
 

 

 

 

 

 

 

 

EARLY ONLINE RELEASE 

This is a PDF of a manuscript that has been peer-reviewed 

and accepted for publication. As the article has not yet been 

formatted, copy edited or proofread, the final published 

version may be different from the early online release. 

 

This pre-publication manuscript may be downloaded, 

distributed and used under the provisions of the Creative 

Commons Attribution 4.0 International (CC BY 4.0) license. 

It may be cited using the DOI below. 

  

The DOI for this manuscript is  

DOI:10.2151/jmsj.2020-043 

J-STAGE Advance published date: May 18th 2020 

The final manuscript after publication will replace the 

preliminary version at the above DOI once it is available. 



 1 

Identification and Classification of Heavy Rainfall Areas 2 

and Their Characteristic Features in Japan 3 

 4 

Yasutaka HIROCKAWA1 5 

Meteorological Research Institute, Tsukuba, Japan 6 

 7 

Teruyuki KATO 8 

Meteorological College, Kashiwa, Japan 9 

 10 

Hiroshige TSUGUTI 11 

Japan Meteorological Agency, Tokyo, Japan 12 

 13 

and 14 

 15 

Naoko SEINO 16 

Meteorological Research Institute, Tsukuba, Japan 17 

 18 

April 27, 2020 19 

 20 



 1 

 21 

------------------------------------ 22 

1) Corresponding author: Yasutaka Hirockawa, Meteorological Research Institute, 1-1 23 

Nagamine, Tsukuba, Ibaraki 305-0052, Japan. 24 

Email: yhirockawa@mri-jma.go.jp 25 

 26 

 27 

  28 



 2 

 29 

Abstract 30 

 31 

We propose a new procedure for the objective identification and classification of heavy 32 

rainfall areas (HRAs) to advance the understanding of mesoscale convective systems 33 

(MCSs) in Japan. The distributions of accumulated precipitation amounts are evaluated 34 

from the radar/raingauge-analyzed precipitation amounts and characteristic features of 35 

HRAs are examined. The HRAs extracted during the warm season (April–November) in 36 

2009–2018 are classified into four types (e.g., linear-stationary, linear, stationary, and 37 

others) from their morphological features and temporal variations. HRAs are frequently 38 

distributed on the Pacific sides of eastern and western Japan; 80% of HRAs appeared 39 

from June to September and 60% of the HRAs were observed in association with 40 

stationary fronts and tropical cyclones. Approximately 80% of those HRAs of the linear-41 

stationary type corresponded to typical elongated and stagnated MCSs, as has been 42 

suggested in previous studies. 43 

 44 

Keywords meso-scale convective systems; localized heavy rainfall; senjo-kousuitai 45 

46 
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1. Introduction 47 

In various regions of Japan (Fig. 1), localized heavy rainfall events frequently occur 48 

during the warm season (e.g., Watanabe and Ogura 1987; Hirockawa and Kato 2012; 49 

Tsuguti and Kato 2014b; Kato et al. 2018; Sueki and Kajikawa 2019). Some of these 50 

events cause severe natural disasters, such as landslides, floods, and mudflows, which 51 

sometimes result in deaths and injuries. Such heavy rainfall is mostly brought by 52 

mesoscale convective systems (MCSs) that stay in nearly the same place for several 53 

hours. In this study, we discuss heavy rainfall events associated with MCSs that are 54 

classified as meso-β scale (Orlanski 1975). MCSs have various characteristic features 55 

in their configurations, movement speeds, and longevity. Many previous studies have 56 

revealed that the elongated and stagnated type of MCSs (ES-MCSs), which is usually 57 

called “senjo-kousuitai” in Japanese, are especially associated with localized heavy 58 

rainfall events observed in the Japanese Islands (e.g., Kato 1998; Yoshizaki et al. 2000; 59 

Kato 2006; Hirota et al. 2016; Takasaki et al. 2019; Tsuguti et al. 2019). Kato (2020) 60 

suggested that ES-MCSs cause approximately half of localized heavy rainfall events as 61 

extracted by the method of Tsuguti and Kato (2014a, hereafter TK14a). Therefore, 62 

understanding the characteristic features of ES-MCSs is important not only for improving 63 

forecast skill but also for disaster prevention; resolving these issues requires a statistical 64 

classification of MCSs based on their configuration and longevity. 65 

In the United States, many statistical studies for the classification of MCSs have been 66 
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conducted using radar observations. Bluestein and Jain (1985) classified squall lines into 67 

four modes, namely broken line, back building, broken areal, and embedded areal. 68 

Parker and Johnson (2000) identified three modes of linear MCS archetypes based on 69 

the relative locations of stratiform precipitation to convection lines, namely, trailing 70 

stratiform (TS), leading stratiform (LS), and parallel stratiform (PS). They revealed 71 

differences in the internal structures of airflow, movement speeds, and longevity in the 72 

three modes of linear MCSs. Schumacher and Johnson (2005) added training 73 

line/adjoining stratiform and back-building/quasi-stationary categories to the 74 

classification of Parker and Johnson (2000). Gallus et al. (2008) classified MCSs into 75 

nine morphologies consisting of three cellular types, five linear types, and a nonlinear 76 

type. The cellular types are divided into individual cells, clusters of cells, and broken 77 

squall lines. The linear types are the three modes defined in Parker and Johnson (2000) 78 

(e.g., TS, LS, and PS), squall lines with no stratiform precipitation, and bow echoes. 79 

Various other morphological classifications for MCSs have also been proposed in the 80 

United States (e.g., Jirak et al. 2003; Klimowski et al. 2004; Cohen et al. 2007; Corfidi et 81 

al. 2016; Miller and Mote 2017). Furthermore, similar classification studies have been 82 

conducted in other countries (e.g., Fragoso and Gomes 2008; Zheng et al. 2013; Mulder 83 

and Schultz 2015). These MCS classifications have contributed to understanding their 84 

structures, development mechanisms, and maintenance processes. 85 

Meanwhile, studies of MCS classifications in Japan are still fewer in number than those 86 
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in overseas countries. Shimura et al. (2000) classified radar-observed MCSs into front 87 

formation, cells advection, and isolated cell types. Seko (2010) performed numerical 88 

simulations in addition to analyses of radar observations to clarify the internal structures 89 

and maintenance mechanisms of elongated MCSs (E-MCSs) and classified them into 90 

three types, namely squall-line, back-building, and back- and side-building types. Unuma 91 

and Takemi (2016a, 2016b; hereafter UT16a and UT16b) objectively identified quasi-92 

stationary convective clusters (QSCCs) from radar observations to examine their 93 

horizontal scales and longevity. They clarified that the horizontal scales of QSCCs with 94 

circular shapes averaged approximately 20 km with a maximum of 72 km; 95% of these 95 

QSCCs have lifetimes shorter than 60 minutes. Moreover, they showed that 87% of 96 

QSCCs have aspect ratios greater than 1.4, thus suggesting that E-MCSs are dominant 97 

in Japan. 98 

ES-MCSs produce band-shaped rainfall areas in the distributions of accumulated 99 

precipitation amounts and frequently lead to localized heavy rainfall events. Instead of 100 

the radar observations used in previous studies, TK14a utilized radar/raingauge-101 

analyzed precipitation amounts (RAP, Nagata 2011), which are the hourly accumulated 102 

amounts produced by the Japan Meteorological Agency (JMA), to objectively extract 103 

localized heavy rainfall events in Japan. They demonstrated that approximately 60% of 104 

the heavy rainfall events not directly related to tropical cyclones exhibit a band-shaped 105 

rainfall area that could be caused by ES-MCSs. Kato (2020) proposed the favorable 106 
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occurrence conditions for band-shaped rainfall areas leading to localized heavy rainfall 107 

events, named “senjo-kousuitai.” For further analysis of the relationships between MCSs 108 

and heavy rainfall areas (HRAs), it is necessary to develop effective procedures for 109 

objectively identifying and classifying HRAs. 110 

The goal of this study is thus to propose procedures for objectively identifying and 111 

classifying HRAs by improving the methods of TK14a and to statistically examine the 112 

characteristic features of the extracted HRAs in Japan. It should be noted that the 113 

proposed procedures for identifying and classifying HRAs use the distributions of 114 

accumulated precipitation amounts instead of snapshots of radar observations, which 115 

have conventionally been used in previous studies. In Section 2, the data and 116 

methodology used in this study are described. The results of HRAs identified and 117 

classified by the improved procedures are provided in Section 3. Section 4 contains 118 

examples of HRAs and the issues regarding the data and methodology are discussed in 119 

Section 5. Finally, the conclusions are summarized in final section. 120 

 121 

2. Data and methodology 122 

2.1 Data 123 

Three-hour accumulated RAP (RAP3) values, produced with one-hour intervals, are 124 

used to identify HRAs observed during the warm season (April–November) from 2009 to 125 

2018. RAP is more accurate than radar observations because RAP is produced by 126 

Fig. 1 
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calibrating radar observations with rain gauge observations. In this study, RAP is 127 

reconstructed with a resolution of 5 km (0.0625° × 0.05°) from finer resolution datasets 128 

by using the method of Urita et al. (2011). It should be noted that the usage of RAP with 129 

the coarse resolutions in this study is based on the following two factors: (1) most meso-130 

β scale (horizontal scale is 20–200 km, as in Orlanski 1975) convective systems can be 131 

sufficiently resolved by 5 km grids and (2) since the operational resolution of RAP 132 

produced by the JMA has changed twice (e.g., 5 km: until February 2001, 2.5 km 133 

(0.03125° × 0.025°): March 2001 to February 2006, and 1 km (0.0125° × 0.00833°): from 134 

March 2006 to the present), homogeneous statistical studies can be performed over 135 

longer periods by using reconstructed RAP data with the same resolution. The procedure 136 

for this reconstruction is shown in Fig. 2. Each grid with 5 km resolution consists of 30 137 

segments with 1 km resolution (Fig. 2a) and of four segments with 2.5 km resolution (Fig. 138 

2b). For the first step, the segments with 1 km resolution are converted to segments with 139 

2.5 km resolution. Since each segment with 2.5 km resolution contains six segments and 140 

three half-segments with 1 km resolution, its value is computed by using the weighted 141 

mean, i.e., multiplying by a factor of 1.0 on the former and by a factor of 0.5 on the latter 142 

and then averaging the results. For the second step, each value of a grid with 5 km 143 

resolution is set to the maximum of the values of the four segments with 2.5 km resolution 144 

within the grid (Fig. 2c).  145 

 146 

Fig. 2 
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2.2 Identification of HRA candidates 147 

Eight connected-component labeling (Samet and Tamminen 1988) is employed to 148 

identify the HRA candidates. This labeling algorithm is one of the most fundamental 149 

operations in pattern recognition using binary images. In RAP3 binarization processing, 150 

an independent lump of RAP3 exceeding an arbitrary criterion is classified as an HRA 151 

candidate. 152 

This study targets heavy rainfall events that occur several times a year in each grid. 153 

The RAP3 criteria for identifying HRA candidates are set from the climatological 154 

appearance frequencies based on this targeting. Figure 3 displays the distributions of 155 

the top 25 RAP3 during the warm season (April–November) from 2009 to 2018. The 156 

value of the top 25 RAP3 indicates the 0.04 percentile and corresponds to the frequency 157 

at which several heavy rainfall events occur during one year at each grid. Values 158 

exceeding 100 mm (3h)−1 in RAP3 are found mainly in western Japan, whereas those 159 

values near 50 mm (3h)−1 are distributed widely in northern Japan. The criterion for 160 

identifying an HRA candidate is assumed to be 80 mm (3h)−1 from the climatological 161 

features of RAP3. This criterion could be too high for northern Japan, especially for the 162 

Hokkaido district. In this study, a uniform criterion is employed for the sake of simplicity, 163 

although different criteria should be used to consider the regional variations in mean 164 

precipitation amounts. The validity and issues of this criterion will be discussed in 165 

subsection 5.1. The other three criteria for identifying HRA candidates are defined as 166 
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follows: (1) if the size of a rainfall area surrounded by 80 mm (3h)−1 is equal to or greater 167 

than 500 km2, which belongs to the meso-β scale defined by Orlanski (1975); (2) if there 168 

is one grid with precipitation amounts exceeding 100 mm (3h)−1 included in the rainfall 169 

area, and (3) if the rainfall area is located over land or seashore (i.e., those regions 170 

surrounded by solid lines in Fig. 1). This procedure identified 4965 HRA candidates. It 171 

should be noted that the morphological features of HRA candidates are not considered 172 

in these identifying processes. 173 

 174 

2.3 Aggregation of HRA candidates 175 

The HRA candidates identified in the previous subsection are aggregated into 176 

identical events by checking their spatial and temporal continuities. The continuities of 177 

the HRA candidates are objectively diagnosed by using an overlap ratio defined as 178 

follows, 179 

𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑟𝑟𝑟𝑟𝑜𝑜 =
𝐴𝐴𝑡𝑡 ∩ 𝐴𝐴𝑡𝑡−𝑑𝑑𝑡𝑡
𝐴𝐴𝑡𝑡 ∪ 𝐴𝐴𝑡𝑡−𝑑𝑑𝑡𝑡

         (1) 180 

where At and At–dt denote the areas of an HRA candidate at an arbitrary time and at the 181 

previous hour, respectively. The denominator and numerator in Eq. (1) indicate the union 182 

and intersection areas of At and At–dt, respectively.  183 

An example of the aggregation of HRA candidates is demonstrated in Fig. 4. The HRA 184 

candidates oriented in a northwest-southeast direction are identified at almost the same 185 

location for six hours (Figs. 4a–d). The overlap ratios are 73.4% between 02–05 JST (= 186 

Fig. 3 
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UTC + 9 hours) and 03–06 JST (Figs. 4a and 4b), 73.0% between 03–06 JST and 04–187 

07 JST (Figs. 4b and 4c), and 48.5% between 04–07 JST and 05–08 JST (Figs. 4c and 188 

4d). When the overlap ratio exceeding 50% is set as a criterion for aggregating HRA 189 

candidates, the set of three HRA candidates (Figs. 4a, 4b, and 4c) is regarded as the 190 

same system, which is extracted as an HRA (Fig. 4e). The morphological features of the 191 

HRA are judged from the outermost contour (bold solid line in Fig. 4e) that covers three 192 

HRA candidates (solid lines in Fig. 4e); the major/minor axis ratio (hereafter denoted as 193 

the aspect ratio) is 3.96; the area is 2891 km2; and the persistent period is five hours. It 194 

should be noted that the morphological features of individual HRA candidates are not 195 

considered in this study. The aspect ratios are computed as the ratios of the lengths of 196 

the major to minor axes of the HRAs. Their axes are determined using the following 197 

method shown in Fig. 4f: (1) the HRA is rotated clockwise from 0° and 180° by every 1°, 198 

(2) the length in the south-north direction between the southernmost and northernmost 199 

grids is measured for each degree of rotation, (3) the longest length is defined as the 200 

major axis and its rotation angle is viewed as the orientation of the HRA, and (4) the 201 

length in the east-west direction between the westernmost and easternmost grids at the 202 

rotation angle is defined as the minor axis. The HRA orientations are divided into the 203 

following four categories: south-north (0°–22° and 158°–180°), southwest-northeast 204 

(23°–67°), west-east (68°–112°), and northwest-southeast (113°–157°). 205 

Our aggregation procedure for HRA candidates is simple because the temporal and 206 

Fig. 4 
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spatial continuities of the HRA candidates are simply considered as mentioned above. 207 

To improve this procedure, comprehensive merging and splitting procedures of HRA 208 

candidates, as proposed for convective cells by Shimizu and Uyeda (2012), need to be 209 

introduced. 210 

 211 

2.4 Classification of HRAs into four types 212 

The HRAs extracted by the above-mentioned procedures possess the morphological 213 

features of RAP3 but cannot directly explain the physical features of MCSs, such as 214 

structures, development mechanisms, and maintenance processes. However, HRAs can 215 

almost be coincident with MCSs because such physical features can be indirectly 216 

considered through identification criteria such as the aspect ratios, accumulated 217 

precipitation amounts, and overlap ratios. In this study, the HRAs are classified into four 218 

types from the characteristic features of their configuration and stagnation: linear type, 219 

stationary type, linear-stationary type, and the other type. 220 

The linear type corresponds to E-MCSs and its morphological features are identified 221 

by the aspect ratios and areas of the HRAs. The criteria of aspect ratios and areas are 222 

set to be equal or greater than 2.5 and 625–12500 km2, respectively (Table 1). In 223 

previous studies of E-MCSs, the criteria for the aspect ratios is set to 3.0 (TK14a) and 224 

1.4 (UT16b). Appropriate criteria need to be determined which depend on the 225 

characteristics in the structures and on mechanisms of precipitation systems. The 226 

Table. 1 
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criterion for aspect ratios in this study is determined to be 2.5 from the distribution of their 227 

appearance frequencies, which is approximately equivalent to the median of the 228 

distribution (Fig. 5). Upper and lower limits of rainfall areas are imposed to exclude HRAs 229 

associated with meso-α scale or macro-scale (Orlanski 1975) systems or convective 230 

systems which are too small. 231 

The stationary type corresponds to stagnated MCSs (S-MCSs) and its stagnation 232 

features are diagnostically judged according to the overlap ratios and persistent periods. 233 

The criteria of overlap ratios and persistent periods are set to 50% and five hours, 234 

respectively (Table 1). Both criteria are subjectively determined and the suitability of the 235 

criterion of persistent periods will be discussed in subsection 5.1. UT16a evaluated the 236 

stagnation of QSCCs from motion vectors (under 10 m s−1) and overlap areas (greater 237 

than 1 km2) of time series of cloud clusters that were identified by using the precipitation 238 

intensities estimated from radar observations. 239 

The linear-stationary type corresponds to ES-MCSs, which possesses the 240 

characteristics of both linear and stationary types. The other type does not belong to the 241 

above-mentioned three types. 242 

 Using the above classification, 167 HRAs are identified as being of the linear-243 

stationary type, 844 of the linear type, 211 of the stationary type, and 1065 of the other 244 

type (Table 2). The sum of HRAs (1011) of the linear-stationary and linear types, which 245 

is approximately 45% of the total number of HRAs (2287), have linear morphological 246 

Fig. 5 
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features. Although the rate of HRAs with linear morphological features is lower than the 247 

rate of TK14a (64%), it becomes comparable if HRAs exhibiting the direct effects of 248 

tropical cyclones are excluded, as denoted in subsection 3.4. 249 

 250 

2.5 Contribution ratios of HRAs to the total precipitation 251 

The contribution ratio of the precipitation amounts associated with HRAs to the total 252 

precipitation (CRH) is defined as an indicator of what degree of precipitation MCSs 253 

contribute to a rainfall event. The ratio is computed as follows, 254 

𝐶𝐶𝐶𝐶𝐶𝐶 =
𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

× 100 (%)         (2) 255 

where PHRAs and Ptotal are the precipitation amounts associated with HRAs and total 256 

precipitation amounts, respectively. PHRAs is computed by integrating RAP within HRAs 257 

for the persistent periods. The durations of precipitation to compute Ptotal are subjectively 258 

determined from the temporal evolution of precipitation within several hundred kilometers 259 

around the HRAs. A statistical analysis of CRH features is in our future works because 260 

no procedures for objectively determining the durations to compute Ptotal are developed 261 

in this study. The CRH can be also used as an indicator for diagnosing the structures 262 

and intensities of HRAs. 263 

 264 

3. Results 265 

The characteristic features of the extracted HRAs are examined in this section. First, 266 

Table. 2 
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the morphological features for the four classified HRA types are discussed. Figure 5 267 

shows the distribution of their appearance frequencies in the aspect ratios and areas. It 268 

can be ascertained that the criterion for aspect ratios (2.5) corresponds approximately to 269 

the median of their distribution. HRAs with areas of 625–1250 km2 are most frequently 270 

identified at rates exceeding 40%. HRAs satisfying the area criterion of 625–12500 km2 271 

are approximately 90% of the total HRAs. HRAs with larger aspect ratios tend to exhibit 272 

smaller areas, i.e., approximately 90% of the HRAs with aspect ratios exceeding 2.5 273 

exhibit areas smaller than 3500 km2. HRAs with larger areas tend to become stationary 274 

type whereas they tend to have nonlinear features. For example, approximately 60% 275 

have stationary features whereas approximately 30% have linear features among those 276 

HRAs with areas exceeding 4000 km2. 277 

 278 

3.1 Geographical characteristics 279 

The geographical appearance characteristics of the four classified HRA types are 280 

examined in this subsection. Figures 6a–6d show the distributions of the geographical 281 

appearance frequencies of the HRAs. These frequencies indicate the number of 282 

appearances of HRAs in each grid with 5 km resolution during the warm season (April–283 

November) from 2009 to 2018. Figure 6e shows the configurations of HRAs of the linear-284 

stationary type. The linear-stationary type is frequently concentrated in Kyushu Island, 285 

the Nansei Islands, Kii Peninsula, and on the Pacific sides of Shikoku Island, whereas 286 
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fewer appearances are seen in northern Japan and on the Japan Sea sides of the 287 

Japanese Islands (Figs. 6a and 6e). These geographical characteristics are consistent 288 

with the results discussed in TK14a. The linear-stationary type is mainly oriented in the 289 

southwest-northeast and west-east directions (Fig. 6e), which is consistent with the 290 

features of QSCCs investigated by UT16b. These characteristics of the linear-stationary 291 

type in their appearance frequencies and orientations are broadly similar to those of the 292 

linear type (Fig. 6b). The stationary type is concentrated in the Nansei Islands and on 293 

the Pacific sides of eastern and western Japan and it appears less frequently in northern 294 

Japan and on the Japan Sea sides of the Japanese Islands (Fig. 6c). The distribution of 295 

the appearance frequencies of the stationary type is roughly similar to those of the linear-296 

stationary and linear types but their features for Kyushu Island are considerably different. 297 

High appearance frequencies are found in eastern and western Kyushu Island for the 298 

stationary and linear-stationary types, respectively. The high frequencies for the 299 

stationary type found in eastern Kyushu Island result from the fact that stagnated HRAs 300 

often occur associated with directly tropical cyclones (Fig. S2c), which is consistent with 301 

the appearance frequencies of localized HRAs as demonstrated in TK14a. These 302 

distributions of appearance frequencies for the above-mentioned three types are 303 

consistent with those of the QSCCs examined in UT16a and UT16b and with the ES-304 

MCSs provided in Kato (2020). The other type frequently appears widely in Japan, except 305 

in the Hokkaido district and the inland areas of central and northern Japan (Fig. 6d). 306 Fig. 6 
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The high appearance frequencies of HRAs in western Japan could be produced by the 307 

continuous inflow of low-level warm and humid air that initiates, intensifies, and maintains 308 

convective activities with the help of terrain-induced updrafts (Fig. 1). In contrast, HRAs 309 

are extracted less often in the inland areas of central and northern Japan, especially in 310 

the Hokkaido district where only four HRAs are extracted for the linear-stationary type 311 

(Fig. 6a and 6e). This could be because the criteria for identifying HRA candidates are 312 

not suitable, as mentioned in Section 2. The suitability of the criteria and procedures for 313 

identifying HRA candidates will be discussed in subsection 5.1. 314 

Table 3 shows the numbers of HRAs classified into the four types and the data are 315 

divided into four regions (NORTH, EAST, WEST, and NANSEI-IS.; see Fig.1 for their 316 

areas). It should be noted that the total numbers in Table 3 are inconsistent with those in 317 

Table 2 because HRAs crossing two regions are counted twice for each region. The 318 

numbers of HRAs for all types are the greatest in western Japan and the smallest 319 

numbers are in northern Japan, whereas the appearance frequencies show no significant 320 

regional differences for the HRA types (e.g., linear-stationary and stationary types: 5%–321 

10%, linear type: 30%–40%, and the other type: approximately 50%). These 322 

characteristics do not suggest that the favorable formation factors for each HRA type 323 

may be largely influenced by geographical effects. 324 

 325 

3.2 Temporal characteristics 326 

Table. 3 
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Figure 7a shows the yearly appearance frequencies of HRAs classified into four types. 327 

HRAs of each type appear at almost the same rate, except for 2010 and 2012. The rate 328 

for the linear type in 2010 and 2012 was approximately 50%, which is 10%–20% greater 329 

than the rates in other years. The total numbers of HRAs are larger in 2011 and 2018 330 

and are the smallest in 2009. The yearly variations in the total number of HRAs could be 331 

related to annual rainfall amounts that are greater (the smallest) in 2011 and 2018 (2009) 332 

than to the climatology. 333 

The monthly appearance frequencies of HRAs are presented in Fig. 7b. The HRAs are 334 

concentrated from June to September and their number is 80% of the total number during 335 

the warm season (April–November). The characteristics of the monthly frequencies are 336 

comparable with those of TK14a, except for the frequency in June, which is considerably 337 

higher than that in TK14a. From August to October, the rates of the linear type (~30%) 338 

are lower than those in the other months (~50%), whereas the rates of the stationary 339 

type (~10%) are higher than those from April to June (~5%). 340 

 341 

3.3 Characteristics of the precipitation amounts 342 

The characteristics of the precipitation amounts for the four types are examined. Figure 343 

8 shows the relationship between the maximum RAP3 and the maximum total 344 

accumulated precipitation amounts for the HRAs classified into four types. The maximum 345 

accumulated precipitation amounts in the HRAs is determined by the maximum value 346 

Fig. 7 
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among the total precipitation amounts in the aggregated HRAs. HRAs of the linear-347 

stationary and stationary types tend to have larger maximum RAP3 and total 348 

accumulated precipitation amounts than HRAs of the linear and other types. This 349 

indicates that stagnated MCSs lead to increases not only in total precipitation amounts 350 

but also to maximum RAP3; however, an examination of the correlation between the 351 

stagnation of MCSs and the intensification of maximum RAP3 is beyond the scope of 352 

this study. 353 

 354 

3.4 Characteristics for synoptic fields 355 

The appearance characteristics of HRAs for synoptic fields are examined. According 356 

to TK14a, synoptic fields are subjectively classified into six categories by using surface 357 

weather maps produced by the JMA (Table 4): low pressure (LP), cold front (CF), 358 

stationary front (SF), direct precipitation associated with tropical cyclones (DTC), indirect 359 

precipitation associated with tropical cyclones (ITC), and no disturbances (ND). The 360 

classifications of synoptic fields are determined by the distances between the location 361 

with the maximum rainfall in HRAs and the corresponding disturbances, which are within 362 

500 km but are within 200 km for CF and are more than 500 km away and within 1500 363 

km for ITC. When several synoptic disturbances exist on a surface weather map, the 364 

synoptic field is determined by priority order as follows: (1) DTC, (2) ITC, and (3) the 365 

closest disturbance (e.g., LP, CF, and SF) from the HRAs.  366 Table. 4 

Fig. 8 
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Figure 9 shows the appearance frequencies of the HRAs for synoptic fields. The rate 367 

of the sum of SF and DTC exceeds 60%, whereas that of CF is below 5%. The rates for 368 

LP and ITC are around 15%. These characteristics for synoptic fields are consistent with 369 

those shown in TK14a as well as with the temporal characteristics. The rates for the 370 

linear-stationary type for LP, SF, and ITC (~10%) are higher than those for the other 371 

synoptic field types (~5%). The rates for the linear type for SF and CF (~50%) are two 372 

times or greater than those for DTC (~20%), while the rates for the stationary type for SF 373 

and CF (~6%) are much lower than for DTC (~15%). These characteristics indicate that 374 

HRAs associated with a stationary or cold front tend to be elongated, whereas HRAs 375 

which are directly associated with tropical cyclones tend to be spread out. The rate of 376 

linear HRAs with linear shapes, e.g., the linear-stationary and linear types, for SF and 377 

CF is approximately 60% and is comparable to the results of shown by TK14a (64%). 378 

The monthly appearance frequencies of HRAs are examined for synoptic fields (Fig. 379 

10). Higher frequencies are found in different months for synoptic fields, e.g., June and 380 

September for LP (Fig. 10a), June and July for SF (Fig. 10b), and August and September 381 

for DTC and ITC (Figs. 10c and 10d). The high frequencies seen in June and July for SF 382 

support the fact that heavy rainfall events often occur around the Baiu front, which is 383 

usually considered as a stationary front during the rainy season in Japan (e.g., Ninomiya 384 

and Akiyama 1992; Yoshizaki et al. 2000; Kato and Aranami 2005; Kato 2006). The 385 

season with high DTC and ITC frequencies (August and September) corresponds to the 386 

Fig. 9 
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periods when typhoons frequently approach and make landfall on the Japanese Islands 387 

(e.g., Aoki 1985). 388 

The geographical appearance characteristics of HRAs of the linear-stationary type are 389 

also examined for synoptic fields. The locations and orientations of the linear-stationary 390 

type strongly depend on the synoptic fields. The linear-stationary type is found mostly on 391 

the western sides of Kyushu Island and on the Pacific sides of the Japanese Islands for 392 

LP, DTC, and ITC (Figs. 11a, 11c and 11d) and it is also found on the Japan Sea sides 393 

of the Japanese Islands for SF (Fig. 11b). However, the linear-stationary type (Fig. 11a) 394 

and the other three types (Figs. S1a, S2a, and S3a) do not appear in the Nansei Islands 395 

for LP, which suggests that HRAs are infrequently generated in association with LP in 396 

subtropical regions where the baroclinicity is relatively weak. The geographical 397 

appearance characteristics of HRAs for LP, SF, and ITC are nearly the same for all four 398 

types (Figs. 11, S1, S2, and S3). Meanwhile, the characteristics of HRAs of the linear-399 

stationary and linear types for DTC (Figs. 11c and S1c) are different from those of HRAs 400 

of the stationary and other types for DTC (Figs. S2c and S3c), i.e., the latter are 401 

distributed more broadly on the Pacific sides of eastern and western Japan than the 402 

former. Although the major HRA orientations of the linear-stationary type for SF are in 403 

the southwest-northeast or west-east directions, approximately 40% of those for DTC 404 

trend in a south-north direction. These characteristics suggest that westerly or 405 

southwesterly inflow of warm and humid air contributes to the generation and orientation 406 

Fig. 10 
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of HRAs having the linear-stationary type for SF and that southerly inflow contributes to 407 

those for DTC. UT16b showed that the shear direction (1000–700 hPa) is related to the 408 

orientation of elongated QSCCs. Statistical analyses of the relevant environmental 409 

properties for determining the HRA orientations remain in our future work. 410 

 411 

4. Examples of HRA identification 412 

Our proposed procedures are verified using several examples of extracted HRAs that 413 

are typical heavy rainfall events observed in Japan; the contribution of the HRAs to total 414 

precipitation is also examined using the CRHs defined in subsection 2.5.  415 

 416 

4.1 The July, 2009 Chugoku heavy rainfall event 417 

A record-breaking heavy rainfall event with precipitation amounts over 700 mm was 418 

observed in the western Chugoku district on July 20 and 21, 2009. This event caused a 419 

disaster that led to 36 deaths and approximately 60 injuries. Figure 12 provides the 420 

distributions of the accumulated precipitation amounts related to the HRA, CRHs, and 421 

total precipitation amounts. This HRA is identified as the linear-stationary type; the aspect 422 

ratio, area, and persistent period are 3.02; 7949 km2; and seven hours, respectively (Fig. 423 

12a). The CRHs exceed 70% in nearly portions of the HRA, more than half have values 424 

over 90%, and the maximum value reaches 98% (Fig. 12b). These results indicate that 425 

the HRA of the linear-stationary type significantly contributed to the heavy rainfall event.  426 

Fig. 12 

Fig. 11 
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 427 

4.2 The October, 2010 Amami-Oshima Island heavy rainfall event 428 

On October 20, 2010, a heavy rainfall event occurred on Amami-Oshima Island and 429 

caused many landslides and flash floods that led to three deaths and two injuries. Areas 430 

of heavy rainfall exceeding 150 mm were nearly stagnant for more than six hours over 431 

the Amami-Oshima Islands (Tsuguti and Kato 2014b). The HRA is identified as the 432 

stationary type; the aspect ratio, area, and persistent period are 1.33; 3060 km2; and 10 433 

hours, respectively (Fig. 12c). The CRHs exceed 50% in nearly all regions of the HRA 434 

and in particular, the values on the western sides of the island are over 70% and the 435 

maximum value reaches 84% (Fig. 12d). The region of larger CRHs is consistent with 436 

heavy rainfall areas where strong convective systems stagnated for several hours, as 437 

investigated in Tsuguti and Kato (2014b). 438 

 439 

4.3 The July, 2011 Niigata-Fukushima heavy rainfall event 440 

The heavy rainfall in Niigata and Fukushima Prefectures, northern Japan on July 29 441 

and 30, 2011 caused serious damage, such as dike breaks and landslides. The heavy 442 

rainfall was caused by several linear precipitation systems that are aggregated into five 443 

HRAs; two are linear-stationary, one is linear, and two are of the stationary type. The 444 

JMA (2013) showed that some of the systems had a back-building formation type. A 445 

typical HRA of the linear-stationary type has an aspect ratio, area, and persistent period 446 
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of 2.78; 3448 km2; and 13 hours, respectively (Fig. 12e). CRHs in the HRA are distributed 447 

at around 30%–50% with a maximum of 59% (Fig. 12f), which are smaller than those in 448 

the 2009 event (Fig. 12b). The CRHs in the other four HRAs are also distributed at 449 

around 30%–50% (not shown) and the contribution of each HRA to the total precipitation 450 

is rather modest in this event. 451 

 452 

4.4 The August, 2014 heavy rainfall event in Hiroshima Prefecture 453 

Extreme precipitation exceeding 100 mm h−1 occurred in Hiroshima Prefecture, 454 

western Japan, on August 20, 2014. This heavy rainfall triggered debris flows and 455 

landslides and led to 74 deaths and 44 injuries. Kato (2020) demonstrated that the heavy 456 

rainfall was caused by a quasi-stationary band-shaped precipitation system with the 457 

formation of a back-building type, which occurred 200–300 km south of a stationary front. 458 

An HRA of the linear-stationary type is identified from 00 JST to 05 JST (Fig. 12g). The 459 

aspect ratio, area, and persistent period of the HRA are 3.31; 1102 km2; and five hours, 460 

respectively. CRHs exceed 70% in nearly all regions of the HRA and the maximum value 461 

reaches approximately 90% (Fig. 12h). The high contribution of HRAs with the linear-462 

stationary type in this heavy rainfall event is the same as the 2009 event (Fig. 12b). 463 

 464 

4.5 The September 2015, Kanto-Tohoku heavy rainfall event 465 

Heavy rainfall with 24–hour accumulated precipitation amounts exceeding 500 mm 466 
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was observed in the Kanto and Tohoku districts on September, 2015. Many flash floods 467 

and inundations occurred in association with this heavy rainfall event and led to 20 468 

deaths and 82 injuries. The precipitation systems causing the heavy rainfall were 469 

generated in the synoptic field sandwiched between Typhoons Kilo and Etau and 470 

consisted of multiple ES-MCSs (Kitabatake et al. 2017; Wada et al. 2019). Two HRAs of 471 

the linear-stationary type and 10 HRAs of the linear type are extracted in the Kanto and 472 

Tohoku districts. A typical HRA with a linear-stationary type identified in the Kanto district 473 

has an aspect ratio, area, and persistent period of 4.58; 3831 km2; and nine hours, 474 

respectively (Fig. 12i). CRHs of the HRA are around 50% and the maximum value 475 

reaches 60% (Fig. 12j). The CRHs of other HRAs of the linear-stationary type identified 476 

in the Tohoku district are approximately 60% and the maximum value reaches 78% (not 477 

shown). These CRH features are similar to those of the 2011 event (Fig. 12f), which 478 

lasted for three days, similar to this event. 479 

 480 

4.6 The July, 2017 northern Kyushu heavy rainfall event 481 

Heavy rainfall events occurred in northern Kyushu in July, 2017 and caused multiple 482 

landslides and floods, leading to 39 deaths, four missing, and 35 injuries. Linear 483 

precipitation systems stagnated for nine hours to cause a record-breaking hourly 484 

accumulated short-term rainfall amount of 129.5 mm (Kato et al. 2018). Although the 485 

precipitation systems were regarded as typical ES-MCSs, as suggested in Kato et al. 486 
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(2018), our procedures identify the HRA as belonging to the stationary type but not to 487 

the linear-stationary type. The HRA has an aspect ratio, area, and persistent period of 488 

2.13; 1751 km2; and 10 hours, respectively (Fig. 13a). Among these parameters, only 489 

the aspect ratio of 2.13 does not satisfy the criterion for the linear-stationary type. This 490 

unintentional classification suggests that our proposed procedures need improvement, 491 

which will be discussed in subsection 5.2. The CRHs exceed 70% in nearly all regions 492 

of the HRA, and the maximum value reaches 85% (Fig. 13b), which suggests that the 493 

HRA significantly contributed to this heavy rainfall event. 494 

 495 

5. Discussion 496 

In this study, we propose objective procedures to extract HRAs and for classification 497 

into four types. Approximately 80% of the ES-MCSs listed in Kato (2020) are identified 498 

as HRAs of the linear-stationary type by our procedures. However, several issues to 499 

improve the procedures remain because there are some HRAs that were not extracted 500 

or were incorrectly identified, as mentioned in previous sections. These issues and 501 

improvements to the procedures are discussed in this section. 502 

 503 

5.1 Validity of criteria for identifying HRAs 504 

In Section 3, HRA candidates and HRAs were identified and extracted using the same 505 

criteria for all regions in Japan. As a result, HRAs are extracted less frequently in northern 506 

Fig. 13 
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Japan, especially in the Hokkaido district, than in the other regions (Fig. 6) because the 507 

mean precipitation amounts are climatologically smaller in northern Japan. Considering 508 

that disasters can be caused by smaller precipitation amounts in northern Japan than in 509 

western Japan, we should pay attention to HRAs associated with lower precipitation 510 

amounts. Therefore, the criteria are modified while considering the regional 511 

characteristics of the HRAs. The three criteria used in this study are reduced by 20%–512 

30% as follows: (1) the configuration criterion is changed to 60 mm (3h)−1, (2) the 513 

maximum RAP3 criterion is changed to 80 mm (3h)−1, and (3) the criterion for the 514 

persistent period is changed to four hours. Figure 14 provides the distributions of the 515 

appearance frequencies of HRAs that are extracted using the reduced criteria. HRAs are 516 

widely extracted, even inland, and the appearance frequencies are several times higher 517 

than those extracted using the original criteria (Fig. 6). These reduced criteria are able 518 

to extract HRAs that are missed, especially in the Hokkaido district, whereas several 519 

HRAs are not identified correctly, i.e., the reduced criteria occasionally identify HRAs as 520 

a single area that is separately extracted as multiple areas by the original criteria (not 521 

shown). These discrepancies are especially significant in the Tohoku district but not in 522 

the Hokkaido district. These results suggest that different criteria settings which are 523 

region-dependent could improve the extraction and identification of HRAs  524 

Since most ES-MCSs persist for a few hours (e.g., Kato 2020), a persistent period of 525 

five hours, which is defined as the criterion of the stationary type in this study, may be 526 

Fig. 14 



 27 

unsuitable. HRAs with a persistent period longer than five hours represent approximately 527 

15% of all 2287 HRAs. However, some of the HRAs are identified to have an incorrect 528 

persistent period, which is overestimated. These discrepancies resulted from the 529 

determination of persistent periods by using accumulated RAP. For example, the periods 530 

of RAP3 that satisfied the criteria sometimes exceed five hours, even though significant 531 

large hourly values of RAP are observed for only two hours. Such overestimated periods 532 

are confirmed in approximately 10% of the 167 HRAs of the linear-stationary type (not 533 

shown). Further evaluations of the persistent periods of HRAs require hourly RAP 534 

instead of RAP3, because the hourly RAP is expected to contribute to more appropriate 535 

criterion setting of stationary type. 536 

 537 

5.2 Improvement in identifying HRAs 538 

 In the 2017 heavy rainfall event (Fig. 13), the proposed HRA procedures identified the 539 

HRAs as the stationary type although typical ES-MCSs were observed. In this subsection, 540 

the improvements for identifying HRAs of the linear-stationary type are examined using 541 

the 2017 event. 542 

According to the temporal variations in the radar observations, several precipitation 543 

systems causing heavy rainfall events consisting of multiple MCSs which formed in the 544 

neighboring area at nearly the same time (not shown). Our identification procedures for 545 

HRAs might represent those multiple MCSs forming in the neighboring area as a single 546 
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MCS. Therefore, the detection of a more detailed temporal evolution of precipitation 547 

systems by using hourly RAP instead of RAP3 is expected to improve our procedures 548 

for identifying HRAs. Figure 13c shows the results of identifying and classifying HRAs 549 

with hourly RAP instead of RAP3. In this examination, the criteria for identifying HRAs 550 

are modified as follows: the criteria for the configuration and the maximum RAP were set 551 

30 mm h−1 and 50 mm h−1, respectively. The HRAs identified by hourly RAP is the same 552 

stationary type (aspect ratio: 2.00; area: 1941 km2; and persistent period: five hours) as 553 

identified by RAP3. Therefore, in this heavy rainfall event, substituting hourly RAP for 554 

RAP3 contributed little to the improvement in identifying and classifying HRAs.  555 

The improvements by using a higher spatial resolution of RAP is also examined. In 556 

identifying and classifying HRAs, hourly RAP with 1 km resolution (1km-RAP) is used 557 

instead of RAP with 5 km resolution (5km-RAP) and the above-modified criteria for 558 

identification are used. The HRA is identified as the linear-stationary type, whose aspect 559 

ratio, area, and persistent period are 2.77; 1484 km2; and five hours, respectively (Fig. 560 

13d). To examine the general features of HRAs identified by RAP with higher spatial 561 

resolution, statistical analyses using 1km-RAP were conducted during the same period 562 

as those using RAP3 (not shown), which revealed the following features and issues. The 563 

application of RAP with higher spatial resolution can represent in more detail the 564 

morphological features of HRAs, which leads to a great enhancement of the aspect ratio, 565 

e.g., approximately 60% of HRAs identified using 1km-RAP have larger aspect ratios 566 
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than those identified by RAP3 with 5 km resolution. However, the application of 1km-567 

RAP sometimes fails to identify HRAs due to the reduction of their areas. Moreover, the 568 

identification of HRAs with RAP with a higher spatial resolution has the following 569 

disadvantages: (1) the extracted HRAs become more complex structures and 570 

consequently, their morphological features cannot be represented simply by an aspect 571 

ratio and (2) statistical analyses cannot be performed over long periods because 1km-572 

RAP has limited availability after April, 2006. Since the spatial resolution of RAP should 573 

be chosen for the purpose of the respective examinations, 5 km resolution can be 574 

suitable for our proposed procedures for identifying and classifying HRAs. 575 

The morphological features of HRAs depend on the aggregation procedures for HRA 576 

candidates. The morphological features of HRA candidates are thus compared with 577 

those of HRAs. The characteristics of the appearance frequencies of HRA candidates 578 

(Fig. 15) are similar to those of HRAs (Fig. 5). This suggests that HRAs contain nearly 579 

the same morphological features as HRA candidates. However, the morphological 580 

features can sometimes be modified by the aggregation processes for HRA candidates. 581 

For example, HRA candidates satisfying the linear type criteria (Table 1) are aggregated 582 

into 83 HRAs of the stationary type, which includes the 2017 heavy rainfall event (Fig. 583 

13). Among eight HRA candidates in the 2017 event, three HRA candidates satisfy the 584 

linear type criteria. Assessing the morphological features of not only HRAs but also of 585 

individual HRA candidates might be effective for more correct classifications. Such a 586 
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classification procedure in which the features of HRA candidates are introduced could 587 

improve the accuracy of the current procedures without a higher spatial RAP resolution. 588 

 589 

6. Conclusion 590 

In this study, the procedures for identifying and classifying HRAs in Japan were 591 

developed, and their characteristic features were examined to advance the 592 

understanding of MCSs in Japan. The development and examinations were conducted 593 

using RAP3 during the warm season (April–November) from 2009 to 2018. HRAs were 594 

extracted based on their morphological features as follows: (1) identification of HRA 595 

candidates, (2) aggregation of HRA candidates, and (3) classification of HRAs into four 596 

types. By using the classification procedure, 167 extracted HRAs were identified as the 597 

linear-stationary type, 844 the linear type, 211 the stationary type, and 1065 the other 598 

type. Most HRAs of the linear-stationary type could be produced by ES-MCSs, e.g., 599 

approximately 80% of the ES-MCSs listed in Kato (2020) produced HRAs of the linear-600 

stationary type. 601 

The characteristic features of HRAs were examined for four types.  HRAs of the 602 

linear-stationary and linear types are concentrated in Kyushu Island, the Nansei Islands, 603 

Kii Peninsula, and on the Pacific sides of Shikoku Island; their orientations are dominated 604 

by the southwest-northeast and west-east directions. HRAs of the stationary type 605 

frequently appeared in the Nansei Islands and along the Pacific sides of eastern and 606 
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western Japan. The numbers of extracted HRAs for all types are much smaller in 607 

northern Japan than in other regions, especially for the Hokkaido district. The rates of 608 

the appearance frequencies of HRAs for the four types are nearly the same in all regions 609 

although their identified numbers show significant regional differences. 610 

The characteristics of the yearly and monthly frequencies of HRAs are addressed in 611 

the following. More HRAs are extracted for 2011 and 2018 and the fewest are extracted 612 

for 2009. HRAs of each type appear at nearly the same rates, except for 2010 and 2012 613 

when HRAs are identified more frequently as the linear type than in other years. Around 614 

80% of HRAs are concentrated from June to September. From August to October, the 615 

rates of HRAs of the linear type (~30%) are lower than the rates in other months (~50%), 616 

while the rates of HRAs of the stationary type (~10%) are higher than those from April to 617 

June (~5%). 618 

There are differences in appearance frequencies that are related to the precipitation 619 

amounts associated with HRAs for the four types. HRAs of the linear-stationary and 620 

stationary types tended to have larger maximum RAP3 and total accumulated 621 

precipitation amounts than HRAs of the linear and other types. According to TK14a, the 622 

synoptic fields were subjectively classified into six categories: LP, CF, SF, DTC, ITC, and 623 

ND. The appearance frequencies of HRAs exceed 60% for the sum of SF and DTC, are 624 

approximately 15% for LP and ITC, and are less than 5% for CF. The rates of HRAs of 625 

the linear type for SF and CF (~50%) are two times higher than that for DTC (~20%), 626 
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while the rates of HRAs of the stationary type for SF and CF (~6%) are much lower than 627 

that for DTC (~15%). The rates of HRAs which represent the sum of the linear-stationary 628 

and linear types for SF and CF are approximately 60%, which are consistent with the 629 

results of TK14a. The monthly frequencies of HRAs for synoptic fields show seasonal 630 

differences; higher frequencies are observed in June and September for LP, in June and 631 

July for SF, and in August and September for DTC and ITC. Most HRAs of the linear-632 

stationary type for SF are oriented between the southwest-northeast and west-east 633 

directions but approximately 40% of those for DTC has south-north orientations. 634 

In this study, most HRAs were reasonably identified and classified based on their 635 

morphological features despite the simplified procedures in which uniform criteria were 636 

applied for all regions. The CRH proposed in this study can be used as an additional 637 

index of the HRA features. The procedures for identifying and classifying HRAs may be 638 

applicable to heavy rainfall events not only in Japan but also in other countries. However, 639 

since some HRAs were incorrectly classified, our identification procedures need further 640 

improvement. Moreover, the structures, development mechanisms, and maintenance 641 

processes of HRAs should be introduced into the procedures. These improvements in 642 

future studies are expected to advance the understanding of the characteristic features 643 

of MCSs causing heavy rainfall events. 644 
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List of Figures 766 

 767 

Fig. 1 Topography (shading) and the four regions (NORTH, EAST, WEST, and NANSEI-768 

IS.) in Japan. The regions enclosed by solid lines provide target areas for the HRA 769 

statistics used in this study. 770 

 771 

Fig. 2 Schematic diagram of the reconstruction from 1 km (0.0125° × 0.00833°) to 5 km 772 

(0.0625° × 0.05°) resolution in RAP. Values with (b) 2.5 km (0.03125° × 0.025°) 773 

resolution are computed by the weighted mean, i.e., multiplying by a factor of 1.0 for six 774 

segments and a by factor of 0.5 for three half-segments with (a) 1 km resolution and 775 

then averaging the results. For example, [(23 + 36 + 19 + 24 + 20 + 20) × 1.0 + (31 + 27 776 

+ 21) × 0.5] / 7.5 = 24. The values with (c) 5 km resolution are the maximum values 777 

among four segments with 2.5 km resolution (modified from Fig. A1 of TK14a). 778 

 779 

Fig. 3 Distributions of the top 25 RAP3 during the warm season (April–November) from 780 

2009 to 2018. The values of the top 25 RAP3 indicate 0.04 percentile and correspond to 781 

the frequency at which several heavy rainfall events occur during one year at each grid. 782 

 783 

Fig. 4 (a)–(e) Schematic diagram of the aggregation process for HRA candidates. 784 

Distributions of RAP3 at (a) 02–05 JST, (b) 03–06 JST, (c) 04–07 JST, and (d) 05–08 785 
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JST June 7, 2017. The thick solid lines in (a)–(d) indicate the configuration of the 786 

identified HRA candidates. Yellow shading in the middle panels shows an overlap area 787 

covered with HRA candidates at the current time (red line) and at the previous hour 788 

(blue line); the overlap ratio of (a) and (b) is 73.4%. (e) Distribution of five-hourly 789 

accumulative RAP. The thick and thin lines in (e) indicate the extracted HRA and hourly 790 

identified HRA candidates, respectively when the overlap ratio exceeding 50% is set as 791 

a criterion for aggregating the HRA candidates. (f) Schematic diagram for the 792 

determination of the aspect ratios and the orientation angles of HRAs. The dashed 793 

contour coincides with the configuration of the aggregation of HRA candidates shown in 794 

(e) and the solid contour demonstrates the results of clockwise rotation by 66°, which 795 

determines the angle of the HRA. The red and blue solid lines show the major and minor 796 

axes, respectively. 797 

 798 

Fig. 5 Appearance frequencies related to the morphological features of HRAs for the four 799 

types. The abscissa and ordinate values indicate the aspect ratios and areas of HRAs, 800 

respectively. The red, blue, and green closed circles, and the open circles represent the 801 

linear-stationary, linear, stationary, and the other type, respectively. The bottom and right 802 

panels show the appearance frequencies of HRAs for the four types (histogram) in bins 803 

divided by the aspect ratios and areas, and the appearance numbers of the HRAs (pink 804 

solid lines). The color pattern of the histogram is the same as that of the scatter 805 
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diagram. 806 

 807 

Fig. 6 Distributions of the geographical appearance frequencies of HRAs (a–d) and their 808 

configurations (e) of HRAs. (a, e) Linear-stationary, (b) linear, (c) stationary, and (d) the 809 

other type. The closed curves in (e) show the HRA boundaries and their colors indicate 810 

the HRA orientations of the linear-stationary type; the blue, green, yellow, and red colors 811 

represent the south-north, southwest-northeast, west-east, and northwest-southeast 812 

orientations, respectively. 813 

 814 

Fig. 7 (a) Yearly and (b) monthly appearance frequencies of HRAs for the four types (red: 815 

linear-stationary, blue: linear, green: stationary, and white: the other type). The numbers 816 

in the upper section of each panel indicate the HRA rates for three types (e.g., linear-817 

stationary, linear, and stationary types); their color patterns coincide with those of their 818 

appearance frequencies in the histogram. 819 

 820 

Fig. 8 Same as Fig. 5, but for the appearance frequencies of precipitation amounts 821 

associated with HRAs for the four types. The abscissa and ordinate values display the 822 

maximum RAP3 and maximum total accumulated precipitation amounts in the HRA, 823 

respectively. 824 

 825 



 42 

Fig. 9 Same as Fig. 7, but for the appearance frequencies for synoptic fields. LP is low 826 

pressure, CF is a cold front, SF is a stationary front, DTC is direct precipitation 827 

associated with tropical cyclones, ITC is indirect precipitation associated with tropical 828 

cyclones, and ND is no disturbances. 829 

 830 

Fig. 10 Same as Fig. 7b, but for the monthly appearance frequencies of HRAs classified 831 

for synoptic fields, (a) LP, (b) SF, (c) DTC, and (d) ITC. 832 

 833 

Fig. 11 Same as Fig. 6a, but for the distributions of HRAs of the linear-stationary type 834 

classified for synoptic fields, (a) LP, (b) SF, (c) DTC, and (d) ITC. The blue, green, yellow 835 

and red closed curves have the same meaning as those in Fig. 6e. 836 

 837 

Fig. 12 (Left) Distributions of the accumulated precipitation amounts associated with the 838 

extracted HRAs. The other precipitation areas outside the HRAs are displayed in 839 

monochrome for visibility. The thick and thin lines indicate the extracted HRAs and the 840 

hourly-identified HRA candidates, respectively. (Right) The contribution ratios of HRAs 841 

(contours) to the total precipitation (shading). The blue, black, and purple lines represent 842 

contribution ratios of 30%, 50%, and 70%, respectively. The precipitation amounts that 843 

accumulated between (a) 05 JST and 12 JST July 21, 2009; (c) 10 JST and 20 JST 844 

October 20, 2010; (e) 08 JST and 21 JST July 29, 2011; (g) 00 JST and 05 JST August 845 
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20, 2014; and (i) 19 JST September 9 and 04 JST September 10, 2015. The contribution 846 

ratios of HRAs are estimated between (b) 01 JST July 21 and 01 JST July 22, 2009; (d) 847 

18 JST October 19 and 00 JST October 21, 2010; (f) 12 JST July 27 and 16 JST July 848 

30, 2011; (h) 12 JST August 19 and 17 JST August 20, 2014; and (j) 00 JST September 849 

8 and 10 JST September 11, 2015. 850 

 851 

Fig. 13 Same as Fig. 12, but for (a) the distribution of precipitation amounts accumulated 852 

between 12 JST and 22 JST July 5, 2017 and (b) the CRH estimated between 06 JST 853 

July 5 and 18 JST July 7, 2017. (c) Similar to (a) but the distributions were obtained 854 

using hourly RAP from 15 JST to 20 JST July 5, 2017. (d) Similar to (c) but the 855 

distributions were obtained using hourly RAP with 1 km horizontal resolution. 856 

 857 

Fig. 14 Same as Fig. 6, but for the results are from the reduced criteria for identifying 858 

HRAs, e.g., the criterion values for the configuration, the maximum RAP3, and the 859 

persistent period are 60 mm (3h)−1, 80 mm (3h)−1, and four hours, respectively. (a) 860 

Linear-stationary, (b) linear, (c) stationary, and (d) the other type. The blue, green, 861 

yellow, and red closed curves have the same meaning as those in Fig. 6e. 862 

 863 

Fig. 15 Same as Fig. 5, but for the HRA candidates. The blue closed and open circles 864 

show the HRA candidates that satisfy the criteria of the linear type and other type, 865 
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respectively. 866 

 867 

Supplement Fig. S1 Distributions of the geographical appearance frequencies for HRAs of 868 

the linear type classified for synoptic fields, (a) LP, (b) SF, (c) DTC, and (d) ITC. 869 

 870 

Supplement Fig. S2 Same as Fig. S1, but for the distributions of HRAs of the stationary 871 

type. 872 

 873 

Supplement Fig. S3 Same as Fig. S1, but for the distributions of HRAs of the other type. 874 
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 876 

 877 

 878 

Fig. 1 Topography (shading) and the four regions (NORTH, EAST, WEST, and NANSEI-IS.) 879 

in Japan. The regions enclosed by solid lines provide target areas for the HRA statistics 880 

used in this study. 881 

  882 
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 883 

Fig. 2 Schematic diagram of the reconstruction from 1 km (0.0125° × 0.00833°) to 5 km 884 

(0.0625° × 0.05°) resolution in RAP. Values with (b) 2.5 km (0.03125° × 0.025°) resolution 885 

are computed by the weighted mean, i.e., multiplying by a factor of 1.0 for six segments 886 

and a by factor of 0.5 for three half-segments with (a) 1 km resolution and then averaging 887 

the results. For example, [(23 + 36 + 19 + 24 + 20 + 20) × 1.0 + (31 + 27 + 21) × 0.5] / 7.5 888 

= 24. The values with (c) 5 km resolution are the maximum values among four segments 889 

with 2.5 km resolution (modified from Fig. A1 of TK14a). 890 
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 892 

 893 

Fig. 3 Distributions of the top 25 RAP3 during the warm season (April–November) from 2009 894 

to 2018. The values of the top 25 RAP3 indicate 0.04 percentile and correspond to the 895 

frequency at which several heavy rainfall events occur during one year at each grid. 896 

  897 
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  898 

Fig. 4 (a)–(e) Schematic diagram of the aggregation process for HRA candidates. 899 

Distributions of RAP3 at (a) 02–05 JST, (b) 03–06 JST, (c) 04–07 JST, and (d) 05–08 JST 900 

June 7, 2017. The thick solid lines in (a)–(d) indicate the configuration of the identified 901 

HRA candidates. Yellow shading in the middle panels shows an overlap area covered with 902 
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HRA candidates at the current time (red line) and at the previous hour (blue line); the 903 

overlap ratio of (a) and (b) is 73.4%. (e) Distribution of five-hourly accumulative RAP. The 904 

thick and thin lines in (e) indicate the extracted HRA and hourly identified HRA candidates, 905 

respectively when the overlap ratio exceeding 50% is set as a criterion for aggregating 906 

the HRA candidates. (f) Schematic diagram for the determination of the aspect ratios and 907 

the orientation angles of HRAs. The dashed contour coincides with the configuration of 908 

the aggregation of HRA candidates shown in (e) and the solid contour demonstrates the 909 

results of clockwise rotation by 66°, which determines the angle of the HRA. The red and 910 

blue solid lines show the major and minor axes, respectively. 911 
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 913 

 914 

Fig. 5 Appearance frequencies related to the morphological features of HRAs for the four 915 

types. The abscissa and ordinate values indicate the aspect ratios and areas of HRAs, 916 

respectively. The red, blue, and green closed circles, and the open circles represent the 917 

linear-stationary, linear, stationary, and the other type, respectively. The bottom and right 918 

panels show the appearance frequencies of HRAs for the four types (histogram) in bins 919 

divided by the aspect ratios and areas, and the appearance numbers of the HRAs (pink 920 

solid lines). The color pattern of the histogram is the same as that of the scatter diagram.  921 
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 52 

Fig. 6 Distributions of the geographical appearance frequencies of HRAs (a–d) and their 923 

configurations (e) of HRAs. (a, e) Linear-stationary, (b) linear, (c) stationary, and (d) the 924 

other type. The closed curves in (e) show the HRA boundaries and their colors indicate 925 

the HRA orientations of the linear-stationary type; the blue, green, yellow, and red colors 926 

represent the south-north, southwest-northeast, west-east, and northwest-southeast 927 

orientations, respectively. 928 

  929 
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 930 

 931 

 932 

 933 

 934 

Fig. 7 (a) Yearly and (b) monthly appearance frequencies of HRAs for the four types (red: 935 

linear-stationary, blue: linear, green: stationary, and white: the other type). The numbers 936 

in the upper section of each panel indicate the HRA rates for three types (e.g., linear-937 

stationary, linear, and stationary types); their color patterns coincide with those of their 938 

appearance frequencies in the histogram. 939 

 940 
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 941 

 942 

Fig. 8 Same as Fig. 5, but for the appearance frequencies of precipitation amounts 943 

associated with HRAs for the four types. The abscissa and ordinate values display the 944 

maximum RAP3 and maximum total accumulated precipitation amounts in the HRA, 945 

respectively.  946 
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 947 

 948 

 949 

Fig. 9 Same as Fig. 7, but for the appearance frequencies for synoptic fields. LP is low 950 

pressure, CF is a cold front, SF is a stationary front, DTC is direct precipitation associated 951 

with tropical cyclones, ITC is indirect precipitation associated with tropical cyclones, and 952 

ND is no disturbances. 953 
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 955 

 956 

Fig. 10 Same as Fig. 7b, but for the monthly appearance frequencies of HRAs classified for 957 

synoptic fields, (a) LP, (b) SF, (c) DTC, and (d) ITC. 958 

  959 
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 960 

Fig. 11 Same as Fig. 6a, but for the distributions of HRAs of the linear-stationary type 961 

classified for synoptic fields, (a) LP, (b) SF, (c) DTC, and (d) ITC. The blue, green, yellow 962 

and red closed curves have the same meaning as those in Fig. 6e. 963 

 964 

 965 
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 60 

Fig. 12 (Left) Distributions of the accumulated precipitation amounts associated with the 970 

extracted HRAs. The other precipitation areas outside the HRAs are displayed in 971 

monochrome for visibility. The thick and thin lines indicate the extracted HRAs and the 972 

hourly-identified HRA candidates, respectively. (Right) The contribution ratios of HRAs 973 

(contours) to the total precipitation (shading). The blue, black, and purple lines represent 974 

contribution ratios of 30%, 50%, and 70%, respectively. The precipitation amounts that 975 

accumulated between (a) 05 JST and 12 JST July 21, 2009; (c) 10 JST and 20 JST 976 

October 20, 2010; (e) 08 JST and 21 JST July 29, 2011; (g) 00 JST and 05 JST August 977 

20, 2014; and (i) 19 JST September 9 and 04 JST September 10, 2015. The contribution 978 

ratios of HRAs are estimated between (b) 01 JST July 21 and 01 JST July 22, 2009; (d) 979 

18 JST October 19 and 00 JST October 21, 2010; (f) 12 JST July 27 and 16 JST July 30, 980 

2011; (h) 12 JST August 19 and 17 JST August 20, 2014; and (j) 00 JST September 8 and 981 

10 JST September 11, 2015.  982 



 61 

 983 

 984 

Fig. 13 Same as Fig. 12, but for (a) the distribution of precipitation amounts accumulated 985 

between 12 JST and 22 JST July 5, 2017 and (b) the CRH estimated between 06 JST 986 

July 5 and 18 JST July 7, 2017. (c) Similar to (a) but the distributions were obtained using 987 

hourly RAP from 15 JST to 20 JST July 5, 2017. (d) Similar to (c) but the distributions 988 

were obtained using hourly RAP with 1 km horizontal resolution. 989 
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 990 

 991 

Fig. 14 Same as Fig. 6, but for the results are from the reduced criteria for identifying HRAs, 992 

e.g., the criterion values for the configuration, the maximum RAP3, and the persistent 993 

period are 60 mm (3h)−1, 80 mm (3h)−1, and four hours, respectively. (a) Linear-stationary, 994 

(b) linear, (c) stationary, and (d) the other type. The blue, green, yellow, and red closed 995 

curves have the same meaning as those in Fig. 6e.  996 
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 997 

 998 

 999 

Fig. 15 Same as Fig. 5, but for the HRA candidates. The blue closed and open circles show 1000 

the HRA candidates that satisfy the criteria of the linear type and other type, respectively. 1001 

 1002 

  1003 
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 1004 

Supplement Fig. S1 Distributions of the geographical appearance frequencies for HRAs of 1005 

the linear type classified for synoptic fields, (a) LP, (b) SF, (c) DTC, and (d) ITC. 1006 
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 1008 

Supplement Fig. S2 Same as Fig. S1, but for the distributions of HRAs of the stationary 1009 

type. 1010 

  1011 



 66 

 1012 

Supplement Fig. S3 Same as Fig. S1, but for the distributions of HRAs of the other type. 1013 
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