic Ocean could
affect the WNP circulation through air—sea interactions over the Eastern Pacific Ocean
and/or over the Indian Ocean [68,69]. They could cause possible impacts from decadal
modes and intraseasonal oscillation on the interannual variation in WNP circulation [70,71].

It is of interest to note that the close monsoon—TC relationship is only robust on the
interannual timescale. The weaker relationship on the decadal timescale may be due to
the fact that the relationship between the SST, precipitation, and atmospheric circulation
is different from that on the interannual timescale. These detailed mechanisms deserve
further investigation.
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