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Abstract: The South China Sea (SCS) summer monsoon (SCSSM) and Western North Pacific tropical
cyclones (TCs) are both tropical systems that interact with each other on multiple scales. This
study examines the differences in TCs activity characteristics between anomalous strong and weak
SCSSM years, and explores the possible mechanisms behind these differences through the coupling
relationship between tropical atmospheric circulation and oceanic surface conditions. Results show
that the destructiveness of TCs over the Western North Pacific is stronger during weak SCSSM years
than in strong years, whereas the opposite occurs for TCs over the SCS. The interaction between
the tropical Indo-Pacific ocean and atmosphere plays a key role in the relationship between SCSSM
intensity and TCs activity. In strong (weak) SCSSM years, the sea surface temperature anomaly (SSTA)
in the tropical Pacific Ocean tends to correspond to a La Nifia-like (El Nifio-like) distribution, whereas
the tropical Indian Ocean shows an Indian Ocean dipole-negative (positive) phase distribution.
Moreover, Walker circulations in both the Indian and Pacific Oceans are coupled during these years,
which creates a seesaw-like relationship in the conditions for TCs formation between the SCS and the
Western Pacific Ocean. During weak SCSSM years, the formation and activity of TCs over the SCS are
suppressed due to the weakened water vapor transport caused by abnormal easterly winds from the
eastern Indian Ocean to the southern SCS. Meanwhile, the higher SSTA in the Western Pacific Ocean
enhances the TCs activity. In strong SCSSM years, the enhanced monsoon drives a stronger monsoon
trough, improving the convective environment over the SCS, whereas in contrast, the Western Pacific
Ocean is covered by colder water, resulting in poorer conditions for TCs genesis.

Keywords: cyclones power dissipation index (PDI); monsoon trough; El Nifio southern oscillation
(ENSO); Indian Ocean dipole (IOD); Walker circulation

1. Introduction

The South China Sea (SCS) is located at the center of the Asian—Australian monsoon
system, connecting the East Asian, South Asian, and Western North Pacific monsoon
regions. The South China Sea summer monsoon (SCSSM) is an important component of
the Asian monsoon [1,2] and profoundly affects the climates of East and Southeast Asia [3].
The Western North Pacific (WNP) is the most active area for tropical cyclones (TCs) in
the world, with approximately 30 TCs generated each year [4,5], of which approximately
ten TCs are generated in, or active in the SCS [6]. The SCSSM and WNP TCs are parts of
the tropical system, and the main weather systems causing significant rainfall processes
along the coast of South China in the pre- and post-flood periods, respectively. They bring
heavy precipitation to the coastal areas of South China and are profoundly related to
their economic activities and agricultural production. In years of active monsoons, strong
convection is frequent along the coast, often with strong and destructive weather processes,

Atmosphere 2023, 14, 645. https:/ /doi.org/10.3390/atmos14040645

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos14040645
https://doi.org/10.3390/atmos14040645
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0009-0009-1600-6881
https://orcid.org/0000-0003-3720-6259
https://doi.org/10.3390/atmos14040645
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos14040645?type=check_update&version=1

Atmosphere 2023, 14, 645

20f18

causing catastrophic impacts on society, the environment, and ecology. Understanding how
these two tropical systems interact can improve the climate prediction of monsoons and
TCs, which is important for disaster prevention and mitigation in coastal areas.

Previous studies have shown that approximately 70-80% of TCs are generated in
monsoon troughs or are directly related to monsoon circulation [7,8], and the presence
of thermodynamic and dynamic conditions in monsoon troughs that are favorable for
tropical cyclone generation reveals an important relationship between monsoons and TCs.
Numerous studies have shown that on interannual and seasonal scales, significant cor-
relations exist between the frequency of TC occurrence in the WNP and the East Asian
summer monsoon (EASM) [9-11], the Western North Pacific monsoon (WNPM) [12,13],
and the South Asian monsoon (SAM) [14]. These monsoon systems influence the envi-
ronment of TCs generation through monsoon troughs, subtropical high-level jet streams,
and subtropical high or teleconnection wave trains, which in turn affect the frequency
of TCs genesis [15,16]. On the interdecadal scale, TCs and monsoon troughs are also re-
lated [17-19]. Huangfu et al. [20] found that the weakening and westward extension of the
Western Pacific monsoon trough after the late 1990s could explain the interdecadal decrease
in the number of TCs generated over the WNP.

Recently, the interaction between the SCSSM and TCs over the SCS has received in-
creasing attention. Huangfu et al. [21] and Hu et al. [22] found that the onset date and
the withdrawal date of SCSSM are both correlated with the number of TCs over the WNP.
Wang et al. [23] found that seasonal-scale monsoon characteristics largely determine the dis-
tribution of TCs over the SCS. Chen et al. [15] found that the onset of the SCSSM coincided
with the onset of the typhoon season in the WNP and generalized the circulation pattern of
the SCSSM before the season. Wang and Chen [24] found a significant relationship between
SCSSM onset and landfalling TCs frequency in China. These suggest that interactions exist
between SCSSM and TCs. However, one more question remains to be answered: how do
TCs activities differ in different SCSSM intensity backgrounds, and by what mechanisms
are they connected?

In this study, we reveal the different activity characteristics of TCs over WNP between
the strong and weak SCSSM years. The remainder of this paper is organized as follows.
Section 2 introduces the data and the methods used in this study. The different statistical
characteristics and spatial patterns of the TCs in the strong and weak SCSSM anomalous
backgrounds are illustrated in Section 3. Section 4 explains the mechanisms of the coupling
relationship through tropical ocean—-atmosphere interactions. At the end of the paper, a
conclusion and a discussion are given in Section 5.

2. Data and Methods
2.1. Data

The atmospheric reanalysis data used in this study are from the ERA5 monthly av-
eraged data of the European Centre for Medium-Range Weather Forecasts (ECMWE),
including the U-component of wind, V-component of wind, vertical velocity, relative vor-
ticity, total column water vapor (TCWV), with a 0.25° latitude x 0.25° longitude spa-
tial resolution [25]. Sea surface temperature (SST) data were obtained from the Met
Office Hadley Centre Sea Ice and Sea Surface Temperature dataset, HadISST1, with a
1° latitude x 1° longitude horizontal resolution [26]. To calculate the intensity of the SC-
SSM, a Monthly Outgoing Longwave Radiation (OLR) dataset from the National Oceanic
and Atmospheric Administration (NOAA), with a 2.5° latitude x 2.5° longitude horizontal
resolution [27-29], was utilized. All of the above monthly data cover the period 1979-2020
(42 years).

The best-track data used in this study were obtained from the Joint Typhoon Warning
Center (JTWC), archived in the International Best Track Archive for Climate Stewardship
(IBTrACS) v04r00 [30]. Our focus was on TCs that occurred during the TC season, which
runs from May to December [23], and had intensities of at least 25 knots (kts), excluding
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non-TC systems. Hereafter, we refer to these TCs as WNPTC, which are generated over the
WNP basin (105°-180° E, 0°-50° N).

For the purposes of this study, we also independently analyzed TCs that were active
over the SCS region (5°-20° N, 105°-120° E) during their lifetimes, which we refer to as
SCSTC. These were a subset of the WNPTC that we studied (Figure 1).
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Figure 1. Diagram of the Western North Pacific (WNP) basin (orange box, 0°-50° N, 105°-180° E)
and the South China Sea (SCS) region (red box, 5°-20° N, 105°-120° E).

2.2. Methods
2.2.1. Indices for TCs Activity

In this study, the total cyclone power dissipation index (PDI) is utilized to examine the
destructive potential of TCs [31]. For each TC season, the PDI is calculated as follows:

N
PDI =Y / V3, dt )
i=170

where V. is the maximum sustained surface wind speed every 6 h [32], 7; indicates the
lifetime of each TC, and N is the TCs count in every TC season. The larger the PDI, the
stronger the combined TC activity and the greater the destructiveness.

To examine the spatial pattern of the PD], this study also calculates the regional PDI,
which is defined in the same way as the PDI, except that the research area is gridded into
2° x 2° grid points, and the PDI within each grid point is calculated as the Regional PDI.
The Regional PDI depends mainly on the intensity and track density of TCs entering the
grid point [33].

To compare the maximum wind speeds during the lifetimes of TCs within different
TC seasons, this work used the average Lifetime Maximum Intensity (LMI) [34] as follows:

1 N

LMI = N i:Zl(Vsmax)i 2)

where Vipqy is the maximum sustained surface wind speed during the lifetime of each
TC [34]. In addition, the research also counts the frequency of TCs genesis, average lifetime,
and average generation location as indicators of TCs activity.
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2.2.2. Criteria for SCSSM Intensity and Anomalous Years

Current studies of climate variability in the South China Sea lack a consensus method
for defining summer monsoon intensity. Most of the existing methods are calculated from
either dynamic (e.g., zonal wind difference, vorticity, or divergence) or thermodynamic
elements (e.g., precipitation, equivalent potential temperature, or OLR) [35-39]. In this
study, the SCSSM index refers to the definition of Wu and Liang [40]. By combining
dynamic and thermodynamic parameters, the southwest wind, and the OLR, the intensity
of SCSSM (Ispy) is characterized as follows:

Vsw — Vsw _ OLR — OLR
vsw JoLR

Isp = Ivsw + Iorr = 3)
where [y, is the standardized southwest wind index and Iy is the standardized OLR
index. Specifically, Vsw = \% (1 + ) is a projection of the monthly average 850 hPa winds

in the southwest direction over the SCS (Figure 1); OLR is the average OLR value over the
month. Vsw and OLR are multi-year means over the month, and dy, and o are the
standard deviations of Vsw and OLR, respectively. Physically, the intensity of the SCSSM
can be indicated by the magnitude of the 850 hPa southwest wind and the intensity of
convection. The stronger (weaker) the southwest wind, and the smaller (larger) the OLR
value, indicating stronger (weaker) convection and stronger (weaker) SCSSM.

Based on the multi-year average monthly Isy seasonal circulation curve (Figure 2),
the Isps from May to October is typically greater than zero. Therefore, to obtain the annual
Isp, we calculated the average value of the monthly Isys from May to October for each year.
This time period coincides with the months of onset and withdrawal of SCSSM identified
in previous studies [2,41]. The resulting annual Isy; was normalized and detrended, and
used as a year-by-year time series of the SCSSM intensity index (Figure 3). In this study,
a standard deviation of one is used as the criterion to identify years with anomalously
strong or weak SCSSM activity. Based on this criterion, eight years were identified as
anomalously strong (1984, 1985, 1999, 2000, 2009, 2012, 2013, and 2016), whereas eight years
were identified as anomalously weak (1982, 1983, 1987, 1993, 1997, 2004, 2015, and 2019)
during the period 1979-2020. The remaining years were categorized as neutral.

Monsoon Index

3 4 5 6 7 8 9 10 11 12
Months

Figure 2. Seasonal circulation curves of the SCSSM intensity index (Isys, black curve), southwest wind
index (Iygy,, orange curve), and the OLR index (IprR, blue curve) for each month of the multi-year
average. The boxes and whiskers are the monthly Isys of multi-year ranges.
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Figure 3. Time series of SCSSM intensity index (Isys) from 1979-2020. The red columns represent
years with SCSSM activity exceeding one standard deviation, indicating anomalously strong years.
The blue columns represent years with SCSSM activity below negative one standard deviation,
indicating anomalously weak years.

In addition, to filter out high-frequency variations in the spatial distribution, a spatial
9-point filter was applied [33].

3. Characteristics of TCs activity in SCSSM Anomalous Years

To investigate the differences in TCs activity during SCSSM anomalous years, we con-
ducted composite analyses of the annual frequency, intensity, lifetime, destructive potential,
and spatial patterns of TCs activity for the anomalously strong and weak years, respectively.

3.1. General Indicators

The statistical characteristics of the general indicators of WNPTC and SCSTC activity
during the strong and weak SCSSM years, respectively, are shown in Table 1. The frequency
of WNPTC during the TC season is not significantly different between the strong and weak
years, which both deviated from the neutral years within 5%. However, the frequency
of SCSTC in the weak years is only 8.75, which is 2.21 (~20.2%) less than the neutral
years, and 2.75 (~23.9%) less than the strong years. The LMI is used to examine the
intensity characteristics of the TCs. In both WNPTC and SCSTC, the LMI in the weak
years is significantly higher than that in strong years, and the differences between them are
6.07m/s (16.0%) and 5.16 m/s (14.6%) over WNP and SCS, respectively. During the SCSSM
strong years, in both WNPTC and SCSTC, lifetimes are significantly shorter than neutral
years, by 0.8 days (12.6%) and 0.4 days (7.3%), respectively. The weak years displayed
significantly longer lifetimes, by 0.94 days (14.8%) and 1.2 days (21.8%), respectively. As
expected, the differences in TCs lifetimes between the strong and weak years are significant
at approximately 31% in both the WNP and SCS.

To characterize the destructive potential of TCs, we also examined the cyclone power
dissipation index (PDI) in the two types of anomalous SCSSM years. For WNP, the PDI
is lower in the strong years and higher in the weak years, with a significant difference of
38.4% between these two types. For SCS, we calculated the PDI of SCSTC in the entire
WNP and in only the SCS, respectively. The results of both areas influenced by SCSSM are
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consistent, being stronger in the strong years and weaker in the weak years, although the
differences are not significant.

The above results indicate that there are notable differences in TCs activity between
anomalously strong and weak SCSSM years. TCs occur more frequently during strong
SCSSM years, but have weaker maximum intensities and shorter lifetimes compared to
weak SCSSM years. These findings hold true for both WNPTC and SCSTC, with the most
significant differences observed in lifetimes. However, the destructive potentials of WNPTC
and SCSTC exhibit opposite patterns in strong and weak SCSSM years. Specifically, the PDI
is lower for WNPTC but higher for SCSTC during strong years, indicating that TCs activity
is more concentrated in the SCS, whereas the opposite is true during weak years. Spatial
pattern analysis is used to further explore the underlying reasons for these differences.

Table 1. Statistical characteristics of indicators for TC activity in SCSSM anomalous years.

Neutral Strong Weak Difference

Type Index SCSSM SCSSM SCSSM Percent (%) p-Values
Count (N) 27.50 28.88 26.50 8.2 0.16
LMI (m/s) 39.22 37.92 43.99 —16.0* 0.02
WNPTC Lifetime (d) 6.37 5.57 7.31 —31.3* <0.01
PDI (101! m3/s2) 7.48 6.71 9.28 —38.4* 0.05
Count (N) 10.96 11.50 8.75 239 % 0.04
LMI (m/s) 35.31 35.30 40.46 —146* 0.08
SCSTC Lifetime (d) 551 5.11 6.71 —314* 0.02
PDI in WNP (101! m3/s2) 1.91 1.99 1.76 11.2 0.67
PDI in SCS (101 m3/s2) 0.71 0.75 0.61 19.3 0.32

Note: An asterisk (*) indicates statistical significance at the 90% confidence level.

3.2. Spatial Patterns of TCs Activity

Firstly, we analyze the locations of TCs genesis and the range of their activity. As
shown in Figure 4, during SCSSM strong years, TCs generally generate close to the East
Asian continental coast, with the average location of cyclone genesis at 16.2° N, 135.8° E,
and a higher frequency of TCs genesis over the SCS region, which confirms the findings in
Section 3.1. On the other hand, during weak years, the latitudinal spread of TCs genesis
widens, with the average genesis location shifting closer to the tropical Central Pacific at
13.4° N, 142.6° E, whereas fewer and weaker TCs generate around the East Asian coast. The
average TCs genesis location shows a significant difference between the strong and weak
years. Additionally, it is noticeable that the low latitude region, located east of 150° E and
south of 15° N (green box), only generates 2.5 TCs per year during strong years, compared
to 7.4 TCs per year in weak years, which represents a nearly threefold difference, indicating
an unfavorable environment for TCs genesis in strong years, but a favorable one in weak
years. Possible mechanisms will be described in Section 4.1.

To reveal spatial differences in TCs activity between the two types of SCSSM anoma-
lous years, we calculated the TCs track density, average intensity (represented by the grid
point average TCs maximum wind speed), and regional PDI for strong and weak years, re-
spectively. The spatial distributions of the differences between them are shown in Figure 5.
From the distribution of TCs track density differences (Figure 5a), it is evident that the TCs
track densities along the Asian continental coast in strong SCSSM years are higher than
those in weak years, especially in the northern SCS off the coast of Southern China, whereas
those over the broad sea area east of the Philippines are significantly lower. The amount
of TCs activity close to the continent responds to the SCSSM just opposite the broad sea
area east of the Philippines. A similar pattern exists in the different distributions of TCs
average intensity (Figure 5b), with TCs in the northern SCS being significantly stronger in
the strong years, while being weaker over most areas of the WNP and southern Japan.
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Figure 4. Genesis locations and activity ranges of TCs. Curves represent the TCs tracks, dots the
TCs genesis locations, and cyclone symbols the TCs average genesis positions over WNP during
TC season. The colors red and blue are used to distinguish between strong and weak SCSSM years,
respectively. Within the green box, the number of TCs genesis per year in strong and weak SCSSM
years differs by nearly three times.

The regional PDI spatial pattern (Figure 5c) can be well summarized as an integrated
result of track density and average intensity characteristics, which can effectively represent
the destructive potential of TCs in different areas. In weak SCSSM years, TCs are generated
close to the tropical Central Pacific, and there are more and stronger TCs activities in the
east of 130° E, resulting in significantly higher regional PDI. After the development of
these TCs over the warm-pool region, they hit the Philippine coast with violent intensities.
However, since TCs moved into the SCS, owing to the weak SCSSM, deep convection is
weaker than that in strong years, and cyclone intensity gradually weakened, resulting in
low regional PDI in the SCS.

In strong SCSSM years, the conditions are reversed and the opposite occurs. In these
years, the East Asian continent, especially the southern coast of China, is required to defend
against TCs that generate and intensify near the shore.
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Figure 5. Nine-point-filtered spatial distribution differences (strong SCSSM years minus weak SCSSM
years) of (a) TCs track density, (b) average intensity, and (c) regional PDI over WNP basin during TC
season. Dots mark areas statistically significant at the 90% confidence level.

4. Possible Mechanisms
4.1. Monsoon Trough

Previous studies have shown that the location of the Monsoon Trough (MT) has a
controlling effect on the activity distribution of WNPTC [20,42,43]. Wu et al. [18] found
that more TCs were generated in the WNP when the MT extended eastward. To verify
the relationship between SCSSM intensity and monsoon trough pattern over the WNP,
this study conducted a regression analysis on the 850 hPa circulation and OLR in WNP
during the period from May to December based on the annual Isy;. In both the strong
and weak years, two MTs in the SCS and the Philippine Sea regions can be distinguished
(as shown in Figure 6a,b). Compared to the weak years, the position of the SCS MT does
not differ significantly in the strong years, but the intensity difference is remarkable, with
stronger southwest winds and more intense convective activity. On the other hand, the
intensity and pattern of the Philippine Sea MT undergo significant changes between the
strong and weak years. In strong years, the Philippine Sea MT extends only to 140° E, with
energy concentrated near the Philippine Islands due to the supplement of strong southwest
moisture input from the SCS and the Western Pacific region, forming a block-shaped low
OLR area. In the weak years of the SCSSM, the MT can extend eastward to nearly 155° E,
at a lower latitude, with a more scattered distribution of low OLR values, and closer to the
tropical central Pacific.
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Figure 6. An 850 hPa horizontal wind field (streamline) and OLR (shade) during TC season (May
to December) in (a) SCSSM strong years and (b) SCSSM weak years, respectively, regressed against
the annual Isy;. The regression elements have statistical significance at the 90% confidence level.
The MT is denoted by a purple, thick-dashed line. The solid red dots represent the locations of TC
genesis. The blue boxes represent four sub-regions: Area I (i.e., SCS, 3°-25° N, 105°-120° E), Area
IT (15°-25° N, 120°-150° E), Area III (3°-15° N, 120°-150° E), and Area IV (3°-15° N, 150°-180° E).
The bar charts (c) show the number of TCs genesis per year in each area during TC season, in which
strong SCSSM years are in red and weak SCSSM years are in blue, with yellow shading indicating
that the differences are significant at 90% confidence level.

As shown in Figure 6, based on the range of MT activity and TC genesis, four sub-
regions are divided in the WNP: Area I (i.e., SCS, 3°-25° N, 105°-120° E), Area II (15°-25° N
120°-150° E), Area III (3°-15° N, 120°-150° E), and Area IV (3°-15° N, 150°-180° E). The
positions of TC genesis are closely related to the position of MT, and the number of TC
genesis in the four regions differs significantly between the strong and weak years. In
the SCSSM strong years, the SCS is affected by a stronger MT, resulting in a significantly
higher number of TCs being generated. The same happens in Area II, the northern part
of the Philippine Sea, where the number of TCs in strong years is more than twice as
much as that in weak years, which is related to the northward MT. Conversely, in weak
years, TCs tend to be generated at a lower latitude, in Areas III and IV. Especially in
Area IV, during the weak years, the anomalous eastward expansion of MT results in more
TCs generation, in contrast to the strong years. These composited patterns are consistent
with previous studies. The MT is a background field for the growth of synoptic-scale
wave disturbances [44], and it provides an environment for the enhancement of convective
activity and TCs genesis [18-20], and thus anomalous MT activities controlling the variation
in the frequency of TC formation in different regions.
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4.2. Subtropical High

Climatologically, the MT over the Western Pacific extends along the southwestern
edge of the subtropical high, which is well coupled with multi-scale systems including
ENSO [45-47]. Before discussing the larger-scale ocean—-atmosphere system, we examine
the distribution of the Western Pacific subtropical high (WPSH) in anomalous SCSSM years.
The patterns of the WPSH during TC season in the anomalous SCSSM years are shown
in Figure 7. The WPSH intensity in strong SCSSM years is weak, the ridge latitude is
northward, and the westward extension of the ridge point is eastward, which is in obvious
contrast to the strong WPSH in the weak years, making it a contributor to the difference in
destructive potential. The difference in ridge latitude is the most significant during the peak
of the monsoon (JJA) (Figure 7b). In strong years, the WPSH ridge is northward, whereas
the SCS MT and the convection over the northern part of the Philippine Sea are strong,
which favors TC genesis over the SCS and Area II. On the contrary, in the weak years, when
the WPSH ridge is southward, the TC formation condition of Area II turns worse due to
the suppression of convection by the WPSH, so it can well explain the difference of Area II
between the strong and weak years.

(@) WPSH pattern
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Figure 7. (a) The patterns (unit: gpm) and (b) the ridge latitudes of Western Pacific subtropical high
(WPSH) at 500 hPa over the WNP basin during TC season (May to December), in which strong
SCSSM years are in red and weak SCSSM years are in blue, with yellow shading in (b) indicating that
the differences are significant at 90% confidence level.
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The interannual variation of WPSH is modulated by tropical ocean and atmosphere
interaction [48]. In order to understand the relationship between WPSH, SCSSM, and TCs
activity, we need to turn our attention to a larger scale of the tropical Indo-Pacific Ocean.

4.3. Interaction of Tropical Indo-Pacific Ocean—Atmosphere System

The above analysis shows that the SCSSM intensity is coupled with the MT and the
WPSH, which indicates that its interannual variability is not only a response to regional
synoptic-scale changes. As a central system in the Asian—-Australian monsoon region, the
anomalies of the SCSSM are closely responsive to the large-scale tropical Indo-Pacific ocean—
atmosphere system [49]. Studies have shown that there is a robust relationship between
monsoon and sea surface temperature (SST) [23,50,51]. In terms of the SST anomaly (SSTA)
during the TC season (May to December), the tropical Indo-Pacific Ocean shows tripolar
distributions in anomalous SCSSM years (Figure 8), with a negative—positive-negative
pattern in strong years and a positive-negative—positive pattern in weak years. In strong
(weak) years, the Indian Ocean has an Indian Ocean Dipole (IOD) negative (positive) phase
distribution, whereas the Central-Eastern Pacific Ocean has a La Nifia-like (El Nifio-like)
pattern, and the Western Pacific warm-pool region is a large area of positive (negative)
SSTA. This distribution further confirms the coupling relationship between the intensity of
the SCSSM and Indo-Pacific pattern [52,53], such as El Nifio-Southern Oscillation (ENSO)
or IOD.
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Figure 8. Distribution of SSTA differences (strong years minus weak years) in the tropical Indo-Pacific
Ocean during TC season (May to December) in anomalous SCSSM years. Dots mark areas that are
statistically significant at the 90% confidence level.

Numerous studies have described the activity of the WNPTC response to
ENSO [23,54-60]: in El Nifio years, there are more TCs in the eastern part of the WNP, and
the TCs in El Nifio years are stronger and longer-lived than in La Nifia years. In addition to
the influence of ENSO, the impact of the Indian Ocean mode on WNPTC has been empha-
sized in recent years. Zhan et al. [51] revealed that the influence of the East Indian Ocean
SSTA on WNPTC has been significantly enhanced since the late 1970s. Zhou et al. [61]
discovered a significant negative correlation between the number of TCs landfalling in
China and the IOD. Liu et al. [62] proposed two joint modes of the Indo-Pacific SSTA,
and the oscillations between them could reveal the interdecadal variation in the genesis
frequency of WNPTC.

Furthermore, tropical Indo-Pacific SSTA exerts a critical influence on the WPSH [63].
Previous studies have highlighted the impact of tropical SSTA on WPSH and demonstrated
that El Nifo is a key source of its variability [48,63,64]. Additionally, some mechanisms
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related to the Indian Ocean and the Maritime Continent are also important contributors to
the WPSH variability [65-68].

Therefore, through the action of WPSH, the tropical Indo-Pacific SSTA controls the
spatial and temporal extent of TC activity and modulates the East Asian atmospheric
circulation (including SCSSM), and plays a key role as a mediator in the strong relationship
between the SCSSM and WNPTC.

As shown in Figure 9, the tripolar SSTA distribution leads to two anomalous Walker
cells [69]. In strong (weak) SCSSM years, WPSH abnormally weakens (strengthens), and the
Western Pacific is an anomalous ascending branch (descending branch) closely connected
with the anomalous descending branches (ascending branches) over the Indian Ocean and
Central-Eastern Pacific [66]. This means that in anomalous SCSSM years, the tropical Indo-
Pacific air-sea systems are stably coupled. By combining the distributions of atmospheric
circulation and related physical variables, the factors responsible for the differences in
WNPTC activity in anomalous SCSSM years could be further understood.
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Figure 9. Vertical section differences (strong years minus weak years) of equatorial (average of
5° 5-5° N) vertical velocity (shade) and latitudinal circulation (arrow) over the tropical Indo-Pacific
Ocean during TC season (May to December) in anomalous SCSSM years. Shaded areas are statistically
significant at the 90% confidence level.

In strong SCSSM years, anomalous eastward winds occur over the tropical Indian
Ocean and anomalous westward winds occur over the tropical Pacific Ocean at the lower
level, whereas the opposite is true at the upper level (Figure 10a,b), forming two Walker
cells in their respective basins. They constitute a latitudinal wind anomalous convergence
zone near the Western Pacific warm pool region (90-150° E), which also corresponds to
the upward vertical motion anomalous zone (Figure 10c). This upward zone essentially
controls the SCS to the Philippine Sea, which, together with the improved water vapor
input from the SCSSM (Figure 10e), favors more TCs active in the region. Moreover,
SCS is a zone of positive relative vorticity (Figure 10d), indicating active convection and
enhanced monsoon trough, which also favors the generation and activity of the SCSTC.
However, the opposite is true in the eastern part of WNP, with negative relative vorticity
anomalies, anomalous downward vertical motion, and low water vapor, indicating that
the dynamic and thermodynamic conditions are unfavorable for the generation of TCs in
this region. Therefore, this pattern explains the seesaw relationship between the spatial
activity characteristics of TCs over the SCS and the eastern part of WNP during the SCSSM
anomaly years, as shown in Figure 5.
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Figure 10. Distribution differences (strong years minus weak years) of (a) 850 hPa wind (arrow, unit:
m/s); (b) 200 hPa wind (arrow, unit: m/s); (c) 500 hPa vertical velocity (shade, unit: 1073 m/s);
(d) 850 hPa relative vorticity (shade, unit: 10~ s71); (e) total column water vapor (shade, unit: kg/ m?)
over the tropical Indo-Pacific Ocean during TC season (May to December) in SCSSM anomalous years.
Shaded areas in (a,b) and dotted areas in (c—e) are statistically significant at the 90% confidence level.

5. Conclusions and Discussion
5.1. Conclusions
In this study, we investigate differences in TCs activity indicators between strong and

weak anomalous SCSSM years and explore potential mechanisms that explain these differ-
ences. Our analysis highlights the impact of the tropical Indo-Pacific ocean—atmosphere
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interaction on the relationship between SCSSM intensity and TCs activity. Here are the
main points of the study:

1.

Downdraft

Anomalously strong (weak) SCSSM years are associated with weak (strong) maximum
intensities and short (long) lifetimes of WNPTC. SCSTC are more (less) frequent
during strong (weak) SCSSM years.

During strong years, TCs are more frequent and powerful along the coast of East
Asia, especially in Southern China. In weak years, TCs tend to reach their lifetime
maximum intensities in the Philippine Sea, but after moving to coastal areas, their
intensities decay more rapidly, and the threat to the East Asian continent is not as
significant as in strong years.

A coupled status exists between the SCSSM and the tropical Indo-Pacific Ocean. Dur-
ing anomalously strong (weak) SCSSM years, the tropical Pacific Ocean SSTA tends to
correspond to a La Nifia-like (El Nifio-like) distribution, whereas the tropical Indian
Ocean shows an IOD-negative (positive) phase distribution, indicating a coupled
relationship between the SCSSM and the tropical Indo-Pacific Ocean. Moreover, the
Walker circulations in both the Indian and Pacific Oceans are coupled during these
anomalous years.

During weak SCSSM years (Figure 11b), the tropical anomalous wind field corre-
sponding to the SSTA distribution leads to a latitudinal wind anomaly divergence
zone over the Western Pacific Ocean. The Western Pacific Ocean is dominated by a
strong subtropical high, and anomalous easterly winds in the eastern Indian Ocean
weaken moisture transport and reduce convective activity over the SCS. These condi-
tions are unfavorable for SCSTC genesis and activity. At the same time, the Pacific
Ocean east of 150° E has a positive SSTA, and both dynamic and thermodynamic
conditions are favorable for the generation and development of TCs, so a high PDI
zone appears in this region.

During strong SCSSM years (Figure 11a), the enhanced summer monsoon drives the
enhanced SCS monsoon trough, which directly improves the convective environment
over here. The positive vorticity anomaly in this region is favorable to TCs activity
with high PDI. In contrast, the eastern part of the warm-pool region is covered by cold
water and has worse conditions for TCs genesis, thus presenting a low PDI.
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Figure 11. Mechanism diagram of the tropical Indo-Pacific ocean-atmosphere system and TCs activity

characteristics in (a) strong and (b) weak SCSSM years.
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5.2. Discussion

Although previous studies have investigated the impact of tropical oceans on WNPTC
activity, there has been relatively little consideration of the role of the SCSSM. In this
study, we have identified differences in WNPTC activity under different SCSSM intensity
backgrounds, and have explained the relationship between the two through the coupled
response of the Indo-Pacific SSTA pattern. This has improved our understanding of the
influence of tropical ocean-atmosphere interactions, and emphasizes the crucial role of the
SCSSM as an important signal amount. Although the Indo-Pacific system can explain the
main co-variation between the SCSSM and WNPTC, the non-linearity of their connections
makes it difficult to examine their direct relationship when controlling for Indo-Pacific
SSTA effects. This is a limitation of our study, and we plan to validate the direct interaction
between the two in a coupled ocean—-atmosphere model in future research. With climate
change causing uneven warming rates across ocean basins, it is possible that the relationship
between SCSSM and TCs may also change [70]. Additionally, recent trends of TCs shifting
towards land raise the question of whether the influence of the SCSSM on cyclones has
increased [71]. These questions will be addressed in future research.
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