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ABSTRACT: Subtropical highs are large-scale dominant weather systems with significant impacts on regional climate and
weather patterns. However, their cross-scale influence on mesoscale convective systems (MCSs) remains insufficiently under-
stood. This study investigates how satellite-observedMCS characteristics vary with the western Pacific subtropical high (WPSH)
over southeastern mainland China (SEMC), where the WPSH exerts a most frequent influence within the Asian continent. In
7-yr warm seasons, 725 WPSH days were identified and objectively classified into distinct weather types categorized as either
WPSH-periphery orWPSH-center patterns, based on SEMC’s location relative to theWPSH.AlthoughMCSs are generally less
frequent in the WPSH-center patterns than in the WPSH-periphery ones, their occurrence remains noteworthy near regional
hotspots. Across all patterns, MCS occurrence consistently exhibits a diurnal peak in late afternoon and early evening. The
WPSH-center patterns show a larger diurnal amplitude with more intensive MCS activity around this peak period. MCSs in the
WPSH-center patterns tend to have shorter lifetimes, fewer merging/splitting processes, and a greater tendency to form locally
over SEMC in the afternoon. Despite varying movement directions and orientations, MCSs across different patterns generally
move along their orientation to facilitate theMCS “training” effect, especially in theWPSH-center patterns due to slowermoving
speeds and stronger intensities. The analysis on atmospheric conditions suggests that MCS occurrence in the WPSH-periphery
patterns is more closely linked to synoptic disturbances, including enhanced moisture transport via low-level jet streams andmid-
level upward motion. The convective parameters including convective available potential energy (CAPE), total column wa-
ter, andK index effectively differentiate MCS-active days fromMCS-inactive days for eachWPSH pattern.

SIGNIFICANCE STATEMENT: This study examines how mesoscale convective systems (MCSs) behave in response to
variations in the western Pacific subtropical high (WPSH) over southeastern mainland China (SEMC). The results reveal
distinct characteristics of MCSs occurring at the WPSH center versus its periphery over SEMC. MCSs at the WPSH center
are overall less frequent than those at the periphery, but they exhibit a stronger diurnal cycle with more concentrated occur-
rence around the active period and a higher potential to produce localized heavy rainfall due to slower movement and
stronger intensity. Unlike the WPSH-periphery patterns, MCSs at the WPSH-center patterns often occur in weak synoptic-
forcing environments of poor predictability. These findings underscore the importance of accounting for MCSs in both
WPSH scenarios in forecasting, particularly as theWPSH expands under global warming, influencing future MCS trends.
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1. Introduction

Mesoscale convective systems (MCSs) represent cloud sys-
tems with organized grouping of thunderstorms that span
thousands of square kilometers (Schumacher and Rasmussen
2020). These cloud systems serve as a pivotal component of
the global hydrologic cycle by contributing substantial rain-
fall, particularly in the tropics and subtropics, where they ac-
count for more than 50% of total rainfall (Feng et al. 2021;
Nesbitt et al. 2006). In China, the annual top 10 most

influential heavy rain events typically involve MCSs (Li et al.
2023). Beyond heavy rainfall and flash floods, MCSs are also
responsible for a significant portion of severe weather haz-
ards, including strong winds, hail, and lightning (refer to the
review in Schumacher and Rasmussen 2020). Given their
profound impact at both global and regional scales, MCSs
have long been a focus of research within meteorological and
hydrological communities (Houze 2018). Understanding the
mechanisms that govern the behavior of MCSs is critical for im-
proving weather forecasting, hazard warnings, and water re-
source management. This is particularly important as MCSs are
projected to become more frequent and intense under future
climate warming (Feng et al. 2016; Hu et al. 2020; Taylor et al.
2017).

For convective storms to grow upscale into MCSs, synoptic
patterns often play a crucial role. In the midlatitude United
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States, a great portion of MCS occurrences is linked to midtro-
pospheric troughs and surface fronts, which provide the neces-
sary forcing for ascent and the transport of moist, unstable air
(Peters and Schumacher 2014; Trier et al. 2014). Low-level jet
streams, such as the Great Plains low-level jet, also enhance
MCS activity by transporting abundant moisture downstream
(Song et al. 2019). Similar synoptic patterns have been identified
in other midlatitude MCS-active regions, including China, South
America, Africa, and Australia (Laing and Fritsch 2000). In the
tropics, MCSs are often embedded within the intertropical con-
vergence zone (ITCZ) (Houze et al. 2015), the Madden–Julian
oscillation (MJO) (Zuluaga and Houze 2013), and synoptic east-
erly waves (Mathon et al. 2002). Due to differences in synoptic
patterns, distinct MCS characteristics emerge between midlati-
tude and tropical regions. Midlatitude MCSs are generally more
intense, better organized, and predominately move eastward at
a faster speed than tropical MCSs, although they occur less fre-
quently (Feng et al. 2021; Schumacher and Rasmussen 2020).
Subtropical regions, as intermediate zones between midlatitude
and tropical areas, have received relatively less attention in
MCS research. Subtropical MCSs exhibit more ambiguous fea-
tures compared to those in other regions, highlighting the need
for an in-depth understanding. This study thus focuses on the
variations in MCS behavior over subtropical regions, with partic-
ular emphasis on the impact of subtropical highs, the dominant
synoptic systems in these areas.

Subtropical highs are semipermanent anticyclonic circulation
systems that typically take a zonal form and are located be-
tween 208 and 408 latitude in each hemisphere. These systems
cover approximately 40% of Earth’s surface, significantly mod-
ulating regional and even global climate and weather patterns
(Cherchi et al. 2018). In the Northern Hemisphere, the centers
of subtropical highs, often marked by the 5880-gpm isoline at
500 hPa, are primarily found over the North Pacific Ocean and
the North Atlantic Ocean. The western part of the North
Pacific subtropical high, known as the western Pacific subtrop-
ical high (WPSH), exerts the most significant influence on
flooding and drought conditions in East Asia, including China.
The WPSH position and intensity largely determine the sea-
sonal and intraseasonal variations of the East Asian monsoon
rain belts (Ding and Johnny 2005; Guan et al. 2019). In most
years, the monsoon rain belts undergo two distinct northward
migrations, which correspond closely with the two northward
shifts of the WPSH in mid-June and mid–late July (Su and
Xue 2015). Anomalous WPSH activity can lead to extreme
weather events in East Asia, such as the record-breaking heat
waves in northeast Asia in 2018 (Liu et al. 2019) and the
“super mei-yu” event in the central-eastern China in 2020
(Ding et al. 2021).

In addition to its well-known impacts on large-scale climate
and weather, the cross-scale influence of WPSH on mesoscale
weather processes, including MCSs, has garnered increasing at-
tention. Severe convective activities are often observed at the
WPSH’s northwestern periphery, producing high-impact weather
over southeastern China. Notable examples include the convec-
tion outbreak on 6 May 2020, which generated dense hail reports
(Huang et al. 2022b), and the MCSs that caused record-breaking
rainfall on 7 May 2018 (Huang and Zhang 2022). In these

instances, the WPSH creates favorable conditions for convection
development on its northwestern periphery, by guiding southerly
warm air to interact with northerly cold air or by facilitating
moisture transport from the ocean via southerly jet streams. Re-
cent studies have also shown that an enhanced WPSH promotes
the daytime accumulation of moist static energy within its core,
which is then discharged at its northwestern periphery at night
(Zeng et al. 2019). Additionally, it modulates the diurnal varia-
tion of low-level winds, enhancing nocturnal low-level jets (Zeng
et al. 2022). These processes contribute to MCS activity and asso-
ciated heavy rainfall outside the WPSH. However, most of these
studies focus on case analyses of MCSs occurring at the WPSH
periphery. There is a lack of comprehensive understanding re-
garding how MCSs respond to the variations in the WPSH pat-
tern, particularly in terms of differences between MCSs that
occur within and outside theWPSH.

A major reason for the knowledge gap regarding MCSs
within subtropical highs can be attributed to the classical view
that the center of subtropical highs is dominated by subsidence
motion (e.g., Peixóto and Oort 1984), making these regions tra-
ditionally considered unfavorable for convection. However,
some studies have highlighted that upward motion can also oc-
cur within subtropical highs, for example, in the western part of
WPSH (Feng and Fu 2009; He et al. 2001), creating conditions
that allow for cloud and precipitation development. Climatologi-
cal studies based on 10-yr data show that during the boreal sum-
mer, the average cloud cover in the core regions of subtropical
highs exceeds 30% (Feng et al. 2011), and the subtropical high
precipitation contributes over 50% of local total rainfall (Feng
and Fu 2009). In operational forecasting over eastern China,
severe convective storms producing hazardous weather often
occur under the WPSH. These events pose huge forecasting
challenges due to the lack of synoptic-scale forcing as observed
in the WPSH-periphery scenario (e.g., Lan et al. 2022; Yin and
Cao 2010). Despite these findings, the general characteristics of
well-organized MCSs within subtropical highs, and how they dif-
fer from those occurring outside these highs, remain largely
unexplored.

Several studies focusing on the southeastern United States
have found that regional precipitation is greatly modulated by
the position of the North Atlantic subtropical high (Li et al.
2012; Nieto Ferreira and Rickenbach 2020). These studies re-
vealed that domain-averaged precipitation was highest when
the western ridge of the subtropical high was located southwest
of its mean position and lowest when it was situated northwest.
However, these studies mainly focused on regional precipita-
tion characteristics, without delving into the details of MCS
characteristics. To address this gap, the present study aims to
examine the general features of warm-season MCSs in response
to variations in the WPSH pattern, based on multiyear satellite
observations. Special attention is given to the distinction be-
tween the WPSH center and periphery. The study focuses on
southeastern mainland China (SEMC), a region most fre-
quently affected by the WPSH within the Asian continent. The
case analysis has shown MCSs in this region are often WPSH-
involved and can contribute over 80% of the extreme rainfall
total (Huang and Zhang 2022). The goal is to establish a cross-
scale connection between the WPSH and MCSs over SEMC
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from a climatological perspective, enhancing our understanding
and forecasting capabilities for MCSs under different subtropi-
cal high patterns.

Section 2 outlines the data and methods used in this study.
The typical synoptic patterns associated with the WPSH are pre-
sented in section 3. Section 4 describes the general features of
MCSs under different WPSH synoptic patterns, while section 5
discusses the environmental factors that favor MCS develop-
ment in each synoptic pattern. Finally, a summary and discus-
sion are provided in section 6.

2. Data and methodology

a. Himawari-8 satellite data, ERA5 reanalysis, and
tropical cyclone database

Infrared imagery derived from the Advanced Himawari
Imager (AHI) onboard the Himawari-8 satellite was used to
identify and track MCSs. As a frontrunner among the new-
generation geostationary meteorological satellites in the world,
Himawari-8 was launched on 7 October 2014 and was posi-
tioned at 140.78E, providing a good field of view of East Asia
(Bessho et al. 2016). After operating continuously since 7 July
2015, Himawari-8 completed its mission on 13 December 2022,
offering the longest sequence of observations among the new-
generation geostationary satellites to date. To cover the entire
warm season (April–September) over 7 years, this study uti-
lized observations from 2016 to 2022. Specifically, the bright-
ness temperature (BT) data from the 10.4-mm infrared band
were employed, as this band is available both day and night
with a scan interval of 10 min and a time coverage of 97.8%

during the study period. This band has a spatial resolution of
2 km at nadir, and the data were interpolated into 0.028
longitude–latitude grids for the analysis.

We also utilized the fifth generation ECMWF atmospheric re-
analysis (ERA5; Hersbach et al. 2020) for synoptic pattern classi-
fication and environmental condition diagnosis. ERA5 provides
hourly data with a horizontal resolution of 0.258 3 0.258 at both
surface and pressure levels. The ERA5 variables used in this
study include geopotential height, temperature, wind, specific hu-
midity, vertical velocity w, convective available potential energy
(CAPE), total column water (TCW), and K index (KI). Equiva-
lent potential temperature ue and the horizontal gradient of
smoothed ue (to represent frontogenesis; Thomas and Schultz
2019) were also computed based on the ERA5 variables.

The China Meteorological Administration (CMA) tropical
cyclone best track dataset (Lu et al. 2021) was used to exclude
days associated with tropical cyclone activities. This dataset
covers tropical cyclones that have developed over the western
North Pacific since 1949, providing track information at 6-h
intervals.

b. Domain of interest

The study domain, SEMC, spans 22.58–28.58N and 1148–1208E,
encompassing most of Fujian (FJ) and Jiangxi (JX) provinces,
eastern Guangdong (GD) province, and a small portion of
southern Zhejiang (ZJ) province (Fig. 1a). Within mainland
China, this region experiences the highest occurrence fre-
quency of $5880-gpm geopotential height at 500 hPa during
the study period, with values generally exceeding 25% and
reaching up to 45% in the southeastern part (Fig. 1a). This

FIG. 1. (a) Occurrence frequency of$5880-gpm geopotential height at 500 hPa during April–September of 2016–22
over southern China, including the study domain, SEMC. (b) Topographic map of SEMC. Provincial boundaries are
shown by gray curves in both (a) and (b). In (a), SEMC and its surrounding buffer domain are indicated by black and
gray boxes, labeled as D1 and D2, respectively. The blue contour line in (a) represents the composite 5880-gpm isoline
at 500 hPa over the same period. Magenta text labels SEMC-related provinces, including FJ, JX, GD, and ZJ. The
black box in (b) highlights SEMC. The blue text in (b) identifies the two highest mountains within SEMC: Wuyi
Mountains and Jiufeng Mountains.
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indicates that the WPSH frequently affects SEMC during the
warm season, potentially shaping different atmospheric patterns
linked to WPSH intensity and position. The region also features
complex terrain (Fig. 1b), including land–sea contrast and hills
and mountains, which may affect MCS activity. For MCS track-
ing, as well as the selection and classification of WPSH days, a
larger buffer domain was used, extending 48 beyond SEMC
(i.e., 18.58–32.58N, 1108–1248E; the outer box in Fig. 1a).

c. Selection and classification of WPSH days

The WPSH is commonly defined by the 5880-gpm isoline at
500 hPa in both previous literature (e.g., Guan et al. 2019; Ren
et al. 2013) and weather operation in China. We adopted the def-
inition in this study and classified a day over SEMC as WPSH
day if more than one-eighth of the buffer domain was occupied
by the 5880-gpm isoline at 500 hPa at 0000 UTC (as a represen-
tative time of a day). When this ratio exceeds one-eighth, SEMC
is either directly under the influence of the WPSH or located at
its periphery. Additionally, approximately one-eighth of the
buffer domain exhibits a WPSH occurrence frequency of over
50% (Fig. 1a), ensuring a sufficient number of WPSH days dur-
ing the warm seasons. To focus specifically on theWPSH impact,
we excluded days with tropical cyclone activity within the buffer
domain, using the CMA best track dataset for this purpose.

This study objectively classified the synoptic patterns of
WPSH days using the obliquely rotated principal component
analysis method in the T mode (T-PCA; Huth 1993). In the T
mode, the input data matrix is organized with grid points in
rows and cases (time realizations) in columns, facilitating the
efficient identification of typical synoptic patterns. Huth et al.
(2008) demonstrated that T-PCA outperforms other objective
classification techniques by accurately reproducing predefined
dominant weather patterns and generating classification results
that are less sensitive to preset parameters while maintaining
good temporal and spatial stability. Previous studies have suc-
cessfully applied T-PCA in various regions of China (e.g., Bai
et al. 2021; Huang et al. 2022a; Wang et al. 2021). Following
these studies, T-PCA was conducted using the open-source soft-
ware “cost733class,” developed under the COST Action 733
framework on “Harmonisation and Applications of Weather
Type Classifications for European Regions” (Philipp et al.
2016). For synoptic pattern classification, the distribution of
geopotential height at 500 hPa over the buffer domain at
0000 UTC during WPSH days was used.

d. MCS defining and tracking

Infrared imagery from geostationary satellites, with fre-
quent refresh rates, has long been used for detecting MCSs.
Satellite observations provide broad spatial coverage in a uni-
fied viewpoint, enabling robust MCS identification under diverse
meteorological conditions (Vila et al. 2008). This contrasts with
ground-based radars, which have limited detection ranges and
spatial sampling inconsistencies. Compared to satellite pre-
cipitation products, next-generation geostationary satellites
(e.g., Himawari-8) offer superior spatiotemporal resolution
for cloud-based MCS tracking. Infrared data also avoid
known precipitation underestimation issues in regions like

SEMC (Shen et al. 2010). This study applied the method de-
scribed in Huang and Zhang (2022) to identify and track
MCSs, using infrared imagery from theHimawari-8 satellite.

Following previous works (e.g., Chen et al. 2019), MCSs
were defined as contiguous cold cloud clusters with infrared
BTs lower than 235 K, an area larger than 1000 km2, and a du-
ration longer than 3 h. Sensitivity experiments on different
combination of BT (230, 235, and 240 K) and area (100, 1000,
and 10000 km2) thresholds were carried out to investigate the
result uncertainties. It turns out all the tests display similar pat-
terns of MCS occurrence in terms of both the spatial distribu-
tion and diurnal variation, despite with varying magnitude
(figures not shown). These qualitatively consistent patterns
confirm the robustness of our core findings to threshold
selection.

MCS identification and tracking follows several procedures.
First, potential MCS samples satisfying the BT and area
thresholds were identified in each Himawari-8 infrared image.
A common automated tracking approach}the area overlap
method}was then employed to track these samples across
successive images. Potential samples in successive 10-min im-
ages were regarded as the same cloud cluster when their over-
lapping rate exceeded 15%. Only clusters persisting more than
3 h were designated as MCSs, with their corresponding sam-
ples retained for the analysis. The “formation (dissipation)” of
MCS was defined when an MCS sample had no MCS sample
overlap in the previous (next) satellite image. MCSs were con-
sidered to undergo a “merging (splitting)” process if they had
more than one MCS sample overlap in the previous (next)
satellite image, while a “continuity” process was defined by
only one MCS sample overlap. To focus on regional charac-
teristics, only MCSs with their centroid within SEMC during
their life cycle (at least once) were retained for further
analysis.

During the identification and tracking process, several MCS
traits were collected, including size, eccentricity, orientation, mo-
tion, and intensity. MCS size was determined by counting cov-
ered satellite pixels (each representing approximately 4 km2)
belonging to an MCS sample. Eccentricity, reflecting the shape
of MCS, was calculated as the ratio of the minor axis to the ma-
jor axis of the ellipse that best fitted an MCS sample (Jirak et al.
2003). Orientation was defined as the counterclockwise angle
between the east–west direction and the major axis of the best-
fit ellipse. MCS motion was derived from the displacement of
MCS samples belonging to the same MCS across successive sat-
ellite scans. The intensity of MCS was estimated using BTs,
where lower BT values signify more intense MCS (Huang and
Zhang 2022).

3. Synoptic patterns of WPSH days

A total of 725 WPSH days were identified, accounting for
56.6% of the seven warm seasons (1281 days). Synoptic circula-
tions on these WPSH days were classified into five typical types,
labeled T1–T5, in descending order of occurrence frequency
(Figs. 2a,e–h). Each type is characterized by a distinct position
of the WPSH center relative to SEMC: southeast (T1), north-
east (T2), north (T3), east (T4), and northwest (T5).
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SEMC is mostly covered by the 5880-gpm isoline in all syn-
optic types except T1 (Figs. 2a,e–h). Upon examining the mean
500-hPa geopotential height over SEMC, we found that the
daily values exhibit a much wider range in T1 compared to
the other four types (Fig. 3a). This suggests that SEMC may
have varying distances to the WPSH center in T1, even though
the center remains consistently located to the southeast. Given
that T1 accounts for the predominant percentage (67.7%) of all
WPSH days, we further divided T1 into three equal subtypes
based on the daily mean 500-hPa geopotential height (Fig. 3a).
The three subtypes, representing relatively weak, moderate,
and strong WPSH intensity over SEMC, are labeled T1-W,
T1-M, and T1-S, respectively (Figs. 2b–d). The mean 500-hPa
geopotential heights in T1-W and T1-M are less than 5880 gpm,
while those in T1-S are generally higher than 5880 gpm, similar
to T2–T5 (Fig. 3a). The distribution of synoptic patterns shows
clear intraseasonal variation (Fig. 3b). T1-W and T1-M are
most common in early summer, with peaks in April and May,
respectively, while T1-S tends to occur more frequently in June
and September. As the WPSH migrates northward, T2–T5 be-
come more prevalent in late summer from July to September,
each peaking in different months.

Overall, T1-W and T1-M are types where SEMC is located
on the northwest periphery of WPSH (i.e., WPSH-periphery

types), while T1-S and T2–T5 are types where SEMC is directly
impacted by the WPSH center (i.e., WPSH-center types)
(Fig. 2). Compared to T1-M, T1-W is farther from the WPSH
center and is characterized by stronger southwesterly winds over
SEMC at 500 hPa (Figs. 2b,c). Among the WPSH-center types,
the 500-hPa winds are relatively calm over SEMC, blowing
mainly from the southwest in T1-S, southeast in T2, east in T3,
south in T4, and north in T5 (Figs. 2d–h). At the midlevel, wide-
spread upward motions (i.e., negative 500-hPa w) are observed
over SEMC in the WPSH-periphery types, while in the WPSH-
center types, the vertical motions become slightly upward (T1-S
and T5) and even predominantly downward (T2–T4) (Fig. 4).

At mid–low tropospheric levels, southwesterly jets along the
WPSH’s northwestern periphery dominate the entire SEMC in
theWPSH-periphery types, driving strong moisture fluxes across
the region (Figs. 4a,b). These types also exhibit pronounced
700-hPa ue gradients over northern SEMC (Figs. 5a,b), indicat-
ing conditions favorable for frontogenesis. In contrast, the
WPSH-center types feature much weaker synoptic-scale flows
and moisture fluxes (Figs. 4c–g), warmer and moister envi-
ronments with higher ue and reduced gradients (Figs. 5c–g).
Moreover, vertical wind shear between the surface and 500 hPa
(;0–6-km layer) is consistently stronger and predominantly
westerly in the WPSH-periphery types, whereas the WPSH-

FIG. 2. Typical synoptic types of the WPSH days for SEMC during April–September of 2016–22, showing the composite 500-hPa geopo-
tential heights (shading; gpm) and 500-hPa winds (vector; m s21) at 0800 LST. The number of days for each type is provided above the
panel, along with its proportion relative to the total number of WPSH days. Provincial boundaries are indicated by gray curves, and the
black box highlights SEMC. The yellow contour line represents the composite 5880-gpm isoline at 500 hPa. The white (black) hatched
areas in each panel show where the composite geopotential heights are significantly higher (lower) than the mean state of all WPSH days,
as determined by the Student’s t test at a 90% confidence level.
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center types exhibit weaker shear with more variable directions
(Fig. 5). Collectively, these contrasts suggest that synoptic forc-
ing is much more significant in the WPSH-periphery types than
in the WPSH-center types.

4. General features of MCSs in different WPSH patterns

During the WPSH days of the seven warm seasons, a total
of 3463 MCSs were identified over SEMC, with nearly 85000

samples detected in the Himawari-8 infrared images. Based on
these samples, this section will present the general features of
MCSs during the WPSH days, categorized according to differ-
ent WPSH patterns. To enhance statistical significance in
WPSH-periphery and WPSH-center comparison, T2–T5 were
combined into a single WPSH-center pattern. This consolida-
tion was justified by their lower occurrence frequency relative
to the T1 subtypes, shared late-summer occurrence, and simi-
lar environmental conditions of weak synoptic forcing. Thus,
we established four major WPSH patterns for following
comparison: T1-W and T1-M representing WPSH-periphery
scenarios versus T1-S and the combined T2–T5 representing
WPSH-center scenarios.

a. Spatial distribution

During the WPSH days, MCS occurrence is most active over
the north-central part of SEMC (Fig. 6a). The main hotspot is
located between the Wuyi Mountains and Jiufeng Mountains,
the two highest peaks in the region, with an occurrence
frequency reaching up to 6%. A minor hotspot is observed
in the southwestern part, though its frequency is below
5%. Notably, MCS activity is minimal over the sea, creating a
pronounced offshore gradient in MCS frequency along the
coastline.

The spatial distribution of MCS occurrence varies significantly
across different WPSH patterns. Among the four patterns,
T1-W most closely resembles the overall distribution but
with a higher MCS frequency, reaching up to 8% over both
hotspots (Fig. 6b). The widespread MCS occurrence could be
attributed to the strong moisture fluxes (.80 g kg21 m s21)
over SEMC (Fig. 4a). The north-central MCS hotspot is
largely associated with frontal systems, as indicated by strong
ue gradients, while the southwest hotspot is more likely linked
to a warm-sector regime, distant from the fronts and charac-
terized by high ue (Fig. 5a). Previous studies have pointed out
that frontal rainfall and warm-sector rainfall are two typical
rainfall types in southern China during early summer, and
both are largely driven by MCSs (Li and Du 2021; Wu et al.
2020; Zhang and Meng 2019; Zhang et al. 2022). This is con-
firmed by the MCS distribution here, particularly when the
T1-W pattern is most prevalent during early summer. For ex-
ample, on 7 May 2018, with a T1-W pattern, MCSs developed
in a warm-sector environment near the southern hotspot, re-
sulting in a record-breaking rainfall event (Huang and Zhang
2022). In T1-M, the MCS-active zone shifts northward, form-
ing an arc that extends toward both the east coast and inland
west, with a broad area exhibiting more than 8% frequency
(Fig. 6c). This displacement corresponds to strong moisture
fluxes confined to northern SEMC that result from the north-
ward displacement of southwesterly jets along the advancing
WPSH periphery relative to T1-W (Fig. 4b), as well as the con-
current northward shift of the frontogenesis zone with high ue
gradients (Fig. 5b).

The WPSH-center patterns (i.e., T1-S, T2–T5) generally show
a lower MCS frequency than the WPSH-periphery patterns
(Fig. 6). However, MCS occurrence in these patterns should not

FIG. 3. (a) Box-and-whisker plots of daily 500-hPa geopoten-
tial heights averaged over the entire SEMC domain for differ-
ent WPSH types. (b)Monthly variation in the occurrence frequency
ofWPSH days for eachWPSH type. In (a), for each box-and-whisker
plot, the top and bottom edges of the box represent the upper (q3)
and lower (q1) quartiles, respectively. The line inside the box indicates
themedian. Sample outliers, denoted by circles, are values that exceed
q31 1.53 (q32 q1) or fall below q12 1.53 (q32 q1). The whiskers
above and below each box represent the nonoutlier maximum and
minimumvalues, respectively.

J OURNAL OF CL IMATE VOLUME 386802

Unauthenticated | Downloaded 12/04/25 01:36 AM UTC



be overlooked, particularly over the hotspots. This is espe-
cially true for T1-S, where maximum MCS frequencies are
up to 7%. These results support the idea that convective activi-
ties within the subtropical high centers may be more active
than commonly thought, warranting closer attention. For the
WPSH-center patterns, the MCS hotspot can occur in coastal
areas or inland mountainous areas. Regardless, these patterns
show a low frequency of MCS occurrence over the sea, consis-
tent with the WPSH-periphery patterns. MCS development un-
der the WPSH center may lack significant synoptic forcing and
rely more on localized mechanisms to help the warm, humid air
evolve into MCSs. As a result, the MCS distribution varies
considerably across these patterns. This variability highlights the
difficulty in forecasting and issuing warnings for MCSs in the
WPSH-center regimes, where the absence of synoptic forcing
makes predictionmore challenging.

b. Diurnal variation

To investigate the diurnal cycle of MCS occurrence, MCS
fraction was defined for each satellite scan as the ratio of MCS
area to the total SEMC area. A higher MCS fraction indi-
cates a larger MCS coverage over SEMC. For all WPSH
days, MCS fraction tends to increase noticeably after midday,
reaching its peak around 1800–1900 LST at nightfall, and
then declines in the evening (Fig. 7a). On average, the diurnal
amplitude of MCS fraction, defined as the difference between

the maximum and minimum hourly means divided by the
maximum hourly mean, is 76.2%.

For different WPSH patterns, the diurnal variation of MCS
fraction similarly shows a single peak, with the peak hour rang-
ing between 1600 and 1900 LST (Figs. 7b–e). However, the diur-
nal amplitude is much larger in T1-S and T2–T5 than in T1-W
and T1-M, indicating a stronger diurnal cycle signal in the
WPSH-center patterns. This suggests that MCS occurrence un-
der the direct influence of WPSH is more likely tied to thermo-
dynamic effects with a clear diurnal pattern. In contrast, MCS
occurrence in the WPSH-periphery patterns is mainly driven by
significant synoptic forcing, such as synoptic fronts, leading to
less pronounced diurnal variation. The contrast in diurnal varia-
tion is also clearly reflected in the spatial distribution of MCS
frequency every 3 h (Fig. A1 in appendix A).

The peak hour of MCS occurrence was further examined
for different WPSH patterns in terms of spatial distribution
[Figs. 8a(1)–d(1)]. It is evident that the offshore distribution of
peak hours is more complex than inland, with a broader time
span and more irregular patterns. This complexity arises from
the low frequency of offshore MCSs, even during the peak hours
[Figs. 8a(2)–d(2)], resulting in a more random distribution influ-
enced by factors such as the offshore propagation of inland
MCSs and local offshore MCS generation. In contrast, the in-
land peak hours are generally concentrated in the late afternoon
to evening. For the three T1 subtypes, peak times progressively
become later from southwest to northeast [Figs. 8a(1)–c(1)].

FIG. 4. Composite environmental features for different WPSH types, showing 500-hPa vertical velocity (shading; m s21), 700-hPa mois-
ture fluxes (contours; g kg21 m s21), and 700-hPa winds (vectors; m s21). Provincial boundaries are outlined by gray curves. The black box
denotes SEMC. The blue contour line indicates the composite 5880-gpm isoline at 500 hPa.
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This is likely linked to the eastward and northward propagation
of MCS hotspots, particularly from the afternoon onward
[Figs. A1a–c]. From T1-W to T1-M to T1-S, peak hours shift
later, especially in northern SEMC. In contrast, T2–T5 exhibits
less pronounced peak-hour variation [Fig. 8d(1)]. Neverthe-
less, a delayed peak from coastal regions (notably the south-
east coast) to inland mountains remains evident, consistent
with the northwestward migration of coastal MCS hotspots
[Figs. A1d].

It is noteworthy that the peak frequencies in the WPSH-
center patterns are comparable to, or even exceed (T1-S),
those in the WPSH-periphery patterns [Figs. 8a(2)–d(2)].
This contrasts with the overall frequency results, where the
WPSH-periphery patterns have higher frequencies (Fig. 6).
This suggests that MCSs within the WPSH center tend to oc-
cur more intensively during specific time periods, especially
around the peak time, rather than being distributed through-
out the day. It is further supported by the relatively higher
MCS fraction around the peak time in the WPSH-center pat-
terns (Figs. 7b–e), as well as the prominent MCS frequency be-
tween 1500 and 2100 LST (Fig. A1). Figure B1 in appendix B
exemplifies the evolution of MCSs occurring in the typical days
of the WPSH-periphery and WPSH-center patterns, which also
highlights a more concentrated MCS appearance between the
late afternoon and early evening in the WPSH-center patterns.

c. MCS stages during the life cycle

This subsection compares the key stages of the MCS life cy-
cle across different WPSH patterns. Of the 3463 identified
MCSs, over 83% have their entire lifetime}from formation
to termination}occurring within the same synoptic type, par-
ticularly within the three T1 subtypes (Fig. 9a). The remaining
MCSs mostly transition between two synoptic types (16%),
with only a small fraction experiencing three or four types.
The dominance of MCSs remaining within a single synoptic
type can be attributed to the relatively stable synoptic condition
over short time scales, as well as the generally subdaily dura-
tion of MCS life cycle. To minimize cross-type interference,
only MCSs that remain within a single synoptic type through-
out their life cycle are included in the following comparison
in this subsection.

MCS lifetime varies across synoptic patterns (Fig. 9b). The
average MCS lifetimes range from approximately 5.9 to 7.1 h,
consistent with previous studies (Yang et al. 2015). The lon-
gest average lifetime is observed in T1-W, where up to 20%
of MCSs persist for more than 9 h, while the shortest lifetime is
seen in T2–T5. Overall, MCSs under the WPSH-periphery pat-
terns tend to have longer lifetimes than those under the WPSH-
center patterns. Previous studies have indicated that the merging
process betweenMCSs can contribute to their persistence (Huang
and Zhang 2022), and our results confirm this, showing that

FIG. 5. Composite environmental features for different WPSH types, showing 700-hPa equivalent potential temperature (ue) (contours; K),
horizontal gradient of smoothed 700-hPa ue [shading; K (100 km)21], and vertical wind shear between the surface and 500 hPa
(vectors; m s21). Provincial boundaries are outlined by gray curves. The black box denotes SEMC. The blue contour line indicates
the composite 5880-gpm isoline at 500 hPa.
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patterns with longer MCS lifetimes tend to have more frequent
MCSmerging events (Fig. 9c). Interestingly, the patterns with lon-
ger MCS lifetimes also exhibit more frequent occurrences of the
MCS splitting process (Fig. 9d). This suggests thatMCSs with lon-
ger lifetimes have a greater likelihood of splitting.

MCSs are observed to predominantly form and terminate in
a natural way (without merging or splitting process) across all
synoptic patterns (over 60%), despite the percentage varies
between patterns (Figs. 9e,f). Overall, a higher proportion of
MCSs forms and terminates naturally in the WPSH-center pat-
terns compared to the WPSH-periphery patterns. In addition
to natural processes, MCSs most commonly form through
splitting and terminate through merging, which is most promi-
nent in T1-W.

MCSs affecting SEMC can form and terminate either locally
or elsewhere. Figure 10 illustrates the geographical distribution
of MCS formation and termination sites. Compared to the
WPSH-center patterns, the WPSH-periphery patterns show a
higher proportion ofMCSs forming outside SEMC,with themax-
imum percentage reaching ;45% in T1-W [Figs. 10a(1)–d(1)].
TheseMCSs generally originate to the west of SEMC and propa-
gate into the region, especially in T1-WandT1-M,wherewesterly
winds prevail. In the WPSH-periphery patterns, MCS formation
sites within SEMC are distributed across the entire domain,
whereas in the WPSH-center patterns, formation sites are more

concentrated in the central mountainous regions, oriented from
the southwest to northeast of SEMC. This suggests that oro-
graphic effects play a more significant role in MCS formation
within the WPSH center. Additionally, the WPSH-periphery
patterns exhibit a higher proportion of MCSs terminating out-
side SEMC, particularly to the east, compared to the WPSH-
center patterns [Figs. 10a(2)–d(2)].

MCS formation exhibits more pronounced diurnal variation
in the WPSH-center patterns than in the WPSH-periphery
patterns (Fig. 11a). Approximately half of MCSs form in the
afternoon (1200–1800 LST) in T1-S, with the percentage in-
creasing to over 65% in T2–T5. In contrast, MCS formation
in the WPSH-periphery patterns is more evenly distributed
throughout the day, with the afternoon percentage around 40%
in T1-M and less than 30% in T1-W. Regarding MCS termina-
tion, the WPSH-center patterns show a stronger diurnal signal
than the WPSH-periphery types again, with more MCSs termi-
nating during the night, especially between 1900 and 2300 LST
(Fig. 11b).

d. MCS movement, morphology, and intensity

This subsection further compares several MCS traits across
different WPSH patterns, including movement, morphology,
and intensity}factors that have long been recognized as im-
portant in modulating MCS rainfall production. To avoid

FIG. 6. Spatial distribution of MCS occurrence frequency for (a) all WPSH days and (b)–(e) different WPSH patterns. The number of
Himawari-8 satellite scans used to identify MCS objects is indicated above each panel for the corresponding pattern. Provincial boundaries
are shown by gray curves. The blue text in (a) identifies the two highest mountains within SEMC: Wuyi Mountains and Jiufeng
Mountains.
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anomalies caused by merging and splitting processes, only the
MCS samples that follow a continuity process are included in
the comparison.

It turns out that MCS motions vary significantly with WPSH
patterns, primarily governed by the prevailing winds at midlevels.
For the T1 subtypes, which are influenced by westerly flows
(Figs. 2b–d), MCSs generally move eastward (Figs. 12a–c). As
the westerly flows weaken from T1-W to T1-M to T1-S, the
eastward component of motion decreases from 92.4% to
78.5% to 60.6% and the movement slows, particularly in the
eastward direction. In T2–T5, where easterly or northerly flows
dominate (Figs. 2e–h), MCS motions shift predominantly west-
ward and southwestward (Figs. 12d). Overall, MCSs in the
WPSH-periphery patterns move faster, with a median speed of
12.9 m s21, whereas those in the WPSH-center patterns move
more slowly, with a median speed of 7.9 m s21. The T1, associ-
ated with the westerly jet, has the highest median moving speed
of 16.2 m s21, which is comparable to the speed of squall lines
(Meng et al. 2013). As noted by Feng et al. (2021), tropical and
subtropical MCSs typically move westward at moderate speeds
of 6–12 m s21, while mid- and high-latitude MCSs tend to
move eastward at faster speeds of 12–26 m s21. Thus, MCSs
in the WPSH-periphery patterns exhibit more mid- and high-

latitude characteristics, while those in the WPSH-center pat-
terns align more closely with tropical and subtropical MCS
attributes.

The various WPSH patterns show no significant difference in
MCS size, although the WPSH-center patterns have a slightly
higher proportion of small-sized MCSs (Fig. 13a). As a key
morphological parameter, eccentricity is commonly used to cat-
egorized MCSs into two types from a satellite view: 1) persistent
elongated convective systems (PECSs; eccentricity , 0.7) and
2) mesoscale convective complexes (MCCs; eccentricity $ 0.7)
(Jirak et al. 2003; Yang et al. 2015). The results reveal that
about 80% of MCSs in each WPSH pattern are PECSs, with
over half of them having a particularly linear shape (eccentric-
ity, 0.5) (Fig. 13b).

Relative to MCS size and shape, MCS orientation shows
more distinct variations among the WPSH patterns (Fig. 13c).
From T1-W to T1-S, MCSs have more northeast–southwest ori-
entation while less east–west orientation. This trend corresponds
to the weakening westerly vertical wind shears (Figs. 5a–c).
In the composite WPSH-center pattern (T2–T5) where the
shears are weak and have less northeast–southwest component
(Figs. 5d–g), MCSs become more east–west oriented and
less northeast–southwest oriented compared to T1-S. Despite

FIG. 7. Diurnal cycle of MCS fraction over SEMC for (a) all WPSH days and (b)–(e) different WPSH patterns. The
hourly MCS fractions are shown in box-and-whisker plots (refer to Fig. 3 for the plot style). The mean MCS fractions
for each hour are plotted as black lines. The diurnal amplitude of MCS fraction is given in the top-left corner of each
panel.
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significant variations in MCS orientation and movement direc-
tion across the patterns, the angle between them remains rela-
tively constant, with a median of ;308 and most samples
under 458 in each pattern (Fig. 13d). For linear MCSs, this
small angular offset promotes parallel movement of convective
cells relative to the convective line, enabling repeated cell pas-
sages over the same area}a well-known MCS “training” ef-
fect that enhances heavy local rainfall production (Schumacher
and Johnson 2005; Schumacher and Rasmussen 2020). This
mechanism is particularly effective in the WPSH-center pat-
terns, where slower MCS movement further facilitates the
training effect (Huang and Zhang 2022).

MCS intensity is compared across different WPSH patterns
using cloud-top BTs. For each MCS sample, the BTs of the
10% coldest MCS pixels are averaged to assess the MCS in-
tensity. More intense MCSs, indicated by lower BTs, are
observed in the WPSH-center patterns than in the WPSH-
periphery patterns (Fig. 14a). Specifically, MCSs are weakest
in T1-W and strongest in T2–T5, with median BTs of about
220 and 212 K, respectively. The WPSH-center patterns
generally feature a warmer, moister, and more unstable en-
vironment, as shown by higher values of ue (Fig. 5) and
daytime CAPE (refer to the 0800- and 1400-LST CAPE in
Fig. 16a), which contribute to the intensity differences be-
tween patterns.

When examining the spatial distribution of extreme MCS
intensity (i.e., the average of the 10% coldest MCS BTs for

each pixel), we found that the overall weaker MCS intensity
in T1-W is primarily due to weaker MCSs near the north-central
hotspot associated with frontal systems (Fig. 14b). In con-
trast, the south hotspot, located in the warm sector, experien-
ces much stronger MCSs with BTs about 8 K colder. This
meridional intensity contrast is not observed in the other pat-
terns (Figs. 14c–e). These patterns feature strong MCSs in
both coastal and inland regions. The overall contrast in MCS
intensity between the WPSH-periphery patterns and WPSH-
center patterns can be partially revealed in the examples of
T1-W and T5 in Fig. B1, with wider area of extreme cloud-
top BTs colder than 190 K observed in the T5 case between
1600 and 2000 LST.

In summary, MCSs across different WPSH patterns show little
variation in size and shape when viewed from satellite-observed
cloud systems. However, MCS movement and orientation ex-
hibit significant differences, depending on the prevailing environ-
mental flows in each pattern. Notably, the concurrent changes in
moving direction and orientation consistently form small angles
between themselves, which are conducive to the MCS training
effect in both WPSH-periphery and WPSH-center patterns.
Compared to the WPSH-periphery patterns, the WPSH-center
patterns feature slower-moving MCSs with stronger intensity.
This suggests that MCS characteristics within the WPSH
center might amplify the training effect and lead to localized
heavy rainfall, which warrants closer attention in routine
forecast operations.

FIG. 8. Spatial distribution of (a1)–(d1) peak occurrence hour and (a2)–(d2) peak occurrence frequency of MCSs for different WPSH
patterns. Provincial boundaries are denoted by gray curves. The black areas in (a1)–(d1) indicate regions where the peak occurrence fre-
quency is zero, and therefore, the peak occurrence hour is unavailable.
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FIG. 9. MCS life cycle traits, including (a) the coverage number of WPSH synoptic types for all identified MCSs
(shown in bar charts), with the percentages of one-type MCSs for different WPSH types (shown in a pie chart);
(b) MCS lifetime distribution and mean lifetime (black curve with triangle symbols) as a function of WPSH pattern;
(c) MCS merging and (d) splitting number distributions as a function of WPSH pattern; and (e) MCS formation and
(f) termination type distributions as a function of WPSH pattern.
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5. MCS-favorable environmental features in each
WPSH pattern

While the differences in MCS features across various WPSH
patterns have been explored, an important question remains:
How do the environmental factors that favor MCS occurrence
differ from those that inhibit it within each WPSH pattern? To
address this, WPSH days in each synoptic type were divided
into two groups for comparison: MCS-active days and MCS-
inactive days. An MCS-active day was defined as one where

the mean of hourly MCS fractions over SEMC exceeds the
median value for its corresponding synoptic type. In contrast,
an MCS-inactive day was defined as one where the mean MCS
fraction falls below the median.

a. Synoptic-scale disturbances

Composite anomalies of 500-hPa vertical velocity, 700-hPa
wind, and 700-hPa moisture flux on MCS-active days, relative to
the mean state of their respective synoptic type (as shown in

FIG. 10. Spatial distribution of the (a1)–(d1) formation and (a2)–(d2) termination sites of natural-type MCSs for different WPSH pat-
terns. Provincial boundaries are denoted by gray curves. The black box denotes SEMC. The blue text in each panel shows the percentage
of formation/termination sites within SEMC.

FIG. 11. Diurnal variation of the (a) formation and (b) termination times of natural-type
MCSs within SEMC as a function of WPSH pattern. The blue text in (a) denotes the cumulative
frequency of MCSs with formation times between 1200 and 1800 LST (blue box) for each
WPSH pattern.
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Fig. 4), were investigated to demonstrate the role of synoptic-
scale disturbances in various synoptic types. In the WPSH-
periphery types, additional southwesterly and/or southerly
components at 700 hPa, along with enhancing low-level mois-
ture, provide anomalous moisture fluxes over SEMC on MCS-
active days (Figs. 15a,b). Moreover, anomalous upward motions
at 500 hPa are observed during these days. These findings sug-
gest that enhanced synoptic-scale disturbances play a significant
role in the active occurrence of MCSs in the WPSH-periphery
types. Overall, the anomalous features are more pronounced in
T1-W than in T1-M, with greater anomaly magnitudes and more
extensive anomaly areas that pass the Student’s t test.

In stark contrast to the WPSH-periphery types, the WPSH-
center types show no significant signals of synoptic-scale distur-
bances for MCS occurrence (Figs. 15c–g). On MCS-active days,
no significant anomalies are observed within SEMC for low-
level winds or midlevel vertical motions in the WPSH-center
types. One exception is the small area of enhanced moisture
fluxes within SEMC in T1-S, T2, and T3. This enhancement is
primarily caused by a significant increase in low-level specific
humidity on MCS-active days, rather than changes in low-level
winds. In fact, the low-level winds in the WPSH-center types
are generally weaker on MCS-active days than the mean state,

although the difference does not pass the significance test. The
relatively calm environment within the WPSH center allows for
the local accumulation of warm, moist air (Zeng et al. 2019).
This process may be a key mechanism driving MCS occurrence
in the WPSH-center scenario.

b. Convective parameters

We further examined the differences in convective parame-
ters between MCS-active days and MCS-inactive days, in terms
of CAPE, TCW, and KI. In addition to 0800 LST, the time of
1400 LST (just before the peak occurrence of MCSs from a di-
urnal view) is also included to account for the diurnal variations
in convective parameters. The convective parameters across
SEMC are weighted by the occurrence frequency of MCSs
within the corresponding synoptic type to generate a weighted
value for comparison. Using the weighted value allows for em-
phasizing the role of convective parameters near the MCS hot-
spots, which is more representative than using the mean value
across entire SEMC.

As expected, all three convective parameters effectively dis-
tinguish MCS-active days from MCS-inactive days for both the
WPSH-periphery and WPSH-center patterns (Fig. 16). The
weighted CAPE, TCW, and KI consistently show significantly

FIG. 12. Wind rose diagram showing the distribution of moving direction and speed for MCS samples with a natural
continuity process, as a function of WPSH pattern. In each panel, the numbers in parentheses represent the percen-
tages of MCS samples moving toward a specific direction.
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higher medians on MCS-active days compared to MCS-inactive
days, as indicated by the absence of overlap between the notches
of the corresponding box plots. For example, at 1400 LST,
the median values for the MCS-inactive days versus MCS-
active days are 79–525 J kg21 versus 705–984 J kg21 for
CAPE, 39–47 kg m21 versus 49–55 kg m21 for TCW, and
29–31 K versus 33–34 K for KI. These results suggest that fa-
vorable thermodynamic conditions}characterized by sufficient
instability and moisture}are required for the active occur-
rence of MCSs, regardless of whether in the WPSH-periphery
patterns or WPSH-center patterns. Notably, T1-W, the pattern
with the strongest synoptic forcing, requires the least CAPE,
TCW, and KI.

Among the three parameters, CAPE shows the most pro-
nounced diurnal variation, particularly in the WPSH-periphery

patterns (Fig. 16a). On MCS-active days, the median value in-
creases by 1.8 times in T1-W (from 388 to 705 J kg21) and by 1.6
times in T1-M (from 589 to 946 J kg21) from 0800 to 1400 LST.
In contrast, the WPSH-center patterns exhibit higher median
CAPE values at 0800 LST, with relatively moderate increases
by 1400 LST}only 1.3 times in T1-S and 1.2 times in T2–T5.
This suggests that MCSs in the WPSH-center patterns tend to
develop from a more unstable environment in the morning,
whereas in the WPSH-periphery patterns, instability increases
more notably throughout the day. Although the CAPE values
on MCS-inactive days are generally lower than on MCS-active
days, the diurnal variation patterns remain similar.

Regarding TCW (Fig. 16b) and KI (Fig. 16c), the increase from
0800 to 1400 LST is relatively small, with changes of no more
than 2 kg m21 and 3 K, respectively. This pattern holds true for

FIG. 13. Distribution of (a) size, (b) eccentricity, (c) orientation, and (d) angle between orientation and moving
direction of MCSs, as a function of WPSH pattern.
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both MCS-active and MCS-inactive days across all four patterns.
A notable feature in these two parameters is the narrower distri-
bution around higher values on MCS-active days compared to
MCS-inactive days, especially for the WPSH-center patterns at
1400 LST. This highlights that sufficient local moisture and low-
level instability are key prerequisites for MCS development in
these conditions.

6. Summary and discussion

As a crucial globally existing weather system, subtropical
highs have received extensive attention due to their impacts
on large-scale weather and climate. However, our understanding
of the linkage between the subtropical highs and mesoscale con-
vective weather remains limited, hindering the improvement of
convective weather forecasts in subtropical-high-involved sce-
narios. This study aims to explore the general characteristics of
warm-season MCSs in response to variations in the WPSH pat-
tern over SEMC, the region most frequently affected by the
WPSH in the Asian continent, with emphasis on the comparison
of MCS groups occurring at the WPSH periphery and center.

A total of 725 WPSH days were identified over SEMC, ac-
counting for 56.6% of the seven warm seasons between 2016
and 2022. The synoptic circulations during WPSH days were

classified into five typical types (T1–T5) through T-mode PCA,
characterized by distinct positions of the WPSH center relative
to SEMC. The most prevalent type, T1, was further subdivided
into three subtypes based on WPSH intensity over SEMC:
weak (T1-W), moderate (T1-M), and strong (T1-S). In general,
T1-W and T1-M correspond to the WPSH-periphery pat-
terns, where SEMC lies to the northwest of the WPSH cen-
ter, while T1-S and T2–T5 represent the WPSH-center patterns,
with SEMC located directly under the WPSH influence. The
WPSH-periphery patterns are most common in early summer
(April–June), while the WPSH-center patterns prevail in late
summer (July–September).

During WPSH days, 3463 MCSs were identified over SEMC
from successive infrared images taken by the Himawari-8 satel-
lite. These MCSs are most active over the north-central part of
SEMC, particularly between the two highest mountains, with
an occurrence frequency reaching up to 6%. MCS activity is no-
tably higher in the WPSH-periphery patterns, where southwest-
erly jet streams bring abundant moisture into SEMC. The MCS
hotspot shows a clear northward shift as the WPSH, and south-
westerly jets move northward from T1-W to T1-M. In T1-W,
two MCS hotspots are observed: one in the north-central region
and another in the southwest, corresponding to frontal and warm-
sector scenarios that are typical of early summer in southern

FIG. 14. Intensity comparison of MCSs over SEMC among different WPSH patterns using satellite-observed BTs, in terms of (a)
box-and-whisker plots (refer to Fig. 3 for the plot style) of the mean BTs of the 10% coldest MCS pixels for each MCS sample and
(b)–(e) spatial distribution of the mean BTs of the 10% coldest MCS pixels in each SEMC grid. The black areas in (b)–(e) represent
regions where the mean BTs exhibit a large standard deviation (greater than 5 K), and these areas were excluded from the analysis.
Provincial boundaries in (b)–(e) are denoted by gray curves.
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China. In the WPSH-center patterns, MCSs occur in a warm,
moist environment with weaker synoptic forcing. These MCSs
show a generally moderate frequency and more diverse hotspots
compared to the WPSH-periphery patterns, though they remain
significant, especially in hotspots with considerable occurrence
frequency.

The different synoptic patterns consistently exhibit a single
peak in MCS occurrence within the diurnal cycle, with the
peak hour occurring between 1600 and 1900 LST. However,
the diurnal amplitude is much larger in the WPSH-center pat-
terns compared to the WPSH-periphery patterns. This sug-
gests that MCSs at the WPSH center are more concentrated
around the peak period, rather than occurring throughout the
day. During the active period, MCS frequency in the WPSH-
center patterns is comparable with or even higher than their
WPSH-periphery counterparts. It is therefore speculated that
MCS occurrence within the WPSH center is more strongly in-
fluenced by the thermodynamic effects with apparent diurnal
cycle.

Longer MCS lifetimes are generally observed in the WPSH-
periphery patterns compared to the WPSH-center patterns.
This is accompanied by more frequent MCS merging and split-
ting processes in the WPSH-periphery patterns. MCSs in the
WPSH-center patterns tend to form and terminate more natu-
rally than their WPSH-periphery counterparts, with less in-
volvement of merging or splitting. Spatially, MCS formation at

the WPSH center is more concentrated within SEMC, particu-
larly in the central mountainous regions. Temporally, MCSs in
the WPSH-center patterns are more likely to form in the after-
noon between 1200 and 1800 LST.

MCSs across different WPSH patterns show little variation
in size and shape when observed from satellite cloud imagery.
However, their movement and orientation exhibit significant
differences, driven by the varying environmental flows in each
pattern. Notably, the concurrent changes in movement direc-
tion and orientation form small angles with one another, which
favor the development of the MCS training effect in both the
WPSH-periphery and WPSH-center patterns. Compared to the
WPSH-periphery patterns, the WPSH-center patterns are char-
acterized by slower-moving MCSs with stronger intensity. This
combination of features within the WPSH center could en-
hance the training effect, leading to higher potential of localized
heavy rainfall production, making it an important consideration
for routine forecasting.

The active occurrence of MCSs in the WPSH-periphery pat-
terns is driven by anomalous synoptic disturbances, character-
ized by enhanced southwesterly/southerly jet streams, moisture
transport, and midlevel upward motion. These features are ab-
sent in the WPSH-center patterns, where MCS activity occurs
without significant synoptic-scale forcing. The examined convec-
tive parameters}CAPE, TCW, and KI}all effectively distin-
guish MCS-active days from inactive ones in both scenarios.

FIG. 15. Composite anomalies of MCS-active days relative to the mean state (shown in Fig. 4) for different WPSH types, showing
500-hPa vertical velocity (shading; m s21), 700-hPa winds (vectors; m s21), and 700-hPa moisture fluxes (contours; g kg21 m s21).
The composite anomalies are displayed only when they pass the Student’s t test at a 90% confidence level. The black box in each
panel denotes SEMC.
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MCSs in the WPSH-center patterns typically form in a high-
CAPE environment in the morning, whereas in the WPSH-
periphery patterns,MCSs arise as instability increases significantly
frommorning to afternoon.

This study highlights the distinct behaviors and environ-
mental features of warm-season MCSs occurring at the WPSH
periphery and center, which are summarized in the sche-
matics (Fig. 17). The results reveal that MCSs within the
WPSH center are more frequent than traditionally expected
and thus deserve the same level of attention as those occur-
ring at the WPSH periphery. This is especially relevant since

MCSs within the WPSH center have a high potential for
generating the MCS training effect and often occur in weak
synoptic-forcing environments of poor predictability. Given
that the WPSH has been shown to extend westward under
global warming (Cherchi et al. 2018; Zhou et al. 2009), the in-
sights gained here regarding the relationship between the
WPSH pattern and MCS characteristics are crucial not only for
immediate forecasting of convective storms over SEMC but
also for understanding future trends of MCSs in response to
climate change. Future work will focus on comparing MCS-
producing convective weather (especially heavy rainfall)

FIG. 16. Comparison of convective parameters, including (a) CAPE, (b) TCW, and (c) KI,
between MCS-active days and MCS-inactive days at 0800 and 1400 LST for different WPSH
patterns. The data are presented as box-and-whisker plots (refer to Fig. 3 for the plot style).
Note that the values are weighted by the occurrence frequency of MCSs within the corre-
sponding synoptic type to emphasize the influence of convective parameters near the MCS
hotspots.
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across different WPSH patterns. It will also investigate lo-
calized mechanisms promoting MCS development within
the WPSH center, such as land–sea contrast and the com-
plex terrain of SEMC.
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APPENDIX A

Diurnal Variation in the Spatial Distribution of MCS
Occurrence Frequency for Different WPSH Patterns

Figure A1 shows the spatial distribution of the occur-
rence frequency of MCSs for different WPSH patterns at
3-h intervals.

FIG. 17. Summary schematic diagram of the distinct characteristics of satellite-viewed warm-season MCSs over
SEMC between the (a) WPSH-periphery pattern and (b) WPSH-center pattern. (top) The MCS hotpots (larger
clouds indicate higher frequency) within each pattern, along with associated environmental features. (middle) The
typical life cycle evolution of MCSs from a diurnal view (higher clouds indicate stronger intensity). (bottom) The typi-
cal propagation modes of MCSs corresponding to the five stages in (middle), with darker green color indicating higher
potential of rainfall due to stronger MCS intensity.
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FIG. A1. Spatial distribution of the occurrence frequency of MCSs for different WPSH patterns at 3-h intervals.
Provincial boundaries are denoted by gray curves.
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APPENDIX B

Example of MCS Evolution on Two Representative Days
for WPSH-Periphery and WPSH-Center Patterns

Figure B1 displays the infrared cloud images of the MCS
evolution in SEMC on 2 days that were selected to repre-
sent WPSH-periphery and WPSH-center patterns.
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