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29 Abstract

30

31 This study classified atmospheric fields to investigate the distribution of, 

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

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

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

35 (2006–2023) were used to identify quasi-stationary heavy precipitation systems 

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

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

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

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

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

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

42 QSPSs occurred over western Kyushu when the SLP pattern reflected the 

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

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

45 frequency of the above mentioned favorable SLP patterns. The interannual 

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

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

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

50 Furthermore, this variation is strongly affected by dynamical and 

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

52 determining the probability of the QSPSs occurrence.

53

54 Keywords  heavy precipitation; mesoscale convective systems; synoptic 

55 patterns; water vapor transport; interannual variation

56

57
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58 1. Introduction

59 Global warming and associated changes in heavy precipitation are 

60 alarming issues worldwide, which poses significant risks to society through 

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

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

63 2022). Observational studies have documented the changes in frequency and 

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

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

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

67 heavy precipitation by improving our understanding of its variability.

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

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

70 occur in association with anomalous water vapor transport maintained by various 

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

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

73 2021), and tropical cyclones can convey remarkable amounts of water vapor 

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

75 (Hatsuzuka et al. 2020). To understand the contributions of moisture transport 

Page 4 of 52For Peer Review



5

76 driven by different systems to heavy rainfall over Japan, classification of 

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

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

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

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

81 warming is different between heavy rainfall events caused by tropical cyclones 

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

83 anticipated that heavy rainfall events, previously unprecedented, may be 

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

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

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

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

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

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

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

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

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

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

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

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

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

98 event, the underlying characteristic synoptic condition promoted substantial 

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

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

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

102 and development of convective systems. Therefore, understanding the relations 

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

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

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

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

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

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

109 disasters. Extreme precipitation with significant accumulation is often associated 

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

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

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

114 elucidated through better understanding of their formation and development 

115 mechanisms. Given that heavy rainfall over Kyushu occurs under various 

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

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

118 QSPSs under each background atmospheric field might provide new insights into 

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

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

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

122

123 2. Data and methods

124 2.1 Identification of QSPSs

125 This study adopted the method for identification of QSPSs proposed by 

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

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

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

129 Meteorological Agency (JMA). Following Hirockawa and Kato (2022), the original 
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130 radar/rain gauge-analyzed precipitation data with 1-km (0.0125° × 0.00833°) 

131 resolution were converted to 5-km (0.0625° × 0.05°) resolution, and 3-hourly 

132 accumulated precipitation data were used in the analysis. The requirements for 

133 QSPSs include an area of strong rainfall (at least 80 mm 3-h−1) greater than 500 

134 km2, with at least one grid point with precipitation exceeding 100 mm 3-h−1. These 

135 requirements have been widely used in studies on extreme rainfall events in this 

136 region (Hirockawa et al. 2020b; Kawase et al. 2023; Watanabe et al. 2024), and 

137 we confirmed they are applicable for recent heavy rainfall events that occurred 

138 over the mountainous area on 5 July 2017, which brought severe floods and 

139 landslides in northern Kyushu (Takemi 2018). Please note that this study does 

140 not take into account either the aspect ratio or the least duration of the 

141 precipitation systems, both of which were considered in Hirockawa et al. (2020a). 

142 The first time/date that satisfies these requirements is regarded as the time of 

143 QSPSs genesis. Figure 1a illustrates the domain used for analysis of QSPSs. In 

144 this study, we analyze QSPSs that exist over the land and the sea within 30 km 

145 offshore of the coastline, taking into account the limited accuracy of the radar/rain 

146 gauge-analyzed precipitation over the sea. In analyzing the warm season (April–

147 November) in 2006–2023, we identified 1,394 QSPSs (Fig. 1b).

Page 8 of 52For Peer Review



9

148 The geographical distribution of the frequency of QSPSs genesis (Fig. 1b) 

149 shows that the genesis frequency is high over western Kyushu and the mountain 

150 region of eastern Kyushu, consistent with Hirockawa et al. (2020a). Numerous 

151 QSPSs genesis events are observed over the ocean when we extend the area 

152 (Fig. S1), highlighting the need for detailed investigations using data with 

153 sufficient accuracy over the ocean in the future. The monthly variation shows that 

154 approximately 90% of the QSPSs occurred during June–September with a peak 

155 in July (Fig. 1c). It was also found that the lifespan was ≤  5 h for approximately 

156 95% of the QSPSs (Fig. 1d).

157

158 2.2 Synoptic pattern classification

159 To investigate the relationship between QSPS genesis and synoptic 

160 conditions, we conducted classification of atmospheric fields. This section 

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

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

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

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

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

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

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

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

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

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

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

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

174 transform high-dimensional datasets into visually understandable low-

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

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

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

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

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

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

181 The classification was conducted for the period of June–September with 

182 consideration of the frequency of QSPSs (Fig. 1c) in 2006–2023. Eventually, 2 × 

183 4 SLP patterns (8 nodes) were created for 8,784 input vectors (4 times per day × 
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184 122 summer days × 18 years).

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

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

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

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

189 #6 are characterized by low pressure located relatively close to Kyushu region, 

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

191 #8 are characterized by the existence of the North Pacific high. On the basis of 

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

193 #5 and #6 as the Near Low (NL)-pattern, and patterns #3, #4, #7, and #8 as the 

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

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

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

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

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

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

200 3a and 3b) when many tropical cyclones approach Kyushu. Therefore, the areas 

201 of low pressure depicted in the FL- and the NL-patterns are considered to reflect 
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202 tropical cyclones. The proportion of snapshots having a tropical cyclone center 

203 within the domain is low (approximately 15% in each) in the NPH-pattern; these 

204 SLP patterns frequently appear in June and July (Fig. 3c) corresponding to the 

205 Baiu season. 

206

207 2.3 Decomposition of interannual variation in number of occurrences of QSPSs

208 To link the interannual variations in QSPSs with synoptic conditions, we 

209 attempted to decompose the interannual variations in QSPSs based on the result 

210 of the SLP classification. This subsection describes the methodology adopted in 

211 this study (Fig. 4).

212 In the first step, the interannual time series of QSPS occurrences was 

213 separated into three independent time series, each of which corresponds to the 

214 interannual counts of QSPSs occurring under each classified SLP pattern (i.e., 

215 the FL-pattern, the NL-pattern, and the NPH-pattern). Thus, total interannual 

216 variation in the occurrence number of QSPSs, N(t), where t represents years, is 

217 determined as follows:

218 𝑁(𝑡) =  
3

𝑝𝑎𝑡𝑡𝑒𝑟𝑛=1
𝑁𝑝𝑎𝑡𝑡𝑒𝑟𝑛(𝑡)
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219 =  𝑁𝐹𝐿(𝑡) + 𝑁𝑁𝐿(𝑡) + 𝑁𝑁𝑃𝐻(𝑡),                 (1)

220 where NFL(t), NNL(t), and NNPH(t) indicate the interannual variations in the 

221 occurrence number of QSPSs under the FL-pattern, the NL-pattern, and the 

222 NPH-pattern, respectively. Considering that SLP is available at 6-hour interval in 

223 JRA-3Q, we used the SLP snapshot at the closest time with QSPS genesis. In 

224 this study, the expression of 'occurrence' is used for QSPSs to denote their 

225 genesis at the time of this snapshot. The results of aforementioned 

226 decomposition are presented in Subsection 3.2.

227 In the second step, we decomposed the interannual variations in the 

228 occurrence number of QSPSs in each SLP pattern into three factors: 

229 𝑁𝑝𝑎𝑡𝑡𝑒𝑟𝑛(𝑡) = 𝐴𝑝𝑎𝑡𝑡𝑒𝑟𝑛(𝑡) × 𝑃𝑝𝑎𝑡𝑡𝑒𝑟𝑛(𝑡) × 𝑆𝑝𝑎𝑡𝑡𝑒𝑟𝑛(𝑡),          (2)

230 where Apattern(t) indicates the number of appearances of each SLP pattern 

231 regardless of the presence or absence of QSPSs. This term represents the 

232 counts of snapshots in each year for each typical SLP pattern. Hence, it is 

233 supposed to represent the characteristics of the synoptic condition in each 

234 summer. The second term, Ppattern(t), indicates the probability of occurrence of at 

235 least one QSPS under each SLP pattern. This term is calculated as the rate of 

236 the number of the SLP snapshots coinciding with QSPS to SLP snapshot 
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237 classified into each SLP pattern (Apattern). The third term, Spattern(t), indicates the 

238 annual average of simultaneous QSPS occurrences under each SLP pattern. The 

239 terms Ppattern(t) ×  Spattern(t) reflect the mean number of QSPS occurrences per 

240 given SLP pattern. Through this decomposition, we examine the attribution of 

241 synoptic weather conditions and other factors to total interannual variation in 

242 QSPSs, and the results are presented in Section 4.

243

244 3. Results

245 3.1 Distribution of QSPSs in each SLP pattern

246 Figure 5a shows a composite of the water vapor flux (FLWV) under each 

247 SLP pattern when QSPSs occurred. The calculation of FLWV follows Kato (2018, 

248 2020), which is described as below.

249 𝐹𝐿𝑊𝑉 =  𝜌𝑞𝑣,

250 where 𝜌, 𝑞, and 𝑣 represent dry air density, mixing ratio of water vapor, 

251 and wind speed, respectively, obtained from JRA-3Q. If the terrain height is less 

252 than 300-m, the FLWV was computed at a height of 500-m. Otherwise, it is 

253 calculated at the terrain heights plus 200-m (Kato 2018). For simplicity, these 

254 heights are, hereafter, referred to as 500-m heights. It is evident that the water 
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255 vapor transport is consistent with the atmospheric flow associated with the SLP 

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

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

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

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

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

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

262 the periphery of the North Pacific high.

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

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

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

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

267 Meanwhile, southwesterly water vapor transports are dominant toward Kyushu in 

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

269 East Asian summer monsoon and lower-tropospheric moisture transport 

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

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

272 shown in Fig. 6. In the FL-pattern and the NL-pattern, the QSPS occurrences are 

Page 15 of 52 For Peer Review



16

273 observed more often over the mountainous region of eastern Kyushu because of 

274 orographic lifting of the moist southeasterly flow. In the NPH-pattern, most of 

275 QSPSs over western Kyushu appear attributable to the water vapor flux 

276 strengthen in the East China Sea. This pattern often causes heavy rainfall events 

277 over western Kyushu (Kawase et al. 2019), and it is associated with mesoscale 

278 convective systems during the Baiu season (Tsuguchi and Kato 2014). 

279 Interestingly, Fig. 6 suggests that the location of the QSPSs might be identifiable 

280 based solely on the SLP pattern and associated moisture transport pathways, 

281 which underscores the effectiveness of the synoptic-scale pattern classification 

282 for the prediction of extreme weather events caused by QSPSs.

283

284 3.2 Interannual variation in the number of QSPS occurrences

285 Based on the identified SLP patterns and QSPSs, interannual variation in 

286 the number of QSPSs during June–September is investigated. On average, 

287 QSPSs occurred at the rate of 58.6 counts year-1 in the first half of the study 

288 period (2006–2014), but this increased to 80.8 counts year-1 in the second half 

289 (2015–2023) (Fig. 7a). The linear trend for this increase is significant (pMK < 0.05) 

290 with a rate of 15.0 counts decade-1 according to the nonparametric Theil-Sen’s 

Page 16 of 52For Peer Review



17

291 estimator (Theil 1950; Sen 1968) and Mann-Kendall trend test (Mann 1945). 

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

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

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

295 this short analysis period.

296 The interannual variation in the occurrence number of QSPSs differs 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

317 variability in the overall number of QSPSs. 

318

319 4. Discussion

320 4.1 Interannual variations and role of tropical cyclones

321 Through a decomposition of the observed interannual variation of the 

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

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

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

325 83.75 days during June–September) coincides well with the frequent occurrences 

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

Page 18 of 52For Peer Review



19

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

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

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

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

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

332 which is a common characteristic (Figs. 8d–i), except for SFL(t), which shows a 

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

334 Notably, the probability term for the NL-pattern (PNL(t)) exhibits a positive 

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

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

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

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

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

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

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

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

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

344 Kyushu region in the NL-pattern increases if a tropical cyclone exists near the 
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345 Kyushu region. Furthermore, the positive trend in PNL(t) denotes the increasing 

346 contribution of tropical cyclones to QSPS occurrences in the Kyushu region (Fig. 

347 9b). This is consistent with the IPCC report (Seneviratne et al. 2021) which 

348 mentioned, based on climate model simulations, that tropical-cyclone-induced 

349 rainfall is projected to increase with enhanced greenhouse gas concentrations. 

350 The contributions of sea surface temperature warming in the surrounding oceans 

351 and elevated atmospheric moisture content in each of these SLP patterns should 

352 be investigated in future studies.

353

354 4.2 The role of environmental conditions

355 For each SLP pattern, we investigate whether there are differences in the 

356 environmental conditions in the QSPS occurrences. Here, six indices that are 

357 proposed to be representative of the environmental conditions leading to QSPS 

358 geneses (Kato 2020) were analyzed using JRA-3Q. The indices and their 

359 threshold include (1) the water vapor flux at 500-m heights (FLWV; > 150 g m-2 

360 s-1), (2) the storm-relative environmental helicity (SREH; > 100 m2 s-2), (3) the 

361 distance between 500-m heights and the level for free convection for airmass 

362 lifted from 500-m heights (dLFC; < 1,000 m), (4) the equilibrium level for the 
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363 airmass lifted from 500-m heights (EL; > 3,000 m), (5) the relative humidity at 500 

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

365 horizontally by about 400 km (W700; > 0 m s-1). 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

386 which are found influential to QSPS occurrences.

387 Here, we explore the relationship between environmental conditions and 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

412 analysis showed that the environmental conditions that contribute to the 

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

414

415 5. Summary

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

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

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

420 statistically significant increase trend during June–September 2006–2023. To 

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

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

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

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

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

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

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

428 to cause QSPSs over eastern Kyushu related to southeasterly and southerly 

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

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

431 cause QSPSs over western Kyushu related to the southwesterly winds prevailing 

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

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

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

436 substantially to the variability in the overall number of QSPSs.

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

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

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

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

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

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

443 patterns may contribute to the variability in QSPS occurrences under certain 

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

445 such as Pacific decadal oscillation and El Niño southern oscillation on heavy 

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

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

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

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

450 contributions more clearly.

451 In contrast, the interannual variations in the probability of QSPS 

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

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

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

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

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

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

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

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

461 essential environmental conditions leading to QSPS occurrences in each SLP 

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

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

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

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

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

467 wind shear are important for QSPS occurrences.

468 This study proposed a new methodology to quantify the contribution of 

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

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

472 evaluating the interannual variation of tropical cyclone-induced heavy 

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

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

475 comparison of multiple sources of heavy precipitation. Although systematically 

476 identifying heavy rainfall-bearing disturbances and their interannual variations 

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

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

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

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

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

482 method can be extended to other meteorological variables deemed suitable for 

483 representing the targeted weather phenomena. Notably, mesoscale convective 

484 systems often initiate under similar environmental conditions, including 

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

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

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

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

490 future projection of such events. Further research applying the analysis 

491 methodology proposed in this study would improve the overall understanding of 

492 the interannual variation in the frequency of heavy precipitation triggered by 

493 mesoscale meteorological processes under the influence of climate change.

494

495 Data Availability Statement

496 The datasets used for this study were obtained from the Japanese 

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

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

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

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

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

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

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

504 Japan Meteorological Business Support Center (JMBSC), 

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

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

508 SOM analysis (Wittek et al. 2017).

509

510 Supplement

511 Supplement Figure 1 shows the distribution of the occurrence number of 

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

513 Supplement Figure 2 shows the composite of SLP when QSPSs occurred 

514 in each SLP pattern.
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710 List of Figures

711

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.

717
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718

719 Fig. 2  Composite of SLP (color; hPa) for snapshots classified into each typical 

720 SLP pattern during June–September, 2006–2023. The value above each 

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

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

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

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

725 #8), respectively.

726
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727

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.

734
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735

736 Fig. 4  Schematic of the adopted decomposition method. Step 1 classifies 6-

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

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

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

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

741 occurrences per 6-hourly SLP snapshots and the simultaneous QSPS 

742 occurrences, respectively. This figure uses the year 2010 as an example.

743
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744

745 Fig. 5  (a) Composite of the water vapor flux at 500-m heights (vector; g m-2 s-1) 

746 and its magnitude (shading) and (b) composite of the vertically integrated 

747 water vapor transport (vector; kg m-1 s-1) and its magnitude (shading) 

748 when QSPS occurred in each SLP pattern during June–September, 

749 2006–2023.

750
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751

752 Fig. 6  Distribution of the occurrence number of QSPSs during June–September, 

753 2006–2023 (shading; /4 months) for each SLP pattern. Dashed line 

754 indicates the analysis domain.

755
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756

757 Fig. 7  (a) Interannual variation in the occurrence number of QSPSs. (b) 

758 Interannual variation in the total accumulated precipitation of QSPSs. (c) 

759 Same as (a), but in each SLP pattern (gray: FL-pattern, blue: NL-pattern, 

760 red: NPH-pattern). Statistics, including the p-value from Mann-Kendall 

761 trend tests (pMK) and Theil-Sen’s slope (βTS; decade-1), are presented in 

762 (a) and (b).
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764

765 Fig. 8  Interannual variation in the occurrence number of QSPSs in each SLP 

766 pattern (bars and right axis, black: FL-pattern, blue: NL-pattern, red: NPH-

767 pattern) and their decomposition parts based on Eq. (2) (lines and left axis): 

768 (a)–(c) A(t), (d)–(f) P(t), and (g)–(i) S(t). The value in the upper-left corner 

769 of each panel indicates the correlation coefficient. Double asterisks indicate 

770 the statistically significant correlation at the 99% confidence level.

771
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772

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 (βTS; decade-1), are presented in (b).

780
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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–l) EL, (m–p) dLFC, (q–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.

788
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789

790 Fig. 11  Interannual variations of P(t) and fractional duration that satisfies the 

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

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

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

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

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

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

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

798 respectively.
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