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Abstract Analyzing tropical cyclone‐induced remote moisture transport clusters (TRCs) and their effects
on precipitation is crucial for understanding precipitation formation and enhancing forecast precision. Prior
research, primarily case‐based, did not fully grasp the nature of TRCs. Utilizing an objective TRC identification
method, we categorized 65 TRC tracks in East Asia into five types and examined their traits and precipitation
links. The findings indicate that the moisture transport height of TRCs varies due to multiple factors, with higher
transport linked to the warm conveyor belt and lower transport attributed to Taiwan’s mountain range
influencing low‐level moisture. The precipitation peak altitudes of TRCs at higher latitudes are greater, and their
precipitation intensity is positively correlated with terrain type, especially coastlines. This study underscores the
diversity in TRC characteristics and related precipitation, suggesting that future research should consider the
directionality of TRC tracks.

Plain Language Summary Examining how water vapor is moved far away by large storms called
tropical cyclones (TCs) helps us understand how rain is made and helps us better predict it. Earlier studies did
not fully understand what these water vapor clusters, or TRCs, were. Therefore, we used a special method to find
and sort TRCs. We identified 65 different paths of TRCs in East Asia and divided them into five different
groups.We looked at what makes them different and how they are connected to rain.We discovered that the way
that high TRCs move water vapor can change because of many factors. Sometimes, a weather pattern called the
warm conveyor belt makes the vapor ascend higher. Other times, the mountains in Taiwan affect the lower part
of the vapor. Additionally, TRCs in places that are farther from the equator cause increased amounts of rain, and
the amount of rain is closely related to the type of terrain, and this phenomenon is especially prominent near
coasts. This study shows that there are many different kinds of TRCs and ways that they affect rain. Future
research should also look at the paths that TRCs take.

1. Introduction
Moisture transport has a significant impact on the global circulation of energy, mass and moisture (Nayak &
Villarini, 2017). In recent decades, intense moisture transport has attracted increasing attention, as studies have
shown strong association with extreme precipitation and floods at midlatitudes (Gimeno et al., 2016; M. Lu &
Hao, 2017). To investigate the statistical characteristics of intense moisture transport (Liang et al., 2022; Wang
et al., 2023), identification algorithms have been developed (Collow et al., 2022; Rutz et al., 2019), and their
impacts on the atmospheric water cycle and precipitation extremes have been assessed (Gimeno‐Sotelo &
Gimeno, 2023). Intense moisture transport is generally characterized by transient elongated pathways, concen-
trated in the lower troposphere (Gimeno et al., 2021).

Tropical cyclones (TCs), the third most common intense global moisture transporters (B. Liu et al., 2020), bring
heavy precipitation to coastal and inland areas (M. Lu & Lall, 2017). Additionally, northward ageostrophic winds
from TCs can cause torrential rainfall events termed “predecessor rain events” (Bosart et al., 2010; Moore
et al., 2013; Saito, 2019; Schumacher et al., 2011). This term refers to precipitation events that separate from TC
rainbands and caused by moisture transport originating from a TC, occurring over 700 km away from the center of
the TC (L. Chen, 2006; L. Chen et al., 2010; Sun et al., 2017; Xu et al., 2023; L. Yin et al., 2022). Leveraging this
insight, we developed the first objective method to identify and quantify the scale, altitude, intensity, and temporal
evolution of these TC‐induced remote moisture transport (Xiao et al., 2024).

The divergence of upper air moisture from TCs, driven by northward ageostrophic winds and topography, triggers
remote heavy rainfall (L. Chen et al., 2010; Chunhua et al., 2011; Saito & Matsunobu, 2020). Research indicates
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that such rainfall in South Korea (Baek et al., 2013; Byun & Lee, 2012), Japan (Hirano et al., 2023; Kodama &
Satoh, 2022; Saito et al., 2022) and the United States (Bosart et al., 2010, 2012; Schumacher et al., 2011) is mainly
due to TC interactions with extratropical systems and intense moisture transport, with minor contribution of
topography. In contrast, China's TCinduced remote rainfall events are the results of topographical and synoptic
circulation interactions, as exemplified by Typhoon Vicente's (2012) impact on Beijing (Juan et al., 2020; Wen
et al., 2015), and Typhoon Mangkhut's (2018) effects on the Yangtze River Delta (Yu et al., 2020; Zuo
et al., 2022). The extreme rainfall in Henan from Typhoon In‐fa (2021) is attributed to tropical‐extratropical
interaction and topography in Henan (Xu et al., 2022; J. Yin et al., 2022). Despite these case studies, there re-
mains a need for more quantitative and systematic approach to understanding TC‐induced remote heavy rainfall.

To explore the relationship differences among TC‐induced remote precipitation and moisture transport and non‐
TC moisture transport, we objectively identified tracks of TC‐induced remote moisture transport that resemble
TC tracks. We quantitatively analyzed the relationships between precipitation and the moisture transport features.
The rest of the article comprises three sections. Section 2 covers the data and methodology. Section 3 presents the
quantified differences in the precipitation‒moisture relationship between TC‐induced remote moisture transport
and non‐TC moisture transport. Section 4 contains the conclusion and discussion to reveal the significance of this
study and its implications for future research.

2. Data and Methods
2.1. Data

ERA5 is a global reanalysis data set developed by the European Center for Midrange Weather Forecast
(ECMWF) at 0.25° × 0.25° spatial and one‐hour temporal resolutions (Hersbach et al., 2020). We used three‐
dimensional wind field, specific humidity and geopotential height variables for July–August–September
(JAS), 1981–2023 at multiple pressure levels with 6‐hr temporal resolution (1981–2020 for statistical analysis
and 2021–2023 for validation), as JAS are the three months with the highest TC frequency over the western North
Pacific (Demory et al., 2017; Fumin et al., 2002; Xie et al., 2015). These data sets are used to calculate the
climatological mean wind field, geopotential height, and vertically integrated moisture transport (IVT) from
1,000 to 300 hPa via the following equations:

IVTu =
1
g
∫

300hPa

1000hPa
qu dp, (1)

IVTv =
1
g
∫

300hPa

1000hPa
qv dp, (2)

IVT =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

IVT2
u + IVT2

v

√

, (3)

where IVTu(IVTv) represents the zonal (meridional) components of the IVT vector, IVT represents the magnitude
of the IVT vector, g is gravitational acceleration m s− 2, u and v are the zonal and meridional layer‐mean wind
components in m s− 1, q is the layer‐mean specific humidity in kg kg− 1, and dp is the pressure difference between
two adjacent pressure levels in Pa. Positive values of IVTu and IVTv indicate eastward (northward) zonal
(meridional) components.

The best‐track TC data set during 1981–2023 is retrieved from the Shanghai Typhoon Institute of the China
Meteorological Administration (CMA). We used 6‐hourly TC positions, minimum sea level pressure and
maximumwind speed throughout the lifecycle of each TC over the western North Pacific (Feng et al., 2014; X. Lu
et al., 2021).

The IntegratedMultisatellitE Retrievals for Global PrecipitationMeasurement (GPM‐IMERG), funded by NASA
and the Japanese Aerospace Exploration Agency (JAXA), offers global precipitation observational data (Pradhan
et al., 2022). This product enhances the scope of the Tropical Rainfall Measuring Mission, extending polar
observations. We analyzed the calibrated precipitation rate from the final precipitation L3 V07 product in JAS
during 2001–2020 for statistical analysis and 2021–2023 for cases, at 0.1° × 0.1° spatial and 0.5‐hr temporal
resolutions.
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2.2. Methods

TC‐induced remote moisture transport occurs outside the TC vicinity, with TC as the moisture source. Following
the definition above, we developed the first objective identification method for TC‐induced remote moisture
transport (Xiao et al., 2024). In this study, we slightly modified this method to identify moisture transport split
from TCs as remote transport following the steps:

(1) Identification of intense moisture transport: regions exceeding the spatiotemporally smoothed 85% quantile
IVT values are identified as moisture transport clusters (hereafter clusters), and spatiotemporal digraphs are
constructed among the clusters (see Figure 1a).

(2) Identification of TC clusters (TCCs): the clusters that are nearest to the TC track and less than 150 km away
(smaller than typical radius of TCs) are identified as TCCs (see Figure 1b) (Lin et al., 2016; Musgrave
et al., 2012).

(3) Forward tracking of TCCs in the next timestep: we tracked all TCCs ahead of the directed temporal relations
by each timestep, and the clusters are identified as seed TC‐induced remote moisture transport clusters (seed
TRCs) for clusters that are unidentified in Step 2 (see Figure 1c). The first timestep of the TRC track is the
TCC where the seed TRC form, and the second timestep is the seed TRC, etc.

(4) Forward tracking of seed TRCs: for the seed TRCs in Step 3, the branch with the strongest moisture transport
is identified. Seed TRCs that are over 700 km from the TCC in the same timestep are identified as TRCs (see
Figure 1d). The location of the TRC track is where the IVT is largest over each seed TRC.

(5) Clusters that are unidentified in Steps 2–4 are non‐TCs.

A TCC split into a TCC and TRC(s) when a valley‐like (lines of local minima) pattern of IVT values appears in
the region of intense moisture transport in the TCC at the next timestep (Figures 1c–1f). The maximum gradient
method identifies the sides of the valley as two different clusters (Y. Chen et al., 2020; Xiao et al., 2024). TCC of
Hato split into two clusters at 0600 UTC 22 August 2017 (Figure 1f), one TCC (red), and one seed TRC (green),
whose distance to TCC exceeded 700 km at 1200 UTC and became the TRC (purple, see Figure 1g).

Using the method above, 329,828 clusters are identified over the western North Pacific and surrounding areas
during JAS in 1981–2020, including 325,566 non‐TCs, 3,679 TCCs and 583 TRCs. A total of 172,402 clusters are

Figure 1. Schematic diagram of TRC identification. (a) Identification of clusters (blue), (b) identification of TCCs (red),
(c) identification of seed TRCs (green) and forward trackings, (d) identification of TRCs (purple), and (e–g) a real case for
the formation of TRC from Typhoon Hato (2017). The black arrows correspond to the temporal split in (c) and (d). The red
contours (or clusters), green clusters and purple clusters represent TCCs, seed TRCs and TRCs, respectively. Orange
contours represent intense moisture transport. The dashed purple circle represents 700 km radius from the center of TCC.
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identified over the same region and during JAS in 2001–2020, including 170,576 non‐TCs, 1,573 TCCs and
253 TRCs.

Similar to TC track clustering, we used K‐means for TRC track clustering during JAS in 1981–2020 with the
following features (Corporal‐Lodangco et al., 2014; Y. Yin et al., 2023):

x =
∑
l

i=1
wixi

∑
l

i=1
w(i)

, (4)

y =
∑
l

i=1
wi yi

∑
l

i=1
w(i)

, (5)

Var(x) =
∑
l

i=1
wi(xi − x)2

∑
l

i=1
w(i)

, (6)

Var( y) =
∑
l

i=1
wi ( yi − y)2

∑
l

i=1
w(i)

, (7)

Var(xy) =
∑
l

i=1
wi (xi − x) ( yi − y)

∑
l

i=1
wi

, (8)

where l is the length of the TRC tracks (l ≥ 2), wi is the square root of the IVT of the cluster, xi and yi are the
longitude and latitude at the ith timestep of the TRC track. Var represents (co)variance of track location given (xi,
yi). The location and moisture transport intensity of TRCs determine the clustering results.

The mean Silhouette distance method is widely used to determine the optimal number of types in K‐means (Y.
Yin et al., 2023):

Si =
min(bi) − a

max[ai, min(bi)]
, (9)

Sk =
1
n
∑
n

i=1
Si, (10)

q =∑
n

i=1
I(Si < 0), (11)

where ai represents the mean distance from the track i to other tracks within the TRC type, bi represents similarly
to ai but beyond the TRC type. Typically, Si range from − 1 to 1. Sk is the mean Silhouette value for each k, q
represents the number of negative Si values, I(statement) equals to one if the statement is true, otherwise zero.

Specifically, larger Si means higher clustering accuracy and larger Sk means more distinguished TRC tracks
among different types. We chose k from 2 to 10 to find the optimal k value with large Sk and smallest number of
negative Si values for each k.

Geophysical Research Letters 10.1029/2024GL110285

XIAO ET AL. 4 of 12

 19448007, 2024, 21, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
110285 by A

oqi Z
hang - Z

hongshan U
niversity , W

iley O
nline L

ibrary on [30/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024GL110285&mode=


TRC‐related precipitation refers to precipitation events occurring TC vicinity and separate from TC rainbands,
whose moisture transport sources are TCs. This kind of precipitation is not only triggered by synoptic circulations
(Xu et al., 2023; J. Yin et al., 2022), but also affected by orographic effects (C.‐S. Chen et al., 2013; Tang &
Chan, 2013).

Following the definition above, we associated moisture transport height/intensity, with precipitation over East
Asia using GPM‐IMERG data during JAS in 2001–2020 as the data is available only from 2001. The median
height of IVT, denoted as H50 in km, is determined by its vertical distribution of moisture transport intensity. We
used IVT to characterize the intensity. We also took the mean values of precipitation for each cluster and 6‐hourly
timestep for association with H50 and IVT.

3. Results
Figure 2 shows the frequency and resulting precipitation of all clusters and TRCs, and the fraction/contributions
of TRCs. The highest all‐cluster frequencies are observed in offshore regions in the South China Sea and the East
China Sea (Figure 2a, 24%), which echoes previous studies (Gimeno et al., 2016; Park et al., 2021), decreasing
toward the open ocean and inland areas. High TRC frequencies (0.5%–1%) are observed over coastal southeastern
China, occupying 2%–3% of the all‐cluster frequency; large secondary TRC frequencies (0.2%–0.5%) are
observed in the regions north of the Nanling Mountains in China, accounting for 1%–2% of the all‐cluster fre-
quency (see Figures 2b and 2c). This paper selects the area denoted as the TRC‐frequent region (TFR) with high
TRC frequencies at 110–130°E, 22–40°N (black dashed line), which mainly includes central and eastern China,
and the Korean Peninsula.

Cluster/TRC‐related 6‐hourly precipitation is the grid‐wise precipitation amount in the next 6 hr at the area of
each cluster/TRC for analysis of TRC contribution to precipitation to all clusters in JAS during 2001–2020 (see
Figures 2d–2f). The overall precipitation increases toward coastal areas and lower latitudes, peaking at
1,000 mm yr− 1 in the northern South China Sea and secondary peak of 400–700 mm yr− 1 over the Korean
Peninsula and surroundings (see Figure 2d), consistent with typical late‐summer patterns in East Asia (Demory
et al., 2017; Park et al., 2021). Similar to Figure 2b, the peak (10–30 mm yr− 1) of TRC‐related precipitation is
concentrated in the East China Sea and Korean Peninsula (as shown in Figure 2e), echoing findings in previous
studies (Baek et al., 2013; Byun & Lee, 2012; J. Yin et al., 2022; Yu et al., 2020; Zuo et al., 2022). The
contribution distribution of TRC‐related precipitation mirrors the annual mean (Figure 2e), with 3%–10% at
coastal regions in eastern China, South Korea, and western Japan, and lower inland values (0.3%–2%) in central
China (see Figure 2f).

Similar to previous definitions (Pan & Lu, 2019; Xiao et al., 2024), precipitation exceeding local 99.5% quantile
threshold over 2001–2000 is extreme precipitation. The overall distribution of extreme precipitation (see
Figure 2g) is similar to that of all precipitation (see Figure 2d), but with primary peak of 300 mm yr− 1 in western
Philippines and secondary peak of 120–240 mm yr− 1 over the Korean Peninsula. The primary large values of
TRC‐related extreme precipitation are 10–20 mm yr− 1 over East China Sea (see Figure 2h). The contribution
distribution of TRC‐related extreme precipitation resembles that in Figure 2f, with over 10% offshore, and 1%–5%
inland (Figure 2i), roughly three times of TRC contribution to all precipitation (Figure 2f).

We used K‐means on TRC tracks passing the TFR in 1981–2020 to further investigate differences in the asso-
ciation between rainfall and moisture transport height/intensity among TRCs and non‐TCs (see Figures 3a–3f).
Results show that 5 is the optimal k value with large mean Silhouette value over 0.4 (distinguished TRC types)
and only one negative Si value (Figure S2 in Supporting Information S1). There are few TRC tracks inland in
2001–2020 (Figure S3 in Supporting Information S1), likely causing small TRC annual mean precipitation inland
(Figures 2e and 2h).

The first type NE (14 tracks, 21.53%) characterizes TRCs formed from TCs in coastal South China, moving
northeastward within China (see Figure 3a). Specifically, a typical instance of TRC formed from TC Zeke (1991)
under the effect of steering flow at northwestern flank of the subtropical high (5,880 m) at 500 hPa, covering
southwestern and central China (see Figure S4a in Supporting Information S1). The median H50 and IVT values
are 2.49 km and 610 kg m− 1 s− 1, respectively.

The second type DistNE (3 tracks, 4.6%) characterizes TRCs formed from TCs located similar to NE. However,
these tracks can reach Korea and Japan (see Figure 3b). The type of DistNE forms from the prevailing westerly jet
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Figure 2. Frequency of (a) all clusters; (b) TRCs; (c) fraction of TRCs among clusters. Annual mean precipitation of (d) all clusters; (e) TRCs and (f) contribution of
TRCs to precipitation induced by all clusters. The black dashed box indicates the TFR. (g)–(i) are similar to (d)–(f) but for extreme precipitation.
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Figure 3. The classification results of TRC tracks including: (a) NE, (b) DistNE, (c) North, (d) West, and (e) NearTW, and (f) the horizontal ranges of non‐TC samples.
Red represents TCCs that TRCs (in green) form from. Green dashed lines connect TCCs and the first timestep of TRCs. Purple shows the oval from covariance matrices,
showing the orientations of TRC tracks. (g) Vertical profiles and (h) deviation from non‐TC samples. H50 and IVT represent median values of moisture transport height
and intensity in each type, respectively. The bars in (g) and (h) show confidence intervals using standard error.
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that split part of the moisture from TCs. The TRC formed from the TCC 08w (2000) (see Figure S5 in Supporting
Information S1) affected regions from southeastern China to eastern Japan along the jet (see Figure S4b in
Supporting Information S1). The median H50 and IVT values are 2.1 km and 640 kg m− 1 s− 1, respectively.

North (9 tracks, 13.8%) forms from TCCs less than 1,000 km away from Taiwan Island. The North type of TRC
tracks move northward along the coastline in China (see Figure 3c), likely due to strong northward moisture
transport at the western flank of northernmost subtropical high, splitting part of the moisture of the TC away. The
TRC formed from TC Matsa (2005) reached deep inland areas in northeastern China, with 6‐hourly mean pre-
cipitation of 10–25 mm over the lifetime of TRCs (see Figure S4c in Supporting Information S1). The medianH50

and IVT values are 2.8 km and 560 kg m− 1 s− 1, respectively.

The West (8 tracks, 12.3%) type mostly moves westward with typical lifetimes less than 12 hr, mainly affecting
southeastern coastal China (see Figure 3d). The formation of West is likely due to weak steering flow in the
southwestern flank of the subtropical high, resulting in unfavorable conditions for formation and a short lifetime
of TRCs. However, the TRC formed from TC In‐fa (2021) is an exception, beyond 1981–2000. The long lifetime
(36 hr) of the TRC is attributed to strong steering flow, bringing 6‐hourly mean precipitation of 25–50 mm over
Henan Province (see Figure S4d in Supporting Information S1). The median H50 and IVT values are 2.21 km and
685 kg m− 1 s− 1, respectively.

NearTW (31 tracks, 47.69%) dominates the TRCs, located within a 1,200 km radius centered on Taiwan Island,
where these tracks pass (Figure 3e). One typical example of the NearTW type was split from TC Mangkhut
(2018), where mountains in Taiwan deflected part of moisture northwards to Yangtze River Delta (see Figure S4e
in Supporting Information S1). This TRC brought 6‐hourly mean precipitation of 10–25 mm in Yangtze River
Delta (Yu et al., 2020; Zuo et al., 2022). The median H50 and IVT values are 1.9 km and 633 kg m− 1 s− 1,
respectively.

The orientations of the TRC tracks determined by K‐means highly echo those of the TC tracks using K‐means in
previous studies, likely because of the similar synoptic background affecting the TRCs to that affecting the TCs
(Y. Yin et al., 2023).

The median of H50 values for NE and North is the highest of 2.34 km (see Figure S6a in Supporting Informa-
tion S1), possibly due to Warm Conveyor Belts (WCB) elevating moisture at higher latitudes (Dacre et al., 2019;
Pickl et al., 2023). NearTW exhibits the lowest H50, likely because Taiwan’s mountains diverge TC moisture (C.‐
S. Chen et al., 2013; Huang & Dong, 2019; Tang & Chan, 2013). The median IVT of five TRC types is slightly
higher than non‐TCs, with West's highest peak and North's wider range (see Figure S6b in Supporting Infor-
mation S1), suggesting strong tropical‐extratropical air interactions. NearTW's shorter distance to TCCs (median
900 km) compared to other TRC types (median 1,100–2,000 km), implies a larger tangential wind component
(Chavas et al., 2017) and stronger topographical moisture divergence, with weaker association with 500 hPa
circulation (see Figure S6c in Supporting Information S1).

We further analyzed vertical distribution of moisture transport intensity among TRCs and non‐TCs in Figures 3g
and 3h. The intensity ranges between 1.4 and 1.8 kg m− 1 s− 1 over the TFR at 1–2 km altitude, decreasing with
height (Figure 3g). NE shows larger intensity than non‐TCs at all levels, peaking at 0.2 kg m− 1 s− 1 deviation at 1–
2 km (Figure 3h). North shows largest intensity deviation from non‐TCs at 4–5 km altitudes, possibly due toWCB
influence, elevating poleward moisture transport (Dacre et al., 2019; Heitmann et al., 2024). DistNE and West
have greater intensity than non‐TC up to 5 km, with the largest deviation of 0.35 kg m− 1 s− 1 hPa− 1 at 0–1 km
(Figure 3h). In contrast, NearTW has larger intensity below 1 km by over 0.5 kg m− 1 s− 1 hPa− 1 but lower at 3–
10 km, especially at 5–6 km, which is attributed to Taiwan’s mountain‐induced precipitation from TC‐transported
moisture below 3 km.

We computed 6‐hourly cumulative precipitation averaged at the cluster (R6) area, and related it to H50 and IVT
(separately) using nonlinear functions, which are widely used in various scientific fields (Anniballe & Bona-
foni, 2015; Bartók &Csányi, 2015; Massicotte &Markager, 2016). This approach aims to explore the quantitative
link between rainfall and moisture transport features. There is a multimodal relationship between R6 andH50, with
peak precipitation at varying levels like 900–1,000 and 300–400 hPa in a recent study (T. Liu et al., 2023). Given
the scatter plot’s distribution, a superposition of Gaussian functions is optimal for their continuous differentia-
bility. For R6 and IVT values far beyond cluster identification thresholds, we used multiples of the sigmoid
function, featuring continuous differentiability, pseudo‐exponential growth, and the zero‐to‐one range.
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We analyzed the functional relationships between R6, and H50 and IVT (separately) for five types of TRCs and
non‐TCs during JAS in 2001–2020 (see Figure 4). The TRCs show single‐peaked Gaussian characteristics, with
peaks at 6 mm for NE and 5 mm for NearTW (Figure 4a), implying complex factors for NearTW precipitation.
DistNE and North have higher R6 peaks at about 2.7 km H50 (Figure 4b), possibly influenced by strong extra-
tropical cyclones. North and West have higher R6 peaks of 17 and 12 mm, respectively (Figure 4b), echoing the
precipitation patterns in Figures 2e and 2f. This may be because the North, similar to Typhoon Ampil (2018),
continuously receives moisture offshore and is influenced by the WCB (Dacre et al., 2019; Pickl et al., 2023); the
West is located on the southwestern flank of the subtropical high, where strong tropical convection fosters heavy
rainfall. Non‐TC displays a double‐peaked Gaussian distribution with R6 peaks at 12 mm at 2.7 km and 8 mm at
5.5 km (Figure 4c).

Fitting the relation between R6 and IVT using sigmoid functions, there is insignificant positive correlation (Table
S1 in Supporting Information S1) for NE and NearTW (Figure 4d), due to few samples for NE and orographic
lifting effect for NearTW, possibly resulting in weak IVT but heavy rainfall. North, DistNE, West, and non‐TC
show positive correlations from strong to weak (Figures 4e and 4f). This may be because North and DistNE are
greatly influenced by the underlying surface, with strongest positive correlation between precipitation with IVT
near the coastline (Figures 2e, 2f, 3b, and 3c); the West, located mostly over the ocean, has a large precipitation
with small IVT, showing a weaker positive correlation (Figures 2e and 2f).

4. Conclusions
Understanding the characteristics of TC‐induced remote moisture transport and its connection to precipitation is
crucial. Based on Xiao et al. (2024), this study objectively identified TRC tracks affecting East Asia during JAS in
1981–2020, and 2021–2023 for case validation. Subsequently, using GPM‐IMERG precipitation observation data

Figure 4. Scatter plots of the cluster precipitation amount R6 with (a–c) median IVT height H50 and with (d–f) intensity IVT
and corresponding fit lines (dashed lines). (a, d) The characteristics of NE and NearTW, (b, e) DistNE, North and West, and
(c, f) non‐TCs. The thick solid line indicates the median values of non‐TCs. The shading represents the range of 10%–90%
quantiles, and the dashed line represents the fitting curve.
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sets and ERA5, the 6‐hr cumulative precipitation, moisture transport height and intensity for all clusters are
calculated to obtain the following main conclusions:

• Clusters in the eastern and southern TFRs occur more frequently, with a higher TRC frequency in the east than
in the south, resembling the distribution of annual mean rainfall. Although TRCs occupies 3% of strong
moisture transport, they contribute 10% to the all‐cluster‐induced total rainfall, and more for extreme rainfall,
indicating above‐average intensity of TRC‐related precipitation. This result highlights the importance of
studying TRC characteristics to understand TRC‐related precipitation.

• TRC tracks are classified into five types using K‐means: NE, DistNE, North, West, and NearTW, consistent
with previous TC track clustering (Y. Yin et al., 2023). NE and North TRCs show higher moisture transport
than non‐TCs, likely due to WCB’s moisture elevation. NearTW has the lowest moisture transport from TC
moisture and Taiwan’s mountain divergence. Moisture transport of TRCs is stronger than non‐TCs. NE and
North feature broader distributions and higher limits, while West has a higher median but lower maximum,
possibly due to tropical‐extratropical interactions.

• Gaussian function is used to examine the link between precipitation amount and the moisture transport height.
The North and West experience the most rainfall, owing to a steady marine moisture supply and tropical
convection. The DistNE and North show the highest peak precipitation heights, with predominance of
extratropical cyclones. Precipitation is also correlated with transport intensity using pseudoexponential
function. NE and NearTW show insignificant correlation (Gimeno‐Sotelo & Gimeno, 2023; M. Lu &
Lall, 2017), likely due to the NE’s small sample size and Taiwan’s orographic effects. Contrastly, North and
DistNE demonstrate a strong positive correlation, potentially linked to terrain variations, particularly near
coasts.

The results and conclusions provide a solid theoretical foundation for understanding the underlying mechanisms
and for precipitation forecasting. However, the study has the following limitations. Only TCs in the northwestern
Pacific are considered in this study. We neglected impacts on East Asia by TCs over the Indian Ocean. Small TRC
sample sizes and biased sample proportions of TRCs and non‐TCs under various clustering may be future
research topics for higher accuracy in TC‐induced remote precipitation forecasting.

Data Availability Statement
We appreciate the ECMWF for providing ERA5 reanalysis data available in Hersbach et al. (2023), NASA and
JAXA for providing the GPM‐IMERG precipitation observational data available in Huffman et al. (2019), and the
CMA for providing TC best‐track data (X. Lu et al., 2021).
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