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Abstract

This study classified atmospheric fields to investigate the distribution of,

and the interannual variation in, heavy rainfall that occur over Kyushu,

southwestern Japan, which have shown marked increase in recent years.

Radar/rain gauge-analyzed precipitation data acquired during June—September

(2006—2023) were used to identify quasi-stationary heavy precipitation systems

(QSPSs), and the 6-hourly sea level pressure (SLP) pattern was classified to

elucidate the impact of synoptic conditions on the interannual variation in the

frequency of QSPSs. It was found that the occurrence location of QSPSs

corresponded to the inflow side of lower-level water vapor transport. Specifically,

under the SLP pattern representing a cyclonic circulation to the south of Kyushu,

QSPSs occurred over the eastern mountain region in Kyushu Island. Conversely,

QSPSs occurred over western Kyushu when the SLP pattern reflected the

extension of the North Pacific high to the south of Japan. The interannual

variation in the occurrence number of QSPSs was interpreted based on the

frequency of the above mentioned favorable SLP patterns. The interannual

variation in the occurrence number of QSPSs corresponded with changes in the
2
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appearance frequency of the favorable SLP patterns as evidenced by many

QSPSs occurrences in 2020 under a prevailing North Pacific high, suggesting a

possible, albeit not strong, influence of the synoptic circulation on QSPSs.

Furthermore, this variation is strongly affected by dynamical and

thermodynamical factors specific to each SLP pattern, which play a critical role in

determining the probability of the QSPSs occurrence.

Keywords heavy precipitation; mesoscale convective systems; synoptic

patterns; water vapor transport; interannual variation
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1. Introduction

Global warming and associated changes in heavy precipitation are

alarming issues worldwide, which poses significant risks to society through

various environmental threats, including natural disasters, food insecurity, and

disruptions to ecosystem services (e.g., Seneviratne et al. 2021; Bezner et al.

2022). Observational studies have documented the changes in frequency and

intensity of heavy rainfall across various regions and climate zones (e.g., Zhang

et al. 2013; Li et al. 2018; Sun et al. 2021), and this trend is projected to intensify

in the future. Therefore, it is crucial to reduce uncertainty in future projection of

heavy precipitation by improving our understanding of its variability.

In Japan, given that the region is affected by the East Asian summer

monsoon and mid-latitude weather systems, heavy rainfall events frequently

occur in association with anomalous water vapor transport maintained by various

synoptic fields. For example, strong water vapor transport toward Japan is

observed around the western periphery of the North Pacific high (Zhao et al.

2021), and tropical cyclones can convey remarkable amounts of water vapor

toward the country, even when the cyclone is located far from mainland Japan

(Hatsuzuka et al. 2020). To understand the contributions of moisture transport
4
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driven by different systems to heavy rainfall over Japan, classification of

atmospheric fields is an effective approach. Previous studies revealed that the

rate of future increase in heavy rainfall is projected to be different for each rainfall-

causing disturbance (e.g., Miyasaka et al. 2020; Hatsuzuka and Sato 2022).

Specifically, Kawase et al. (2019) emphasized that the influence of global

warming is different between heavy rainfall events caused by tropical cyclones

and those associated with Baiu front, even within the same region. It is also

anticipated that heavy rainfall events, previously unprecedented, may be

increasingly frequent due to atmospheric rivers in the future climate (Kamae et

al. 2021). These studies imply that the rates of heavy rainfall change are affected

by the occurrence frequency of the rainfall-causing synoptic systems. Therefore,

it is suggested that long-term variations in the frequency of heavy rainfall should

be investigated with consideration of the variations in atmospheric fields that lead

to heavy rainfall events. Since local heavy precipitation is largely influenced by

the broader-scale environment, which is a characteristic common across much

of the globe (Laing and Fritsch 2000; Markowski and Richardson 2010; Trier et

al. 2014), separating the drivers of precipitation variability into those associated

with synoptic patterns and other conditions can add significant value to
5
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understanding precipitation variability.

The record heavy rainfall occurred in western Kyushu, western Japan, in

July 2020. During this event, heavy precipitation caused destructive floods in the

Kuma River region, southwestern Kyushu (Araki et al. 2021). At the time of the

event, the underlying characteristic synoptic condition promoted substantial

transport of low-level water vapor toward western Kyushu around the periphery

of the North Pacific high (JMA 2020). These circumstances denote the crucial

role of the synoptic conditions that regulate water vapor transport on the genesis

and development of convective systems. Therefore, understanding the relations

among the synoptic field, water vapor transport, and occurrence of heavy

precipitation are essential for elucidating the potential long-term changes in

heavy precipitation that might be expected in the era of climate change.

The number of heavy rainfall events over Kyushu has increased in recent

years (Fujibe 2015), which is related to the variability of low-level water vapor flux

(Kato 2024), leading to the increasing risk of associated landslides and flood

disasters. Extreme precipitation with significant accumulation is often associated

with quasi-stationary mesoscale precipitation systems (Yoshizaki et al. 2000;

Hirota et al. 2016; Kato 2020). It is crucial to examine how these systems have
6
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been altered in relation to climate change. Therefore, the interannual variation in

quasi-stationary precipitation systems (QSPSs) over Kyushu should be

elucidated through better understanding of their formation and development

mechanisms. Given that heavy rainfall over Kyushu occurs under various

atmospheric fields (e.g., the Baiu front, which is formed in association with East

Asian summer monsoon, and typhoons), investigating the characteristics of

QSPSs under each background atmospheric field might provide new insights into

the impact of climate change to heavy precipitation. Thus, by classifying the

atmospheric fields, the objective of this study was to investigate the geographical

distribution of, and the interannual variation in, QSPSs that occur over Kyushu.

2. Data and methods

2.1 Identification of QSPSs

This study adopted the method for identification of QSPSs proposed by

Hirockawa et al. (2020a). This method identifies heavy rainfall considering their

stationarity as described in brief below. The dataset employed is radar/rain

gauge-analyzed precipitation data (Nagata 2011) provided by the Japan

Meteorological Agency (JMA). Following Hirockawa and Kato (2022), the original
7
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radar/rain gauge-analyzed precipitation data with 1-km (0.0125° x 0.00833°)
resolution were converted to 5-km (0.0625° x 0.05°) resolution, and 3-hourly
accumulated precipitation data were used in the analysis. The requirements for
QSPSs include an area of strong rainfall (at least 80 mm 3-h~") greater than 500
kmZ, with at least one grid point with precipitation exceeding 100 mm 3-h~'. These
requirements have been widely used in studies on extreme rainfall events in this
region (Hirockawa et al. 2020b; Kawase et al. 2023; Watanabe et al. 2024), and
we confirmed they are applicable for recent heavy rainfall events that occurred
over the mountainous area on 5 July 2017, which brought severe floods and
landslides in northern Kyushu (Takemi 2018). Please note that this study does
not take into account either the aspect ratio or the least duration of the
precipitation systems, both of which were considered in Hirockawa et al. (2020a).
The first time/date that satisfies these requirements is regarded as the time of
QSPSs genesis. Figure 1a illustrates the domain used for analysis of QSPSs. In
this study, we analyze QSPSs that exist over the land and the sea within 30 km
offshore of the coastline, taking into account the limited accuracy of the radar/rain
gauge-analyzed precipitation over the sea. In analyzing the warm season (April—

November) in 2006-2023, we identified 1,394 QSPSs (Fig. 1b).
8
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The geographical distribution of the frequency of QSPSs genesis (Fig. 1b)
shows that the genesis frequency is high over western Kyushu and the mountain
region of eastern Kyushu, consistent with Hirockawa et al. (2020a). Numerous
QSPSs genesis events are observed over the ocean when we extend the area
(Fig. S1), highlighting the need for detailed investigations using data with
sufficient accuracy over the ocean in the future. The monthly variation shows that
approximately 90% of the QSPSs occurred during June—September with a peak
in July (Fig. 1c). It was also found that the lifespan was < 5 h for approximately

95% of the QSPSs (Fig. 1d).

2.2 Synoptic pattern classification

To investigate the relationship between QSPS genesis and synoptic

conditions, we conducted classification of atmospheric fields. This section

describes the classification method. In this study, sea surface pressure (SLP)

was adopted as the variable subjected to the classification because SLP controls

the lower-tropospheric atmospheric circulation that drives the transport of low-

level water vapor, which is crucial for the formation of rainbands (e.g., Johns and

Doswell 1992; Schumacher and Rasmussen 2020). In addition, it has been
9
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reported that moisture transport near the surface (below 850-hPa) is considered

to play a crucial role in heavy rainfall in Kyushu region (Kato 2018), which might

be because the region is surrounded by warm oceans. The SLP data at

approximately 0.375° horizontal resolution and 6-h intervals were acquired from

the Japanese Reanalysis for Three Quarters of a Century (JRA-3Q: Kosaka et

al. 2024) provided by the JMA. We used the self-organizing maps (SOMs)

approach (Kohonen 1982) to classify the spatial pattern of SLP. The SOMs

methodology is implemented as an artificial neural network, which is intended to

transform high-dimensional datasets into visually understandable low-

dimensional (e.g., two-dimensional) maps. The SOMs approach has been used

widely for classification of atmospheric fields (e.g., Cavazos 2000), including

identification of atmospheric fields related to heavy rainfall in Japan (e.g., Ohba

et al. 2015). As an input vector in the SOMs method, spatially standardized SLP

fields at 6-h intervals over the study domain (22°—42°N, 120°-140°E; see Fig. 2)

that is substantially larger than Kyushu Island, were used for the SOMs training.

The classification was conducted for the period of June-September with

consideration of the frequency of QSPSs (Fig. 1c) in 2006-2023. Eventually, 2 x

4 SLP patterns (8 nodes) were created for 8,784 input vectors (4 times per day x
10
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122 summer days x 18 years).

The SOMs further facilitate the classification of 6-hourly SLP patterns, as

summarized in Fig. 2, which depicts a composite of classified SLP patterns.

Patterns #1 and #2 are characterized by low pressure located from south of the

Nansei Islands to near Taiwan which is far from Kyusyu region. Patterns #5 and

#6 are characterized by low pressure located relatively close to Kyushu region,

extending from Kyushu to its southeastern sea, whereas patterns #3, #4, #7, and

#8 are characterized by the existence of the North Pacific high. On the basis of

the above, we refer to patterns #1 and #2 as the Far Low (FL)-pattern, patterns

#5 and #6 as the Near Low (NL)-pattern, and patterns #3, #4, #7, and #8 as the

North Pacific high (NPH)-pattern. Notably, the SLP snapshots classified into the

FL- and the NL-patterns are likely related to tropical cyclones because

approximately 30% of the snapshots (i.e., 1,384 out of 4,332) involved tropical

cyclones within the domain (22°-42°N, 120°-140°E) based the best-track dataset

produced by the JMA. Additionally, we confirmed that these SLP patterns (i.e.,

the FL- and the NL-patterns) frequently appear in August and September (Figs.

3a and 3b) when many tropical cyclones approach Kyushu. Therefore, the areas

of low pressure depicted in the FL- and the NL-patterns are considered to reflect
11
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tropical cyclones. The proportion of snapshots having a tropical cyclone center
within the domain is low (approximately 15% in each) in the NPH-pattern; these
SLP patterns frequently appear in June and July (Fig. 3c) corresponding to the

Baiu season.

2.3 Decomposition of interannual variation in number of occurrences of QSPSs

To link the interannual variations in QSPSs with synoptic conditions, we
attempted to decompose the interannual variations in QSPSs based on the result
of the SLP classification. This subsection describes the methodology adopted in
this study (Fig. 4).

In the first step, the interannual time series of QSPS occurrences was
separated into three independent time series, each of which corresponds to the
interannual counts of QSPSs occurring under each classified SLP pattern (i.e.,
the FL-pattern, the NL-pattern, and the NPH-pattern). Thus, total interannual
variation in the occurrence number of QSPSs, N(t), where t represents years, is

determined as follows:

3
N(t) = Z Npattern(t)
1

pattern=

12
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= Npp(t) + Nyp(t) + Nypu (D), (1)
where Ng (f), Ny (f), and Npypy(t) indicate the interannual variations in the
occurrence number of QSPSs under the FL-pattern, the NL-pattern, and the
NPH-pattern, respectively. Considering that SLP is available at 6-hour interval in
JRA-3Q, we used the SLP snapshot at the closest time with QSPS genesis. In
this study, the expression of 'occurrence' is used for QSPSs to denote their
genesis at the time of this snapshot. The results of aforementioned
decomposition are presented in Subsection 3.2.

In the second step, we decomposed the interannual variations in the
occurrence number of QSPSs in each SLP pattern into three factors:

Nypattern(t) = Apattern(t) X Ppattern(t) X Spattern(t) (2)
where Apaen(f) indicates the number of appearances of each SLP pattern
regardless of the presence or absence of QSPSs. This term represents the
counts of snapshots in each year for each typical SLP pattern. Hence, it is
supposed to represent the characteristics of the synoptic condition in each
summer. The second term, Ppaxem(t), indicates the probability of occurrence of at
least one QSPS under each SLP pattern. This term is calculated as the rate of

the number of the SLP snapshots coinciding with QSPS to SLP snapshot
13
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classified into each SLP pattern (Apatern). The third term, Spaxem(t), indicates the
annual average of simultaneous QSPS occurrences under each SLP pattern. The
terms Ppatiern(t) X Spattern(t) reflect the mean number of QSPS occurrences per
given SLP pattern. Through this decomposition, we examine the attribution of
synoptic weather conditions and other factors to total interannual variation in

QSPSs, and the results are presented in Section 4.

3. Results
3.1 Distribution of QSPSs in each SLP pattern

Figure 5a shows a composite of the water vapor flux (FLWV) under each
SLP pattern when QSPSs occurred. The calculation of FLWV follows Kato (2018,
2020), which is described as below.

FLWV = pqv,

where p, g, and v represent dry air density, mixing ratio of water vapor,
and wind speed, respectively, obtained from JRA-3Q. If the terrain height is less
than 300-m, the FLWV was computed at a height of 500-m. Otherwise, it is
calculated at the terrain heights plus 200-m (Kato 2018). For simplicity, these

heights are, hereafter, referred to as 500-m heights. It is evident that the water

14
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vapor transport is consistent with the atmospheric flow associated with the SLP

distribution when QSPSs occurred (Fig. S2). The water vapor transport in the FL-

pattern (#1 and #2) is characterized by a southeasterly flow toward Kyushu

induced by low pressure far to the south of Kyushu. Meanwhile, southerly water

vapor transport is driven by low pressure located near western Japan in the NL-

pattern (#5 and #6). The NPH-pattern (#3, #4, #7, and #8) is characterized by

southerly or southwesterly water vapor transport from the East China Sea, around

the periphery of the North Pacific high.

To better compare water vapor transport with SLP patterns, a composite

of vertically integrated water vapor transport is drawn using snapshots taken only

during the occurrence of QSPSs (Fig. 5b). The FL-pattern and the NL-pattern are

characterized by a southerly and southeasterly water vapor flow, respectively.

Meanwhile, southwesterly water vapor transports are dominant toward Kyushu in

the NPH-pattern, which denotes the mid-tropospheric moisture transport due to

East Asian summer monsoon and lower-tropospheric moisture transport

surrounding North Pacific high (Kato et al. 2003).

The spatial distributions of QSPSs are examined for each SLP pattern, as

shown in Fig. 6. In the FL-pattern and the NL-pattern, the QSPS occurrences are
15
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observed more often over the mountainous region of eastern Kyushu because of
orographic lifting of the moist southeasterly flow. In the NPH-pattern, most of
QSPSs over western Kyushu appear attributable to the water vapor flux
strengthen in the East China Sea. This pattern often causes heavy rainfall events
over western Kyushu (Kawase et al. 2019), and it is associated with mesoscale
convective systems during the Baiu season (Tsuguchi and Kato 2014).
Interestingly, Fig. 6 suggests that the location of the QSPSs might be identifiable
based solely on the SLP pattern and associated moisture transport pathways,
which underscores the effectiveness of the synoptic-scale pattern classification

for the prediction of extreme weather events caused by QSPSs.

3.2 Interannual variation in the number of QSPS occurrences

Based on the identified SLP patterns and QSPSs, interannual variation in
the number of QSPSs during June—-September is investigated. On average,
QSPSs occurred at the rate of 58.6 counts year' in the first half of the study
period (2006—2014), but this increased to 80.8 counts year in the second half
(2015-2023) (Fig. 7a). The linear trend for this increase is significant (pyx < 0.05)

with a rate of 15.0 counts decade' according to the nonparametric Theil-Sen’s
16
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estimator (Theil 1950; Sen 1968) and Mann-Kendall trend test (Mann 1945).

Additionally, the accumulated precipitation due to QSPSs shows a positive trend

(Fig. 7b), which is not statistically significant. It should be noted that these results

might be affected by low-frequency internal variability contributing to the trend in

this short analysis period.

The interannual variation in the occurrence number of QSPSs differs

among three SLP patterns (Fig. 7c). The amplitudes of interannual variation are

relatively large in the FL-pattern (#1 and #2) and the NL-pattern (#5 and #6). This

could be influenced by the number of tropical cyclones passing around Kyushu

in these two patterns. We noticed that an increasing trend was observed in the

occurrence number of QSPSs in the NL-pattern when ocean area was included

(not shown; see Fig. S1 for the domain). Although this trend is not discussed in

detail due to the insufficient accuracy of radar/rain-gauge-analyzed precipitation

data over the sea, the result implies possible changes in QSPS occurrences over

the sea, perhaps related to the ocean warming. In contrast, approximately 50

QSPSs per year on average occur in the NPH-pattern (#3, #4, #7, and #8),

accounting for approximately 70% of all QSPSs. This high frequency agrees with

the fact that heavy rainfall in Kyushu frequently occurs around the Baiu front
17
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(Tsuguti and Kato 2014), which is common in the NPH-pattern. During the Baiu

season, the number of short duration heavy rainfall events has increased in

recent years in Kyushu region (Fujibe et al. 2005; Kato 2024). In the present study,

however, the occurrence number of QSPSs does not show an increasing trend

in the NPH-pattern, which is dominant during the Baiu season (Fig. 3c). The

analysis using long period data may detect the increasing trend of the occurrence

number of QSPSs in the NPH-pattern. These characteristics suggest that QSPSs

occurring in the NPH-pattern might make a substantial contribution to the

variability in the overall number of QSPSs.

4. Discussion

4.1 Interannual variations and role of tropical cyclones

Through a decomposition of the observed interannual variation of the

QSPSs, it is found that the appearance of the synoptic pattern (A(t)) is not a

crucial factor leading to QSPS occurrences (Figs. 8a—c). However, the high

appearance frequency of the NPH-pattern (Axpy) in 2020 (335 snapshots or

83.75 days during June—September) coincides well with the frequent occurrences

of QSPSs (87 counts). Therefore, the frequency of the NPH-pattern during

18
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summer 2020 might be an underlying factor behind the highest occurrence of

QSPSs, implying that the role of synoptic conditions should be validated over a

longer period. The interannual variations in the occurrence probability and the

simultaneous occurrence number (i.e., P(t) and S(t), respectively) are relatively

large or significantly correlated with that in the number of QSPS occurrences,

which is a common characteristic (Figs. 8d—i), except for Sg,(t), which shows a

relatively high correlation coefficient that is not statistically significant (Fig. 8g).

Notably, the probability term for the NL-pattern (Py.(t)) exhibits a positive

trend (Fig. 8e) during 2006—2023. Figure 9a shows the frequency of tropical

cyclones when QSPSs occurred in the NL-pattern, defined as the fractional

duration of the presence of tropical cyclone centers. It denotes that the NL-pattern

involves QSPS events associated with a tropical cyclone existing over and near

the Kyushu region. Interestingly, the interannual variation of Py(t) is relatively

large correlated (r=0.54) with the fractional duration of tropical cyclones that are

present over the Kyushu region or the East China Sea (Fig. 9b). Pn.(t) suggests

that the low pressure features in the regions reflect the probability whether a

tropical cyclone exists. In other words, the likelihood of QSPS occurrences in the

Kyushu region in the NL-pattern increases if a tropical cyclone exists near the
19
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Kyushu region. Furthermore, the positive trend in Py.(t) denotes the increasing
contribution of tropical cyclones to QSPS occurrences in the Kyushu region (Fig.
9b). This is consistent with the IPCC report (Seneviratne et al. 2021) which
mentioned, based on climate model simulations, that tropical-cyclone-induced
rainfall is projected to increase with enhanced greenhouse gas concentrations.
The contributions of sea surface temperature warming in the surrounding oceans
and elevated atmospheric moisture content in each of these SLP patterns should

be investigated in future studies.

4.2 The role of environmental conditions

For each SLP pattern, we investigate whether there are differences in the
environmental conditions in the QSPS occurrences. Here, six indices that are
proposed to be representative of the environmental conditions leading to QSPS
geneses (Kato 2020) were analyzed using JRA-3Q. The indices and their
threshold include (1) the water vapor flux at 500-m heights (FLWV; > 150 g m?
s), (2) the storm-relative environmental helicity (SREH; > 100 m? s2), (3) the
distance between 500-m heights and the level for free convection for airmass

lifted from 500-m heights (dLFC; < 1,000 m), (4) the equilibrium level for the

20
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airmass lifted from 500-m heights (EL; > 3,000 m), (5) the relative humidity at 500

hPa and 700 hPa (RH; > 60 %), and (6) the upward velocity at 700 hPa averaged

horizontally by about 400 km (W700; > 0 m s).

Figure 10 summarizes the importance of each index, calculated as the

fractional duration that satisfies the requirements relative to the total duration for

each pressure pattern. The results are presented as the difference between the

fractional durations with and without QSPS occurrences. In the FL-pattern, there

are large differences in RH and W700 over Kyushu, suggesting their essential

role in forming QSPSs. In the NL-pattern, differences are prominent in FLWV,

SREH, RH, and W700. These differences are relatively large compared to the

other SLP patterns and the other indices. This is speculated to be because QSPS

occurrences in the NL-pattern are highly dependent on tropical cyclones (Fig. 9a),

which brings large-scale and intense impacts on the multiple environmental

indices. In the NPH-pattern, zonally extending patterns are found in FLWV, RH,

and W700. This is presumably corresponding to the presence of a stagnant front

extending zonally since nearly half of the fractional duration of the NPH-pattern

coincides with the Baiu season (Fig. 3c). Through this analysis, we have identified

differences in the environmental conditions, associated with QSPS occurrences
21
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in each SLP-pattern. As a common character across all SLP patterns, the

differences in SREH are relatively local but with remarkable magnitude over the

land area in the Kyushu region. It suggests the importance of vertical wind shear

which may have contributed to the organization of mesoscale convective systems.

The further analysis was conducted for indices of FLWV, SREH, RH, and W700,

which are found influential to QSPS occurrences.

Here, we explore the relationship between environmental conditions and

P(t). The four indices (FLWV, SREH, W700, and RH) were averaged over Kyushu

or surrounding regions, taking into consideration the characteristics of each index.

For SREH, W700 and RH, the averaging domains are set over Kyushu Island.

Meanwhile, the domain for FLWV is positioned upstream of the heavy rainfall,

encompassing southeastern Kyushu for the FL- and the NL-patterns and

southwestern Kyushu for the NPH-pattern. This setting reflects the direction of

the dominant moisture transport associated with each SLP pattern (Fig. 5a). To

compare their interannual variations with P(t), the fractional duration during which

each index exceeded the threshold is calculated (Fig. 11). Please note that this

analysis focuses on two months when QSPSs occurred most frequently in each

SLP pattern, namely July and September for the FL-pattern, August and
22
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September for the NL-pattern, and June and July for the NPH-pattern,

respectively. In the FL-pattern, correlations against P(t) are statistically significant

for W700 (r=0.55) and RH (r=0.76). The likelihood of QSPS occurrences in the

FL-pattern may be attributable to the large-scale upward motion related to fronts

around the Kyushu region which is maintained by the northwestward water vapor

transport (#1 and #2 in Fig. 5a). In the NL-pattern, a statistically significant

correlation was not found for any of the indices. This suggests that the interannual

variation of Py (t) is more strongly influenced by the presence of tropical cyclones

near Kyushu (see Subsection 4.1) than these indices. In the NPH-pattern, higher

correlations were confirmed for FLWV (r=0.60), RH (r=0.60), and SREH (r=0.62).

This suggests that the essential factors for QSPS occurrences in the NPH-pattern

are the moisture supply, the preconditioning of mid-level moist air, and the

organization of convective systems due to vertical wind shear. The above

analysis showed that the environmental conditions that contribute to the

probability of QSPS occurrences are different depending on the SLP patterns.

5. Summary

In this study, by applying classification of synoptic atmospheric fields, we
23
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examined the interannual variation in the occurrence number of QSPSs that

trigger local destructive disasters in Kyushu, southwestern Japan. The QSPSs,

identified from radar/rain gauge-analyzed precipitation data, showed a

statistically significant increase trend during June—September 2006—2023. To

elucidate the contribution of the background synoptic conditions, we classified 6-

hourly SLP maps using the SOMs classification technique into three SLP patterns,

and validated the relationship between the likelihood of each SLP pattern and

QSPS occurrence frequency in each year. It was found that the occurrence

regions of QSPSs are likely determined by the SLP pattern because the pathways

of the lower-tropospheric moisture transport that causes heavy rainfall are

regulated by the SLP pattern. Specifically, the FL-pattern and the NL-pattern tend

to cause QSPSs over eastern Kyushu related to southeasterly and southerly

winds surrounding the areas of low pressure centered far to the south of Kyushu

and near western Japan, respectively. Meanwhile the NPH-pattern tends to

cause QSPSs over western Kyushu related to the southwesterly winds prevailing

around the periphery of the North Pacific high. These results indicate that QSPSs

are likely to form on the upwind side of mountain regions in relation to the direction

of moisture transport. Among these SLP patterns, QSPSs occurring in the NPH-
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pattern account for approximately 70% of the total, thereby contributing

substantially to the variability in the overall number of QSPSs.

On the basis of the identified QSPSs and the SLP classification, we

examined the interannual variation in the number of QSPSs, by considering the

year-to-year difference in 6-hourly appearance frequency in each SLP pattern

(A(t)). It was found that A(t) is not correlated with the interannual variation in the

occurrence number of QSPSs in all SLP patterns. It is worth noting that in 2020

A(t) for the NPH-pattern coincided with the number of QSPSs. Thus, synoptic

patterns may contribute to the variability in QSPS occurrences under certain

unclarified conditions, including the effects of low-frequency variability modes,

such as Pacific decadal oscillation and El Nifio southern oscillation on heavy

precipitation. This would also contribute to a better understanding of precipitation

variability in East Asia (Fujibe 2015; Sun et al. 2019), which includes regions with

flat plain, unlike the mountainous areas analyzed in the current study. Further

investigation using a long-term data analysis is required to understand these

contributions more clearly.

In contrast, the interannual variations in the probability of QSPS

occurrences and the simultaneous occurrence number in each SLP pattern (P(t)
25
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and S(t)) were correlated with that in the occurrence number of QSPSs of most

SLP patterns. Specifically, P(t) was found to have the highest correlation with the

occurrence number of QSPSs in all SLP patterns. To obtain a better physical

understanding of P(t), the relationship between P(t) and environmental conditions

was examined. The results indicate that P(t) reflects the influence of large-scale

upward motion and humidity in the FL-pattern, the fractional duration of tropical

cyclones around Kyushu in the NL-pattern, and low-level water vapor flux,

humidity, and vertical wind shear in the NPH-pattern. These results suggest

essential environmental conditions leading to QSPS occurrences in each SLP

pattern. In the FL-pattern and the NL-pattern, water vapor transport driven by

cyclonic circulation in the south of Kyushu flowing toward the frontal zone around

Kyushu and the presence of tropical cyclone around Kyushu are important,

respectively. Meanwhile, in the NPH-pattern, strong moisture transport around

the western periphery of the North Pacific high and the presence of strong vertical

wind shear are important for QSPS occurrences.

This study proposed a new methodology to quantify the contribution of

synoptic SLP patterns to the occurrence of QSPSs. The methodology can be

applied to other regions or even to other types of extreme weather events that
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are formed in various synoptic patterns. While previous studies have focused on

evaluating the interannual variation of tropical cyclone-induced heavy

precipitation (e.g., Chang et al. 2012; Wang et al. 2024), the novelty of our study

lies in its achievement of providing a framework that enables the quantitative

comparison of multiple sources of heavy precipitation. Although systematically

identifying heavy rainfall-bearing disturbances and their interannual variations

remains a challenge, the recent studies have suggested that the SLP pattern is

a key to identifying these systems. For example, characteristic low-level moisture

transport has been observed in association with North Atlantic subtropical high in

North America (Chiappa et al. 2024) and the slow propagation of a low pressure

system in Europe (Mohr et al. 2023). In subsequent studies, the classification

method can be extended to other meteorological variables deemed suitable for

representing the targeted weather phenomena. Notably, mesoscale convective

systems often initiate under similar environmental conditions, including

baroclinicity, rather than being solely influenced by SLP patterns (Laing and

Fritsch 2000; Blamey and Reason 2012). This highlights the importance of

incorporating upper-air synoptic fields into pattern classification in future studies.

It is hoped that the proposed methodology will advance the understanding of
27
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variability in extreme weather and contribute to reducing the uncertainties in

future projection of such events. Further research applying the analysis

methodology proposed in this study would improve the overall understanding of

the interannual variation in the frequency of heavy precipitation triggered by

mesoscale meteorological processes under the influence of climate change.

Data Availability Statement

The datasets used for this study were obtained from the Japanese

Reanalysis for Three Quarters of a Century (JRA-3Q) project, carried out by the

Japan Meteorological Agency (JMA). The JRA-3Q data were downloaded from

the portal site of the Center for Computational Sciences (CCS), University of

Tsukuba. The best-track datasets is available from the Regional Specialized

Meteorological Center (RSMC) Tokyo, https://www.jma.go.jp/jmal/jma-eng/jma-

center/rsmc-hp-pub-eg/besttrack.html, and the radar/rain gauge-analyzed rainfall

(JMA 2018) is available to the public from the JMA and was obtained from the

Japan Meteorological Business Support Center (JMBSC),

http://www.jmbsc.or.jp/en/index-e.html. We compiled the figures in Matplotlib
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version 3.7.2 (Hunter 2007; Caswell et al. 2023), available under the Matplotlib

license at https://matplotlib.org/. We used the python “somoclu” package for the

SOM analysis (Wittek et al. 2017).

Supplement

Supplement Figure 1 shows the distribution of the occurrence number of

QSPSs detected within the analysis domain, which includes East China Sea.

Supplement Figure 2 shows the composite of SLP when QSPSs occurred

in each SLP pattern.
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712 Fig. 1 (a) Topography of Kyushu (shading; m). (b) Distribution of the frequency
713 of QSPSs during April-November, 2006—2023 (shading; /8 months).
714 Dashed line in (a) and (b) indicate the analysis domain. (c) and (d)
715 Occurrence number of QSPSs with respect to month and lifespan,
716 respectively.
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Fig. 2 Composite of SLP (color; hPa) for snapshots classified into each typical

SLP pattern during June—September, 2006—-2023. The value above each

panel indicates the number of SLP snapshots classified and its share. “TC”

indicates the percentage of snapshots having tropical cyclone center(s)

within the domain. Black, blue, and red frames indicate the FL-pattern (#1

and #2), the NL-pattern (#5 and #6), and the NPH-pattern (#3, #4, #7, and

#8), respectively.
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728 Fig. 3 Monthly variation in classified SLP snapshots (wide bars; left axis) and

729 the number of QSPS occurrences (narrow bars; right axis) during June—
730 September, 2006—2023. Note that the total snapshot number is 30 or 31
731 days multiplied by 4 snapshots per day (i.e., 120 or 124). (a) the FL-
732 pattern, (b) the NL-pattern, and (c) the NPH-pattern. Total numbers of the
733 SLP snapshots and QSPS occurrences are displayed in each panel.
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Fig. 4 Schematic of the adopted decomposition method. Step 1 classifies 6-

hourly SLP patterns (FL, NL, and NPH) and counts the occurrence

number of QSPSs in each SLP pattern for each year (N(t)). Step 2 obtains

the interannual variation in the number of QSPSs in the classified SLP

pattern (A(t)). The terms P(t) and S(t) represent the proportion of QSPS

occurrences per 6-hourly SLP snapshots and the simultaneous QSPS

occurrences, respectively. This figure uses the year 2010 as an example.
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Fig. 5 (a) Composite of the water vapor flux at 500-m heights (vector; g m2 s)
and its magnitude (shading) and (b) composite of the vertically integrated
water vapor transport (vector; kg m™ s1) and its magnitude (shading)
when QSPS occurred in each SLP pattern during June—September,

2006-2023.
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Fig. 6 Distribution of the occurrence number of QSPSs during June—September,

2006-2023 (shading; /4 months) for each SLP pattern. Dashed line

indicates the analysis domain.
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red: NPH-pattern). Statistics, including the p-value from Mann-Kendall
trend tests (pux) and Theil-Sen’s slope (Brs; decade), are presented in

(a) and (b).
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pattern (bars and right axis, black: FL-pattern, blue: NL-pattern, red: NPH-

pattern) and their decomposition parts based on Eq. (2) (lines and left axis):
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of each panel indicates the correlation coefficient. Double asterisks indicate
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773 Fig. 9 (a) The number of tropical cyclone centers when QSPSs occurred (color;

774 /(18 years*4 months)) in the NL-pattern. (b) Interannual variation of P(t)
775 (blue line; right axis) and the fractional duration of tropical cyclone
776 presence (green line; left axis) in the NL-pattern. The dashed rectangle in
777 (a) denotes the area (28°-34°N, 126°-132°E) to calculate the fractional
778 duration. Statistics, including the p-value from Mann-Kendall trend tests
779 (pmk) and Theil-Sen’s slope (Brs; decade™), are presented in (b).
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782  Fig. 10 Difference in the fractional duration (%) that satisfies the threshold for

783 each index, comparing the snapshots of with and without QSPS
784 occurrences. (a—d) FLWV, (e-h) SREH, (i-I) EL, (m—p) dLFC, (g-t) RH,
785 and (u—x) W700. From left to right, all SLP patterns, the FL-pattern, the
786 NL-pattern, and the NPH-pattern. Rectangles indicate domains for
787 studying the interannual variation in Fig. 11.
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11 Interannual variations of P(t) and fractional duration that satisfies the

threshold for each index for (a) the FL-pattern, (b) the NL-pattern, and (c)

the NPH-pattern. The analysis is based on the two months having the most

frequent occurrence of QSPSs as indicated in each panel. The analysis

domain is indicated in Fig. 10. The same domain was used across all SLP

patterns for SREH, RH, and W700. The correlation coefficient between P(t)

and each index is shown, where single and double asterisks denote

statistically significant correlation at the 95% and 99% confidence level,

respectively.
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