
atmosphere

Article

Changes in Intensity and Variability of Tropical Cyclones over
the Western North Pacific and Their Local Impacts under
Different Types of El Niños

Yuhang Liu 1, Sun-Kwon Yoon 2,*, Jong-Suk Kim 1,* , Lihua Xiong 1 and Joo-Heon Lee 3

����������
�������

Citation: Liu, Y.; Yoon, S.-K.; Kim,

J.-S.; Xiong, L.; Lee, J.-H. Changes in

Intensity and Variability of Tropical

Cyclones over the Western North

Pacific and Their Local Impacts under

Different Types of El Niños.

Atmosphere 2021, 12, 59.

https://doi.org/10.3390/

atmos12010059

Received: 12 November 2020

Accepted: 29 December 2020

Published: 31 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 State Key Laboratory of Water Resources and Hydropower Engineering Science, Wuhan University,
Wuhan 430072, China; yuhangliu233@gmail.com (Y.L.); xionglh@whu.edu.cn (L.X.)

2 Department of Safety and Disaster Prevention Research, Seoul Institute of Technology, Seoul 03909, Korea
3 Department of Civil Engineering, Joongbu University, Goyang-si, Gyeunggi-do 10279, Korea;

leejh@joongbu.ac.kr
* Correspondence: skyoon@sit.re.kr (S.-K.Y.); jongsuk@whu.edu.cn (J.-S.K.)

Abstract: This study investigated the effects of El Niño events on tropical cyclone (TC) characteristics
over the western North Pacific (WNP) region. First, TC characteristics associated with large-scale
atmospheric phenomena (i.e., genesis position, frequency, track, intensity, and duration) were investi-
gated in the WNP in relation to various types of El Niño events—moderate central Pacific (MCP),
moderate eastern Pacific (MEP), and strong basin-wide (SBW). Subsequently, the seasonal and re-
gional variability of TC-induced rainfall across China was analyzed to compare precipitation patterns
under the three El Niño types. When extreme El Niño events of varying degrees occurred, the local
rainfall varied during the developmental and decaying years. The development of MEP and SBW
was associated with a distinct change in TC-induced rainfall. During MEP development, TC-induced
rainfall occurred in eastern and northeastern China, whereas in SBW, TC-induced heavy rainfall
occurred in southwest China. During SBW development, the southwestern region was affected by
TCs over a long period, with the eastern and northeastern regions being affected significantly fewer
days. During El Niño decay, coastal areas were relatively more affected by TCs during MCP events,
and the Pearl River basin was more affected during SBW events. This study’s results could help
mitigate TC-related disasters and improve water-supply management.

Keywords: extreme El Niño event; tropical cyclone; tropical cyclone-induced precipitation; China

1. Introduction

Recent advances in satellite remote sensing have provided the opportunity to assess
the impact of anthropogenic climate change on natural disasters, a topic that has been
explored in many studies [1–4]. Data obtained in studies on climate change can provide
the data basis for environmental monitoring and forecasting, which have implications
for global agriculture, livestock breeding, forestry, and other natural-resource industries.
Damage to industries and infrastructure from events, such as floods or droughts, could be
mitigated through an improved understanding of the effects of climate change; for example,
knowledge of flood trends could support dam flood-control calculations and repairs [1].
Many studies have shown that tropical cyclones (TCs) have a considerable impact on
China’s summer rainfall. Studying TC patterns could help link summer hydrological
decision-making in China with global climate trends. In the western North Pacific (WNP),
TC-induced rain accounted for 9% of rainfall events and 21% of accumulated rainfall for
1979–2005 [2]. TC events accounted for 37% of natural disaster-related damage in China,
and from 1994 to 2013, catastrophic TC events led to an economic loss of approximately 17%
in China [3]. Therefore, it is necessary to investigate the changing intensity and variability
of TCs, as well as their local impacts.
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TC-induced rainfall is affected by many factors, including the El Niño–Southern
Oscillation (ENSO) [4,5]. Air–sea interactions in the tropical Pacific generate extreme ENSO
events [5]. Zhao et al. [3] investigated TC variability using satellite data from 1979 to 2015,
and along with a decreasing trend in the number of TCs in the WNP, they observed a
stronger relationship between El Niño and TC activities since 1998. Thus, it is vital to
better understand the relationship between extreme ENSO events and TC characteristics to
improve climate projections [4]. Many studies have explored factors influencing seasonal
precipitation variations, and El Niño events have been found to greatly impact summer
precipitation in China [4,6–8]. Additionally, TCs that occur in the WNP promote extreme
rainfall events accompanied by abnormal advection of moisture. However, El Niño’s effect
on rainfall and its indirect impact on the behavior of TCs remain partially understood [4,9].
Therefore, in this study, we evaluated the impact of different types of El Niño events on TC
activities and TC-induced rainfall.

A subtropical high is one of several highs that reach the Northern Hemisphere and
play an important role in balancing transportation, water supply, energy, and heat, as
well as effecting seasonal variations. Thus, the subtropical high has a strong influence
on TC tracks and the atmospheric climate of China. Many studies have discussed the
linkages between TCs and the subtropical high and their role in increasing rainfall. TCs
and TC-induced anticyclonic circulation anomalies promote water vapor transport [10–12].
TC events also have a significant impact on the subtropical high and relevant weather
changes in the WNP [11,12]. These TC/subtropical high interactions affect the prediction
of TC features, such as tracks and heavy rainfall, across East Asia, where the western
subtropical high greatly affects the summer climate in East Asia [13].

An investigation of the effects of El Niño on precipitation revealed that ENSO events
cause an intense southwest wind along coastal China, which leads to unusual rainfall
in northern China in the decaying years of El Niño events [6]. Zhang et al. [7,8] noted
that the amounts of TC-induced precipitation in inland China were low compared with
that experienced in coastal regions. Further, several studies have indicated that ENSO
events affect TC characteristics, such as their tracks and genesis positions [9,14], and
their intensity [15,16]. In addition, TCs tend to occur more frequently and have a longer
lifetime when occurring in the context of a strong ENSO [17]. However, few studies have
emphasized the distinctions between types of El Niño events and their effect on TCs. As the
characteristics of TCs and impacts induced by TCs vary, they must be studied separately.
From a long-term perspective, discussing links between El Niño events and the impacts of
TCs, such as induced rainfall, is crucial.

Zonal and meridional asymmetries in weather and oceanic conditions contribute to
the diversity of ENSO forms, which reflect the complicacy of atmospheric feedbacks [18].
Some studies categorized El Niño events as Central Pacific (CP) or Eastern Pacific (EP)
events. Cai et al. [19] noted that during the development of EP El Niño events, seasonal
rainfall decreases in South America, whereas it increases during El Niño decay. However, in
CP events, precipitation patterns are more complicated and remain unclear. Wang et al. [20]
applied a nonlinear K-means cluster analysis to distinguish El Niño events of various
magnitudes with greater specificity. The method classifies El Niño events based on three
types of onsets: moderate central Pacific (MCP), moderate eastern Pacific (MEP), and
strong basin-wide (SBW) events. SBW El Niño events are significant in their intensity,
particularly in the initial winter and spring, with maximum SSTAs reaching over 2.5 ◦C [21].
They are coupled with strong atmospheric convection and warm SSTAs, and experience
extraordinary basin-wide growth in the boreal spring. They induce SSTAs that spread
easterly, causing abnormalities in the west. MCP El Niño events originate in the CP with
continuous moderate warming. They extend eastward and reach their maximum intensity
in the CP, accompanied by convective wind anomalies. In contrast to SBW activities, the
western SSTA in MCP events occurs in the interior of the basin and develops later. MEP El
Niño events begin in the far EP. Owing to SSTA-induced negative wind-pressure anomalies
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that facilitate the westward movement of warming by inhibiting upwelling, the easterly
wind anomalies are uniquely and significantly reversed in the central-western Pacific [20].

The amount of rain varies in the emerging and warming phases of El Niño, and the
spatiotemporal changes in water vapor tracks depend on the El Niño types [21]. As the
ENSO classification system becomes increasingly refined, the relationship between El Niño
and TCs characteristics can be analyzed in greater detail. Owing to the delayed atmospheric
response to oceanic behavior in El Niño, better knowledge of regional precipitation patterns
could simplify rain forecasting [22]. Therefore, this study analyzed differences between the
effects of three El Niño types (MCP, MEP, and SBW) on TC activities in the WNP and on
the seasonal variability of TC-induced rainfall in China. In addition, this study analyzed
rainfall indices for fractional TC-induced precipitation during the study period and applied
them to determine optimum forecasting models for the study region. The results of this
study could support measures to reduce and mitigate TC-related disasters and improve
water-supply management under changing climate conditions.

2. Materials and Methods
2.1. Study Area and Weather Stations

Figure 1 shows the study area and location of active weather stations in China. TC
impacts are experienced throughout China, but especially in the country’s southeastern
area and the Pearl River basin. Therefore, this study selected the area spanning from the
equator (EQ) to 60◦ N and 60◦ E to 180◦ E, which includes all regions of China and the
areas tracked by TCs. When analyzing the tracks of TCs throughout Asia, the application
of a grid map allows the effective visualization of the density of TC distribution. This
study utilized daily precipitation data from 839 meteorological stations within nine river
basins in China, which were provided by China’s Meteorological Data Service Center.
Some relatively early data were missing because of observation errors and underdeveloped
equipment. Therefore, we selected daily accumulated rainfall data from 1961 to 2017 at
839 stations to measure the influence of different TC patterns on all river basins throughout
China.
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Figure 1. Map of the study area (5–55◦ N, 75–135◦ E) and locations of the weather stations in China.

To study the local impacts of TCs, this study considered TC-induced precipitation
separately from daily rainfall, which increased the accuracy of the comparative analysis.
Kim et al. [23] used different time windows and TC radii to consider the spatiotemporal
impacts of TCs. Time windows, an empirical methodology developed by Kim and Jain [23]
to study seasonal flow separation in the Korean Peninsula, specify the timeframes impacted
by TCs and extract TC-induced rainfall from daily precipitation data. This study adopted a
three-day time window to reflect the duration of the relevant moisture supply [24]. Among
precipitation indices widely applied in previous studies to perform trend analyses and
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regional rainfall calculations [7,8,25], this study selected seasonal total precipitation on wet
days when daily precipitation >1 mm (PRCPTOT), the maximum number of consecutive
TC-induced precipitation days (CTPD), to help to analyze regional rainfall characteristics
and summarize the distribution of precipitation.

2.2. Classification of El Niño Events

To distinguish the impacts of diverse TCs, this study focused on TCs that occurred
during different types of El Niño events. By applying the K-means cluster analysis to the
development of the SSTA for 33 extreme El Niño events from 1901 to 2017, first-year El
Niño events were classified into three types—MCP, MEP, and SBW—which vary in origin,
initiation, outspreading, strength, and other features (see Table 1). These parameters were
determined based on the Niño 3.4 index, which is derived from SSTAs calculated using the
Hadley Center Sea Ice and SST dataset version 1 (HadISST1) from the Met Office Marine
Data Bank and WMO GTS data by removing the mean SST in the region (170◦ W–120◦ W,
5◦ S–5◦ N). “Extreme” El Niño events were defined according to Wang et al. [20]. The
SST data and Niño 3.4 index values were obtained from the Ocean Observations Panel
for Climate (OOPC) and the Joint WMO-IOC Commission for Oceanography and Marine
Meteorology (JCOMM) Services program area. They served to verify the characteristics of
selected El Niño events to reduce errors owing to different data-capture regions.

Table 1. Main properties of moderate central Pacific (MCP), moderate eastern Pacific (MEP), and
strong basin-wide (SBW) ENSO events.

Moderate Central Pacific (MCP) Moderate Eastern Pacific (MEP) Strong Basin-Wide (SBW)

• begin with mild warming in
the western Pacific

• expand eastward

• originate in the far EP
• propagate westward

• westerly SST anomaly
followed by distinctive
basin-wide development

• extraordinary intensity
(maximum SSTA >2.5 ◦C)

In general, during the mature phases of MCP, MEP, and SBW events, their associated
SSTAs are clearly distinguishable in terms of temperature distribution and intensities and
thus result in spatiotemporal precipitation and track variations [20]. Considering their
intensity and rapid propagation, the developing years are defined as the years in which El
Niño occurs. Our cluster-based approach classified 1986/87, 1991/92, 1994/95, 2002/03,
2004/05, 2006/07, 2009/10, and 2014/15 as years of MCP; 1957/58, 1963/64, 1965/66,
1968/69, and 1976/77 as years of MEP; and 1972/73, 1982/83, 1997/98, and 2015/16 as
years of SBW.

2.3. Tropical Cyclone Data

The Regional Specialized Meteorological Center (RSMC), a Tokyo-based meteorologi-
cal organization, provided the original data and attributes for TCs. These data describe the
propagation of TCs, including the geographical coordinates of the TC center, the central
pressure, the TC identification number at fixed 6-h time intervals from 1951 to 2017. This
information is also recorded in the dataset describing the strength of the max wind speed
since 1977. Among these data, this study focused on those pertinent to TCs that occurred
in the selected decaying years and affected China, including their genesis position, tracks
recorded at 6-h intervals, recurving location (location at which the TC, at its westernmost
position, shifts its track to the northeast), central pressure, wind speed, and duration. In
general, non-recurving TCs were excluded when calculating the recurving location density
over an area [26]. Non-recurving TCs represented 72.04% (for MCP events), 78.57% (for
MEP events), and 83.72% (for SBW events) of events. The subtropical high was another
considered parameter. The subtropical high (based on the contour line of 5880 gpm at
500 hPa) was derived from the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis 1 [27].
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TC tracks are defined as a series of points over which the TC centers (defined as the
center of a circle) pass. Therefore, it is important to define a suitable TC radius to distinguish
TC-induced effects from other weather patterns. Assuming all TCs have an equal effect
over China, a fixed radius of 500 km was found to include some non-TC-induced rainfall in
the total calculated [28]. Mature TC winds usually impact a radius of less than 500 km [26].
Thus, to obtain more accurate statistics on TC-induced precipitation, this study considered
a range of TC radii (400–600 km) to reduce error related to non-TC-induced rainfall. This
study extracted TC-induced rainfall based on these tracks from the total rainfall during
May to October in the selected years using an n-day time window. On days of TC landfall,
most rainfall could be assumed to be TC-induced; thus, all rainfall from these days was
included.

2.4. Methodology
2.4.1. Kriging

In statistical calculations, primarily in geostatistics, kriging (or Gaussian process re-
gression) is an interpolation method modeled on Gaussian procedures wherein interpolated
values are controlled by prior covariances, thus providing a computationally stable and effi-
cient output [28]. Kriging is often applied in the fields of geographic science, environmental
science, and atmospheric science [29]. Meteorological data, such as precipitation, have
significant spatial characteristics. Since this kind of data comes from spatially discretely
distributed monitoring stations, which are unevenly distributed and limited in number,
the kriging method is applied to make an overall and coherent rainfall distribution. Many
studies have used this kriging method for distribution analysis [30–32].

2.4.2. Welch’s t-Test

The t-test is an inference-based statistical method used to determine whether differ-
ences exist between different samples [33]. Among these, Welch’s t-test is applied when
the number of items within each set is different and the variances of the two groups are
unknown or unidentical to identify discrepancies. Welch’s t-test was selected to compare
rainfall indices during different El Niño events with a long-term mode, which have usually
been considered “unpaired” or “independent samples” [34].

Decadal hydro-meteorological indices, with a relatively small and nonstationary
number of samples, meet the requirements for Welch’s t-test [35]. Welch’s t-test is defined
as follows by the statistic t in the following formula (Equation (1)):

t =
X1 − X2√

S2
1

n1
+

S2
2

n2

(1)

where X1, X2 are the sample means, n1 and n2 are the sample sizes for sample 1 and sample
2, respectively. S2

1 and S2
1 are the sample variances.

The variance is a function calculated as follows (Equation (2)):

S2 =
∑
(
X− X

)2

n− 1
(2)

By selecting data that satisfied t at the 95% significance level, this study ensured that
the included data were representative of the stations in each river basin and were sensitive
to TCs.

2.4.3. Pettitt Test

The Pettitt test is a nonparametric test used to assess the occurrence of sudden changes
in records [36]. The Pettitt test is the most commonly utilized method of breakout detection
owing to its sensitivity [37]. Many studies have adopted this test, including those analyzing
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precipitation and temperature [38,39], as it can detect a mutation points within specific
periods of time in many climate records [40].

The regions affected by TCs change over time and are subject to various TC intensities
and tracks. Therefore, it is necessary to consider the long-term “ramping-up point” in
each river basin and to comprehensively determine propagation of the TC-induced rainfall.
However, the Pettitt test can be applied to discern a significant transformation in the mean
of a time series without prior knowledge of the ramp-up point. The nonparametric statistic
K T , the ramping-up within period T, is defined as follows (Equation (3)):

K T = Max|Ut,T | (3)

Ut,T = ∑t
i=1 ∑T

j=t+1 sign
(
xi − xj

)
, 1 ≤ t < T (4)

where Ut, T is a statistical index, and x is a random variable.
Subsequently, for the significance analysis, the correlative confidence level ρ and the

roughly critical value p were defined as follows (Equation (5)):

ρ = 2 exp

(
−6 K2

T

T2 + T3

)
(5)

p = 1− ρ (6)

3. Analysis Results
3.1. Characteristics of TCs under Different Types of El Niños
3.1.1. Magnitude of TCs

To analyze the characteristics of TCs, we discussed variations in TCs during the
developing and decaying years of MCP, MEP, and SBW El Niño events and compared them
with long-term averages to help predict the behavior of TCs occurring under different
ENSO types and phases.

Figure 2 shows the distribution of TC data observed across the WNP and its probability
density during the developing and decaying years of ENSO. TCs were recorded, with 186,
140, and 86 events, respectively, during MCP, MEP, and SBW decaying years. TCs occurred
more frequently during MEP events than during the other El Niño types with an average
of 28 times a year. During SBW decaying years, the number of annual TCs was above
average. To explore the varying effects throughout El Niño periods, we studied both the
emerging and decaying years. During MCP, MEP, and SBW developing years, 217, 130, and
112 TC events were recorded, respectively. In addition, there was little interannual variation
within the El Niño types, and the number of TC events in MCP and SBW decaying years
was greater than that during developing years. However, the number of TCs increased
significantly during MEP developing years.

Because wind speed data were only available for 1977, wind speed statistics for MEP
events were limited. In 1977 (characterized by MEP decay), only 21 TCs were produced,
and no data were available for emerging years. There were 81 TC events during the
three SBW events in 1977. The wind speed data indicated that these TCs were weaker
than the long-term average and that anomalies were more concentrated in the range of
−30 to 20 knots in the decaying years of MEP and SBW events. However, TCs occurring
during SBW emerging years had significantly faster wind speeds. TCs during MCP events
were little impacted by El Niño phases and featured slightly higher wind speeds than
the long-term average. TCs with relatively low wind speeds were observed during SBW
decaying years. Central pressure anomaly changes were relatively minor during MCP
events, and pressure remained slightly below the multiyear average. TC intensity was
obviously greater during SBW emerging years. In MEP and SBW decaying years, most
TCs were weaker than average, though a few extremely strong TCs occurred. In terms of
duration, the lifespan of TCs ranged widely during El Niño emerging years. The differences
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in duration were relatively significant in SBW years but were less marked during MCP
events.
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Figure 2. Violin plots of tropical cyclone (TC) activities and their probability during different types
of El Niño–Southern Oscillation (ENSO) events. (a,b) show the annual number of TCs, (c,d) indicate
wind speed anomaly patterns of TCs, (e,f) show the central pressure anomaly, and (g,h) indicate
lifetime anomalies during developing and decaying years. For each panel, the violin plot shows the
kernel probability density of the data, including a dot to mark the median and a thick line to indicate
the interquartile range of each dataset. MCP: moderate central Pacific, MEP: moderate eastern Pacific,
SBW: strong basin-wide.

3.1.2. Genesis Positions and Tracks of TCs

Figure 3 shows the genesis positions of TCs in the WNP Ocean region during the
different types of El Niño years. The genesis positions in MCP emerging (Figure 3a, average
TC genesis: 144.2◦ E, 13.2◦ N) and decaying years (Figure 3b, average TC genesis: 143.1◦ E,
13.7◦ N) were similar to those in average years (average TC genesis: 141.8◦ E, 13.7◦ N). In
MEP developing years, genesis locations were relatively concentrated at lower latitudes
(Figure 3c, average TC genesis: 145.4◦ E, 11.7◦ N). However, during MEP decay, the genesis
locations (Figure 3d, average TC genesis: 142.5◦ E, 13.2◦ N) were close to their long-term
normal distribution. In contrast, the genesis positions in SBW decaying years tended to be
more westerly and closer to China (Figure 3f, average TC genesis: 134.8◦ E, 13.2◦ N).
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Figure 3. Genesis positions of tropical cyclones (TCs) during the development and decay of moderate central Pacific (MCP),
moderate eastern Pacific (MEP), and strong basin-wide (SBW) El Niño events. The black contour lines show the long-term
trends in TC genesis locations (1961–2017). The TC genesis position is defined as the first location at which a TC was
recorded in historical data provided by the Regional Specialized Meteorological Center in Tokyo, Japan. (a,b) moderate
central Pacific (MCP); (c,d) moderate eastern Pacific (MEP); (e,f) strong basin-wide (SBW).

Figure 4 shows the density circle of recurving locations during the decay period of three types of El Niño events.
Overall, 52, 30, and 14 TCs displayed recurving features (during MCP, MEP, and SBW events, respectively). During SBW
events, these points are located close to China, and the contours were wider during MCP events. Recurving points during
MEP decay were located in lower latitude zones.
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Figure 5 shows the subtropical high, represented by 5880 gpm, in the WNP region for
various El Niño conditions. A close relationship exists between the subtropical high and
TCs as streams expand and convection occurs [41]. TC expansion and recurving locations
were affected by the pressure zone. During MEP decaying years, the subtropical high was
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distinguished by a limited pressure range. As extreme events propagated, the range of
the subtropical high widened during MCP and SBW events. Regarding track density, TCs
generated in the WNP usually originated near the southern edge of the subtropical high
and moved along its periphery. During MCP and SBW decaying years, the subtropical
high was slightly stronger than its long-term average.
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Figure 5. Comparison of subtropical highs and tropical cyclone behavior under different types of El
Niño–Southern Oscillation (ENSO) events during the developing and decaying years, ((a,b) moderate
central Pacific (MCP); (c,d) moderate eastern Pacific (MEP); (e,f) strong basin-wide (SBW)). The solid
line shown in each figure indicates the long-term average position of the western North Pacific (WNP)
subtropical high (represented by 5880 gpm). Dashed lines indicate different types of ENSO events.
The grey shading marks the average path of the tropical cyclones for each case.

3.2. TC-Induced Rainfall over China
Intensity of TC-Induced Rainfall

Figure 6 shows the proportion of TC-induced rainfall (PTCR) in each river basin
throughout China. The Pearl, Yangtze, and Southeastern river basins were the regions most
affected by TCs. During MCP events, the PTCR was less than 11.6% (long-term average:
35.92% ≥MCP years: 31.74%) in the Pearl river basin compared to the long-term normal.
In contrast, the PTCR was shown to be large by 26.9% (long-term average: 14.96% ≥MCP
years: 18.99%) and 6.2% (long-term average: 19.51% ≥MCP years: 20.72%), respectively, in
the Southeast and Yangtze river basins. During MEP events, the PTCR in these three river
basins dropped slightly compared to the average year. During SBW events, however, the
PTCR was larger than usual in all these three basins, indicating a clear increase in rainfall
caused by typhoons.
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Figure 7 compares TC-induced composite PRCPTOT anomalies with the long-term
values observed at each station throughout China. The four significance levels were
determined based on Welch’s t-test. Total seasonal precipitation was concentrated in the
Yangtze, Pearl, Hong Kong, and Southeastern river basins during MCP development. Then,
rainfall moved to the coastal areas of Huaihe and Southeast. During MEP El Niño events,
rainfall continued to fall in the Southwest, Pearl, and Songliao river basins. In addition,
during SBW events when rain moved to the Yangtze and Hong Kong river basins, more
rain was concentrated in the Huaihe, Haihe, and Songliao regions. During the emergence of
MEP and SBW events and the decay of MEP events, the Songliao River Basin experienced
more TC-induced rainfall than usual. TC-induced rainfall was slightly reduced during
SBW events, and TC-induced rainfall increased in the Southeast during MCP decay. The
maximum rainfall over China noticeably reduced. However, there was slightly more rain
in Hong Kong, and Songliao experienced slightly more rain under MEP decay. The Yangtze
and Pearl regions received relatively more rain in almost all cases. Therefore, the results
suggest that TC-induced rainfall varied with TC tracks.
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Figure 8 shows the maximum number of consecutive TC-induced precipitation days
(CTPD), which is presented as a composite anomaly compared to the long-term average.
Each CTPD represents a day consistently affected by TCs. During MCP development, CTPD
distribution results were not clear, whereas CTPD expanded to the inland and northeastern
China during MCP decaying years. However, SBW development was associated with
distinct CTPDs; the southwestern region was affected by TCs over a long period, with the
eastern and northeastern regions being affected significantly fewer days. During El Niño
decay, coastal areas were relatively more affected by TCs during MCP events, and the Pearl
River Basin was more affected during SBW events. CTPD was distributed through central
and southern China with a clear boundary in the Songliao River Basin.
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Figure 9 shows composite anomalies in the average number of days per year affected
by TCs. Under extreme El Niño events, slightly fewer days were affected by TCs in China.
For inland areas, anomalies generally comprised 10 or fewer days and never exceeded 12.
A distinct pattern was observed over the Songliao River Basin, indicating the impact of
TCs could extend into northeast China. During SBW years, the range of areas impacted by
TCs was narrow, especially in the developing years. However, the Yangtze River Basin was
affected by TCs for approximately six days.
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4. Summary and Conclusions

El Niño events significantly influence TC characteristics and behaviors in the WNP, as
they cause changes in ocean and atmospheric circulation. This statistical study investigated
how ENSO types (MCP, MEP, and SBW) affected various TC properties and rainfall over
different regions in China to support the development of more accurate prediction models.

This study first analyzed the characteristics of TCs and classified them into TC strength,
frequency, and tracks. In terms of TC strength, the MCP El Niño type was associated with
a slightly larger than average SSTA in both emerging to decaying phases. However, the
strength of TCs declined in the MEP and SBW processes. Among them, the SBW showed
more variability. For TC frequency, the annual numbers of TCs increased significantly to
reach their maximum, whereas other TCs had opposite patterns. During MEP and SBW
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development, compared to the long-term distribution, TC track positions were distributed
eastward, especially in the case of the SBW. In the decaying years, TC events were similar
to long-term distributions during MCP and MEP events, and TCs tended to occur close
to the WNP region in SBW. For recurving positions, the situation was similar in that the
range of genesis points approached China during SBW years.

TC-induced rainfall anomalies varied by region and ranged from relatively heavy
to weak. In all cases, the Pearl River Basin and Southern river basins experienced a high
proportion of TC-induced rainfall, especially in coastal areas. Rainfall induced under the
three El Niño types is compared to the average TC-induced rainfall, which shows extreme
rainfall occurred more often during El Niño events. During MCP events, the proportion
of TC-induced rainfall was similar to the average distribution in all years. During MEP
events, rainfall was more extensive, spreading to the Songliao River Basin and contributing
to TC-induced rainfall in some areas of the Yangtze River Basin.

With respect to TC-induced precipitation indices, two indicators illustrated PRCPTOT,
CTPD, and other characteristics in six situations, thereby representing the three types of
developing and decaying years of El Niño. Statistical results showed that there was TC-
induced heavy rainfall in southern China and coastal areas of the Huaihe River Basin during
the developing years of MCP. TC-induced heavy rain occurred in eastern and northeastern
China in SBW, rain during MEP years was relatively weak, and the precipitation in the
Songliao region was relatively strong. In the decaying years, heavy rain was distributed
in the eastern coastal cities, the Southwest and Songliao river basins, and the Yangtze
River Basin in MCP, MEP, and SBW, respectively. The frequency showed a similar pattern
as TC-induced PRCPTOT, except that the consistent impacts of TCs covered large areas
in southern China during the years of MEP. With respect to geographical frequency, TC-
induced rainfall at the stage of the SBW El Niño events was distinguished primarily by the
narrow range of areas affected by TCs in the Pearl and Southeastern regions of China.

For SBW events, warming started in the western Pacific and initially spread eastward.
They have the pronounced westerly anomalies happening during the winter and spring
over the western Pacific, possibly reflecting frequent westerly wind-burst events. During
the decaying years of SBW events, more TCs occurred in the eastern Philippines and
the South China Sea than usual, and the genesis positions of TCs tended to be more
westerly and closer to China (Figure 3f, average TC genesis: 134.8◦ E, 13.2◦ N), and they
moved towards the Pearl River and Southeastern river basins. One of the possible physical
processes is that the difference in SSTs between the eastern Pacific and the central Pacific
causes westerly anomaly winds, further extending the WNP monsoon trough to the east
and resulting in relatively increased TC events in the east WNP. In particular, during
SBW events, a subtropical high maintains stronger than usual, and convection activities
surrounding the subtropical western pacific stimulate a Rossby wave that propagates from
the South China Sea to midlatitudes, causing an anomalous easterly steering flow in the
Pearl River and Southeastern river basins. Although numerical studies are needed to
confirm the reliability of the results we attained, which were limited by our relatively small
sample sizes, this diagnostic study presented a comparative analysis of the characteristics
of WNP TCs occurring under three types of El Niño events (MCP, MEP, and SBW) and
their local impacts on precipitation.

Though changes in El Niño intensity under anthropogenic warming are critical con-
siderations, current prediction models remain inadequate. For example, they do not
distinguish between strong and moderate El Niño events, making it difficult to predict
future changes in the intensity of El Niño. We anticipate that our findings will help improve
prediction models by promoting a better understanding of the relationship between El
Niño and TC characteristics. In addition, the results of this study have helped determine
typical rainfall patterns at different stages of various El Niño events and thus could support
more accurate rainfall predictions under future climatic conditions in China.
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