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Abstract 12 

In Japan, localized heavy rainfall events producing accumulated three-hour 13 

precipitation amounts larger than 200 mm are often observed to cause severe 14 

landslides and floods. Such events are mainly brought by quasi-stationary band-15 

shaped precipitation systems, named “senjo-kousuitai” in Japanese. Senjo-kousuitai 16 

is defined as a band-shaped heavy rainfall area with a length of 50 – 300 km and a 17 

width of 20 – 50 km, produced by successively formed and developed convective cells, 18 

lining up to organize multi-cell clusters, and passing or stagnating at almost the same 19 

place for a few hours. The formation processes of senjo-kousuitai are categorized 20 

mainly into two types; the broken line type in which convective cells simultaneously 21 

form on a quasi-stationary local front by the inflow of warm and humid air, and the back 22 

building type in which new convective cells successively forming on the upstream side 23 

of low-level winds linearly organize with pre-existing cells. 24 

In this study, previous studies of band-shaped precipitation systems are reviewed, 25 

and the numerical reproducibility of senjo-kousuitai events and the favorable 26 

conditions for their occurrence are examined. In a case of Hiroshima heavy rainfall 27 

observed in western Japan on 20 August 2014, the reproduction of the senjo-kousuitai 28 

requires a horizontal resolution of at least 2 km, which is sufficient to roughly resolve 29 

the formation and development processes of convective cells, while a resolution of 30 

250 – 500 m is necessary to accurately reproduce their inner core structures. The 2-31 

km model quantitatively reproduced the Hiroshima case when initial conditions 10 32 

hours before the event were used, but the predicted amounts of maximum 33 

accumulated precipitation were considerably reduced as the initial time became closer 34 

to the occurrence time of the senjo-kousuitai. This reduction was brought from the 35 
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excessive inflow of low-level dry air that shifted occurrence areas of new multi-cell 36 

clusters. 37 

Six favorable occurrence conditions of senjo-kousuitai events for their diagnostic 38 

forecasts were statistically constructed from environmental atmospheric fields in 39 

previous localized heavy rainfall events. Two conditions of (1) large water vapor flux 40 

amounts (> 150 g m-2 s-1) and (2) short distances to the level of free convection (< 41 

1000 m) were chosen representatively for the low-level water vapor field that is judged 42 

based on 500-m height data. Four other favorable conditions are selected; (3) high 43 

relative humidity at midlevels (> 60% at 500 hPa and 700 hPa), (4) large vertical shear 44 

estimated from the storm relative environmental helicity (>100 m2 s−2), (5) synoptic-45 

scale ascending areas (400 km mean field at 700 hPa), and (6) the exclusion of warm 46 

air advection frequently appearing at 700-850 hPa and inhibiting the development of 47 

convection (i.e., an equilibrium level > 3000 m).  48 

 49 

Keywords localized heavy rainfall; mesoscale convective systems; senjo-kousuitai 50 

 51 
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1. Introduction 53 

In Japan, when localized heavy rainfall is observed, band-shaped rainfall areas 54 

with a length exceeding 50 km and accumulated three-hour precipitation amounts 55 

exceeding 200 mm (see Figs. 1 and 4) are often captured in distributions of 56 

radar/raingauge-analyzed (R-A) precipitation amounts with a horizontal resolution of 57 

1 km (Nagata 2011), which is hourly accumulated amounts produced every 30 minutes 58 

by the Japan Meteorological Agency (JMA). Previous studies (e.g., Watanabe and 59 

Ogura 1987; Kato and Goda 2001; Kato 2006; Kawabata et al. 2011; Takemi 2018; 60 

Tsuguti et al. 2019) showed that such areas were produced by band-shaped 61 

precipitation systems stagnating at almost the same place for a few hours. In Japan, 62 

such band-shaped rainfall areas have recently been given the name “senjo-kousuitai” 63 

in Japanese because of their characteristic shape: the term of “senjo” means band-64 

shaped, and that of “kousuitai” means a rainfall area. In this review, quasi-stationary 65 

band-shaped precipitation systems that result in band-shaped rainfall areas captured 66 

in distributions of accumulated precipitation amounts are named “senjo-kousuitai”, 67 

since corresponding phenomena are rarely recognized outside of the Japanese 68 

islands due to the small number of observations. Making a simple translation of senjo-69 

kousuitai into English (e.g., band-shaped rainfall area), the image on localized heavy 70 

rainfall with accumulated three-hour precipitation amounts exceeding 200 mm, usually 71 

recognized in Japan, would be vanished. 72 

Before introducing the characteristics of the shape and appearance of senjo-73 

kousuitai events observed in Japan, previous studies on band-shaped precipitation 74 

systems observed in the United States, Japan, and other countries are reviewed in 75 

this section. In addition to the review, the numerical reproducibility of senjo-kousuitai 76 
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events for the horizontal model resolution and initial conditions is examined, and 77 

favorable occurrence conditions of the events are proposed in this paper. 78 

Mesoscale convective systems (MCSs) have been classified from characteristics 79 

of their shapes and formation patterns. Bluestein and Jain (1985) showed four 80 

formation types of squall lines observed in Midwestern United States; broken line type, 81 

back building type, broken areal type, and embedded areal type. Parker and Johnson 82 

(2000) proposed three types of trailing-stratiform (TS), leading-stratiform (LS), and 83 

parallel-stratiform (PS) for the formation of squall lines occurred in central United 84 

States by focusing on the distributions of associated stratiform clouds. Schumacher 85 

and Johnson (2005) showed two patterns of MCS organization in the area east of the 86 

Rocky Mountains: One has a line with trailing convective cells and adjoining stratiform, 87 

and the other has a back building or quasi-stationary area of convection that produces 88 

a region of stratiform rain downstream. They indicated that the formation processes of 89 

the latter pattern strongly depend on storm-generated cold pools. However, cold pools 90 

are not necessary for the occurrence of senjo-kousuitai events because low-level 91 

humidity is very high in the vicinity of the Japanese islands (e.g., Kato and Goda 2001; 92 

Kato et al. 2003). Gallus et al. (2008) also classified MCSs observed in central United 93 

States into nine morphologies; three types of cellular convection (individual cells, 94 

clusters of cells, and broken squall lines), five types of linear systems (bow echoes 95 

(BE), TS, LS, PS, and lines with no stratiform rain (NS)), and nonlinear systems (NL). 96 

Zheng et al. (2013) classified MCSs observed in east central China into seven 97 

morphologies of NL and six linear modes; NS, TS, LS, PS, BE, and embedded lines. 98 

In Japan, Seko (2010) examined inner structures of band-shaped precipitation 99 

systems and classified them into three types; squall lines, back building type, and back 100 
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and side-building type. It should be noted that the classifications made in previous 101 

studies were based on snapshots of radar observations, while senjo-kousuitai events 102 

can be recognized in distributions of accumulated precipitation amounts. 103 

The formation mechanisms and structures of the band-shaped precipitation 104 

systems that result in senjo-kousuitai events have been examined using radar 105 

observations and numerical simulations in many case studies. Watanabe and Ogura 106 

(1987) emphasized the orographic effect, i.e., the surface convergence generated by 107 

the deflected flow over the land and undeflected flow over the sea was responsible for 108 

the formation of a senjo-kousuitai event observed in Shimane Prefecture (see Fig. 5) 109 

in 1983. The locations of other senjo-kousuitai events introduced below are also 110 

shown in Fig. 5. Yoshizaki et al. (2000) also examined an orographic rainband 111 

observed in the Nagasaki Peninsula in 1998, and showed that both a strong 112 

southwesterly jet at a height of 3 – 4 km and strong vertical wind shear in the lower 113 

troposphere were essential for its formation. In relation to the orographic effect, quasi-114 

stationary convective bands observed outside of the Japan islands have been studied 115 

(e.g., Kirishbaum et al. 2007; Barret et al. 2014), but total accumulated precipitation 116 

amounts caused by these events were not large (<100 mm). Kato (1998) studied a 117 

senjo-kousuitai event observed in Kagoshima Prefecture in 1993, and successfully 118 

reproduced precipitation systems with the formation of back building type by using a 119 

cloud-resolving model with a horizontal resolution of 2 km. He also showed that vertical 120 

wind shear was significant for the successive generation of convective cells upstream 121 

of the precipitation systems. Seko et al. (1999) and Kato and Goda (2001) also 122 

examined senjo-kousuitai events with the formation of back building type observed 123 

over the Kanto Plain in 1994 and in Niigata Prefecture in 1998, respectively. Kato 124 
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(2006) clarified the structure of a band-shaped precipitation system resulting in a 125 

senjo-kousuitai event observed in Fukuoka Prefecture in 1999 (see Fig. 4b). This 126 

precipitation system had a hierarchical structure consisting of different scales; a quasi-127 

stationary band-shaped precipitation system was organized by several MCSs, with 128 

each MCS consisting of a few convective cells that formed successively on its 129 

upstream side. 130 

    The numerical reproducibility of senjo-kousuitai events strongly depends on the 131 

horizontal model resolution and the accuracy of initial conditions. Kato and Aranami 132 

(2005) showed that a horizontal resolution of at least 1.5 km was necessary for the 133 

successful reproduction of a senjo-kousuitai event observed in Niigata and Fukushima 134 

Prefectures in 2004. They also indicated that a senjo-kousuitai event observed in 135 

Fukui Prefecture in 2004 could not be reproduced due to uncertainty in the initial low-136 

level wind conditions. Oizumi et al. (2018) investigated the dependence of the 137 

reproducibility of a senjo-kousuitai event observed across Izu-Oshima Island in 2013 138 

(see Fig. 1a) on the horizontal resolution (5 km, 2 km, 500 m, and 250 m) and planetary 139 

boundary schemes. An experiment using a 500-m grid spacing and the Deardorff 140 

scheme (1980) gave the best precipitation results according to the fractions skill score. 141 

Takemi (2018) performed a series of 167-m-resolution numerical experiments, and 142 

indicated that the representation of model terrains was critically important in simulating 143 

stationary MCSs and quantifying the resulting heavy rainfall in the northern part of 144 

Kyushu Island in 2017. Kato et al. (2003) tried to improve the reproducibility of a senjo-145 

kousuitai event observed in Kagoshima Prefecture in 2001 by using modified initial 146 

conditions in which total precipitable water (TPW) data derived from the Tropical 147 

Rainfall Measuring Mission Microwave Imager was additionally assimilated by the 148 
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four-dimensional variational (4DV) data assimilation technique. It was found, however, 149 

that a method that manually increased the humidity of the lower atmosphere to 150 

correspond with observations better reproduced the event. Kawabata (2011) applied 151 

a cloud-resolving nonhydrostatic 4DV data assimilation system to a senjo-kousuitai 152 

event observed over the Kanto Plain in 2005 (see Fig. 4c), and showed that additional 153 

assimilation of TPW derived from global positioning system data, surface and wind 154 

profiler data, and Doppler radial wind and radar-reflectivity data improved the 155 

reproducibility. 156 

The environmental conditions that prevailed when senjo-kousuitai events 157 

occurred in Japan have been also clarified in many case studies. Kato and Goda 158 

(2001) and Kato (2006) showed that the continuous and abundant inflow of warm and 159 

humid air below a height of 1 km is necessary for the formation of convective cells that 160 

organize into the band-shaped precipitation systems that result in senjo-kousuitai 161 

events. They also showed that conditionally unstable atmospheric conditions, i.e., a 162 

low level of free convection (LFC) and a high equilibrium level (EL), are favorable for 163 

the formation of senjo-kousuitai events. Kato (2006) examined the tops of 164 

cumulonimbus clouds simulated by a numerical model with a horizontal resolution of 165 

2 km, and noted that the inflow of midlevel dry air inhibited the further development of 166 

convective cells. Seko (2010) pointed out that suitable vertical wind shear is necessary 167 

for the organization of the band-shaped precipitation systems that cause senjo-168 

kousuitai events. The characteristics of the favorable atmospheric conditions required 169 

for the formation of senjo-kousuitai events have also been statistically ascertained in 170 

cases of warm-season quasi-stationary convective clusters observed in Japan 171 

(Unuma and Tatsumi 2016a, 2016b) and in cases of quasi-linear convective systems 172 
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in the United States (e.g., Schumacher and Johnson 2008; Peters and Schumacher 173 

2015). 174 

In this review paper, first of all, examples of specific senjo-kousuitai events are 175 

introduced and the statistical characteristics of senjo-kousuitai events are studied 176 

based on distributions of accumulated three-hour R-A precipitation amounts by 177 

following the method of Tsuguti and Kato (2014, hereafter abbreviated to TK14), and 178 

the scale of senjo-kousuitai is then roughly defined. These are described in Section 2. 179 

In Section 3, the formation types of senjo-kousuitai are introduced and the detailed 180 

processes of organization for a heavy rainfall event observed in Hiroshima on 20 181 

August 2014 are explained (see Fig. 1b). The Hiroshima event is also used to explain 182 

the numerical reproducibility of senjo-kousuitai by focusing on the horizontal model 183 

resolution and initial conditions in Section 4. Favorable occurrence conditions of senjo-184 

kousuitai, operationally used in diagnostic forecasts by the JMA from 2016, are 185 

introduced in Section 5. The last section includes a summary and issues for 186 

consideration in future studies. 187 

 188 

2. Characteristics and scale definition of senjo-kousuitai 189 

2.1 Shape characteristics 190 

Shape characteristics of senjo-kousuitai events found in distributions of 191 

accumulated three-hour R-A precipitation amounts are introduced using two specific 192 

cases observed across Izu-oshima Island on 16 October 2013 (Fig. 1a) and in 193 

Hiroshima on 20 August 2014 (Fig. 1b). In the Izu-oshima event, Typhoon Wipha 194 

(T1326) was approaching the Kanto Plain, and a stationary front is analyzed on the 195 

northeastern side of T1326 on the surface weather map. The senjo-kousuitai occurred 196 
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with extending from the southwestern edge of the stationary front to the Kanto Plain. 197 

The maximum three-hour precipitation amount is 333 mm, and the length and width of 198 

the area with three-hour precipitation amounts exceeding 100 mm are about 200 km 199 

and 30 km, respectively. In the Hiroshima event, the senjo-kousuitai occurred 200 – 200 

300 km south of a stationary front located over the Sea of Japan. Such an occurrence 201 

location of heavy rainfall is often found in western Japan during the rainy season, 202 

which is called the Baiu season (e.g., Kato 1998; Yoshizaki et al. 2000). The maximum 203 

three-hour precipitation amount is 232 mm, and the length and width of the area with 204 

three-hour precipitation amounts exceeding 100 mm are about 80 km and 20 km, 205 

respectively. Rainfall areas are localized around the senjo-kousuitai in the Hiroshima 206 

event, while moderate intense rainfall areas extend widely in the Izu-oshima event.  207 

Another case, which cannot be easily judged as a senjo-kousuitai event from 208 

distributions of accumulated three-hour R-A precipitation amounts, is introduced in the 209 

following. This event occurred about 100 km south of the Baiu front with a low pressure 210 

system in Kumamoto Prefecture on 20 – 21 June 2016 (Fig. 2). The Baiu front is a 211 

quasi-stationary front extending in the east-west direction that usually appears around 212 

the Japanese islands during the Baiu season. No band-shaped area can be 213 

recognized in distributions of three-hour precipitation amounts exceeding 100 mm; 214 

however, two band-shaped areas with amounts exceeding 200 mm can be picked up 215 

— the maximum precipitation amounts within these areas are 255 mm and 246 mm. 216 

This means that two quasi-stationary band-shaped precipitation systems formed 217 

adjacent to each other at almost the same time. In this case, an hourly accumulated 218 

precipitation amount of 150 mm, the third largest in the JMA’s historical records, was 219 

observed at Kousa, associated with the southern senjo-kousuitai. 220 
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The specific senjo-kousuitai events introduced above accompanied band-shaped 221 

areas of heavy rainfall with a length of 50 – 300 km and a width of 20 – 50 km, as found 222 

in the distribution of accumulated three-hour R-A precipitation amounts, which is 223 

notable characteristics in shape. 224 

 225 

2.2 Appearance characteristics 226 

Before making a definition of senjo-kousuitai, senjo-kousuitai events are 227 

objectively extracted and their appearance characteristics are statistically studied 228 

following the method of TK14. The extraction of senjo-kousuitai events is based on 229 

accumulated three-hour R-A precipitation amounts with a horizontal resolution of 5 km, 230 

covering the Japanese Islands, in the 1989 – 2015 warm seasons (April-November), 231 

while TK14 treated the 1995 – 2009 warm seasons. In addition to the statistical period, 232 

the procedure for extracting senjo-kousuitai events and a threshold value for aspect 233 

ratios of rainfall areas are modified from TK14, and a new exclusion condition for small 234 

rainfall areas is also adopted in this study. The other procedures used are the same 235 

as those in TK14. 236 

Figure 3 shows the procedures for extracting heavy rainfall and senjo-kousuitai 237 

events that are used in this study. In the first step in the extraction procedures of heavy 238 

rainfall events, for previous accumulated  24-hour precipitation amounts, heavy rainfall 239 

points within top 50 in the amounts that exceed 12% of the annual mean amount in 240 

the 15 warm seasons of 1995 – 2009 are extracted at every 5 km grid over the land at 241 

hourly intervals. The period of 1995 –  2009 warm seasons is adopted to hold 242 

consistent with the results of TK14. In the second step, grid points with previous 243 

accumulated three-hour precipitation amounts exceeding 130 mm are extracted from 244 
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the grid points obtained in the first step. In the third step, extracted points that lay within 245 

a time-frame of 24 hours and a distance of 150 km are judged as belonging to the 246 

same heavy rainfall event, and the grid point with the maximum accumulated 247 

precipitation amount for the previous 24 hours and the time corresponding to the 248 

maximum 3-hour precipitation amount are then set to represent the location and time 249 

of the occurrence of the event, respectively.  250 

In this study, senjo-kousuitai events are automatically extracted using areas with 251 

accumulated three-hour precipitation amounts exceeding 50 mm and aspect ratios 252 

exceeding 2.0, while TK14 manually extracted areas with aspect ratios exceeding 3.0. 253 

It should be noted that the extracted numbers of senjo-kousuitai events obtained in 254 

this study and those extracted in TK14 are almost the same for the 15 warm seasons 255 

of 1995 –  2009, which might be due to the manual judgement used in TK14. 256 

Furthermore, a new condition, not used in TK14, is adopted in this study; events in 257 

which the length of areas with accumulated three-hour precipitation amounts 258 

exceeding 30 mm is less than 50 km are excluded. Those events could have been 259 

caused by isolated multi-cell clusters consisting of a few convective cells. 260 

The extracted heavy rainfall and senjo-kousuitai events are categorized using the 261 

synoptic fields depicted on weather maps. As described in TK14, the following five 262 

synoptic fields are also represented for each event; low pressure (LP), cold front (CF), 263 

stationary front (SF), direct precipitation associated with tropical cyclones (DTC), and 264 

indirect precipitation associated with tropical cyclones (ITC). The locations of typhoons 265 

are obtained from the JMA’s best-track data and those of the other disturbances are 266 

manually judged using a weather map for the time corresponding to, or just before, the 267 

occurrence of the maximum three-hour precipitation amount. The distance between 268 
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the disturbance and the representative point of rainfall events satisfies the following 269 

conditions; within 500 km (within 200 km for CF), and more than 500 km but within 270 

1500 km for ITC (see Table 1). The synoptic field with the closest disturbance to the 271 

representative point of each rainfall event is chosen, but this categorization always 272 

gives priority to DTC and ITC against the other disturbances. Examples of senjo-273 

kousuitai events categorized into five synoptic fields are shown in Fig. 4a (LP), Fig. 4b 274 

(CF), Fig. 1b (SF), Fig. 1a (DTC), and Fig. 4c (ITC). No disturbance cases, such as 275 

shown in Fig. 4d, are additionally categorized. In a sample LP event on 27 October 276 

1999, an hourly accumulated precipitation amount of 153 mm, the highest in the JMA’s 277 

records, was observed at Katori on the Kanto Plain. 278 

Table 1 shows the number of heavy rainfall and senjo-kousuitai events detected 279 

in the Japanese islands during the 1989 – 2015 warm seasons, categorized by the 280 

synoptic fields. The results of this categorization are based on Imamura (2018) in 281 

which the same method as that in Tsuguti and Kato (2014) was used, but the statistical 282 

period (i.e., the number of extracted events) is different. The total number of heavy 283 

rainfall events is 715, and among these, about half are associated with tropical 284 

cyclones (DTC + ITC); in particular, about one-third of the events are classified into 285 

DTC. Senjo-kousuitai events are also extracted at a rate of about 50% from heavy 286 

rainfall events. The lowest rate of senjo-kousuitai extraction is for DTC (~33%), which 287 

indicates that intense precipitation systems usually move associated with tropical 288 

cyclones and do not stagnate at almost the same place. In contrast, the rates for CF 289 

(~72%) and SF (~68%) exceed two-thirds, and the number of 108 for SF is the largest. 290 

This high rate for SF is notable in Kyushu Island during the Baiu season (not shown). 291 

Kato (2005) showed statistically that quasi-stationary band-shaped precipitation 292 
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systems often appear on the western side of Kyushu Island. These appearance 293 

characteristics in rates are consistent with the results of TK14, and don’t change a lot 294 

even when other aspect ratios of rainfall areas (1.5, 2.5, 3.0) and different threshold 295 

values of accumulated three-hour precipitation amounts (30 mm, 70 mm) are adopted 296 

for the extraction of senjo-kousuitai events. 297 

The orientations of band-shaped areas with accumulated three-hour precipitation 298 

amounts exceeding 50 mm in the detected senjo-kousuitai events are divided into four 299 

types; north-south (N), northeast-southwest (NE), east-west (E), and southeast-300 

northwest (SE). The NE orientation is the most apparent (~44%), while the SE 301 

orientation is the least (~7%). The rates of N and E orientations are 18% and 31%, 302 

respectively. The distribution of the orientation of the detected senjo-kousuitai, shown 303 

in Fig. 5, has regional characteristics. The dominant orientations are E and NE on the 304 

northwestern side of Kyushu Island; NE on the ocean side of Shikoku Island and in 305 

the Kii Peninsula; E on the southern side of Kyushu Island, in Shimane Prefecture and 306 

in the Kinki region, as well as on the Japan Sea side of the Tohoku region; and N in 307 

the Nobi Plain.  308 

In senjo-kousuitai events, the inflow of low-level warm and humid air into the 309 

Japanese islands is often found along the edge of Pacific Ocean high pressure 310 

systems (e.g., Kato et al. 2003; Kato 2018). This inflow can produce the warm 311 

advection associated with the vertically veering wind shear. As a result, the 312 

movements of convective cells are shifted clockwise compared to the direction of the 313 

low-level warm and humid inflow, because they are roughly determined by wind 314 

vectors between low and middle levels (Kato 2006). The dominant direction of the 315 

inflow along the edge of Pacific Ocean high pressure systems is between south and 316 
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southwest, which could bring the dominant senjo-kousuitai orientations of E and NE 317 

on the Pacific Ocean side of western Japan and the western side of Kyushu Island. It 318 

should be noted that the inflow of low-level warm and humid air into the Japan Sea 319 

side is usually blocked by high mountains of the Japanese islands, which have heights 320 

exceeding 1 km. This inflow, therefore, occurs over the Sea of Japan only when it 321 

passes through the Tsushima Strait and its direction is close to southwest, which could 322 

bring the dominant orientation of E on the Japan Sea side of the Japanese islands in 323 

senjo-kousuitai events. Moreover, some of senjo-kousuitai events are influenced by 324 

topography, especially those observed in the Nobi Plain. Kato (2002) and Takasaki et 325 

al. (2019) performed numerical sensitivity experiments, and showed that the southerly 326 

low-level inflow is blocked or influenced by topography, such as mountains of the Kii 327 

Peninsula, resulting in the winds having an easterly component. This change of wind 328 

directions brings the dominant orientation of N in the Nobi Plain in senjo-kousuitai 329 

events. 330 

 331 

2.3 Scale definition 332 

In the previous subsections, senjo-kousuitai events are introduced for several 333 

cases and are extracted using distributions of accumulated three-hour precipitation 334 

amounts. This extraction is based on the fact that senjo-kousuitai events are caused 335 

by band-shaped precipitation systems stagnating at almost the same place for a few 336 

hours, which means that the resulting areas of accumulated rainfall also become band-337 

shaped. It should be noted that accumulated rainfall areas never become band-338 

shaped when band-shaped precipitation systems found in snapshots of radar 339 

observations travel at a certain level of speed as ordinary squall lines.  340 
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The length and width of areas with accumulated three-hour precipitation amounts 341 

exceeding 50 mm in the detected senjo-kousuitai events in this study varied widely 342 

within the ranges 30 – 500 km and 10 – 200 km, respectively. Some of these areas 343 

include precipitation produced by other systems, and consequently moderate intense 344 

rainfall (10 – 20 mm (3h)−1) extended further. Since the degree of extension of these 345 

rainfall areas varied a lot for different events, the scale of senjo-kousuitai cannot easily 346 

be defined; however, typical events (Figs. 1 and 4) indicate that specific senjo-347 

kousuitai can be roughly defined as a band-shaped heavy rainfall area with a length 348 

of 50 – 300 km and a width of 20 – 50 km in distributions of accumulated precipitation 349 

amounts, such as R-A precipitation amounts.  350 

 351 

3. Formation type and organization processes of senjo-kousuitai 352 

Following the classification of Bluestein and Jain (1985), the formation processes 353 

of senjo-kousuitai can be categorized mainly into two types. One is the broken line 354 

type, shown in Fig. 6a, in which convective cells simultaneously form on a quasi-355 

stationary local front by the inflow of warm and humid air. The Izu-oshima event (Fig. 356 

1a) is a typical case of this type. In this event, cold outflow produced by precipitation 357 

prior to the event over the Kanto Plain caused and intensified a local front extending 358 

from the Kanto Plain that corresponds to the stationary front analyzed on the surface 359 

weather map. The other type of the formation is the back building type, in which new 360 

convective cells successively forming on the upstream side of low-level winds linearly 361 

organize with pre-existing cells, as shown in Fig. 6b. These formation processes have 362 

been recognized by analyzing time-series of radar observations (e.g., Kato 1998; Kato 363 

et al. 2001; Takasaki et al 2019). The Hiroshima event (Fig. 1b) is a typical case of the 364 
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back building type, and it is used to concretely explain the formation processes and 365 

structures of senjo-kousuitai in the following. 366 

Figure 7a shows the time-series of distributions of radar-estimated precipitation 367 

intensity between 2340 JST (= UTC + 9 hours) 19 August and 0040 JST 20 August 368 

2014. The vertical cross section at 0040 JST 20 August (Fig. 7c) shows that multi-cell 369 

clusters A and B, respectively consisting of several convective cells �  – �  and �  – 370 

� , organize into a band-shaped precipitation system resulting in a senjo-kousuitai 371 

event. Hereafter this band-shaped precipitation system is simply called “senjo-372 

kousuitai”. The developed convective cells, i.e. cumulonimbus clouds, reach the height 373 

of the tropopause (~16 km). The convective cell �  occurring around 2340 JST 19 374 

August travels northeastward, and organizes the multi-cell cluster B with cells �  – �  375 

successively forming on its southwestern side at intervals of about 10 minutes. This 376 

process, in which new convective cells that successively form on the upstream side of 377 

low-level winds linearly organize with pre-existing cells, clearly explains the formation 378 

of back building type. Moreover, the senjo-kousuitai has a hierarchical structure with 379 

different scales (Fig. 7b); a quasi-stationary band-shaped precipitation system is 380 

organized by multi-cell clusters, with each multi-cell cluster consisting of several 381 

convective cells that form successively on its upstream side, as shown in Kato (2006). 382 

As mentioned in the previous section, the occurrence of senjo-kousuitai events 383 

requires the stagnation of band-shaped precipitation systems. This stagnation process 384 

is also explained for the Hiroshima event by using time-series of distributions of radar-385 

estimated precipitation intensity. The time series with an interval of 30 minutes (Fig. 386 

8a) show that new multi-cell clusters A – G successively form around the boundary 387 

between Yamaguchi and Hiroshima Prefectures, and organize and maintain the senjo-388 
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kousuitai for about four hours while traveling northeastward. Consequently, the senjo-389 

kousuitai extends from southwest to northeast with a length of about 100 km. This 390 

indicates that the formation process of this senjo-kousuitai is also the back building 391 

type based on multi-cell clusters that successively form on the low-level upstream side 392 

of the traveling direction of the clusters. These formation processes that have a 393 

hierarchical structure consisting of convective cells, multi-cell clusters, and senjo-394 

kousuitai (Fig. 7b) are also analyzed in the Kumamoto event (Fig. 2). 395 

Figure 8b shows the time-series of precipitation amounts observed at Miiri (the 396 

point where the blue lines cross in Fig. 8a), where a large accumulated precipitation 397 

amount exceeding 200 mm was recorded over several hours and caused a landslide 398 

that killed several people. Five multi-cell clusters (B, C, D, F, and G) successively pass 399 

over the area at intervals of about 30 minutes to produce accumulated 10-minute 400 

precipitation amounts of 10 – 20 mm for a continuous period of over two hours. 401 

Consequently, the hourly accumulated precipitation amount reaches 101 mm between 402 

0300 JST and 0400 JST on 20 August. As shown above, heavy rainfall with 403 

accumulated precipitation amounts exceeding 200 mm was caused by the stagnation 404 

of senjo-kousuitai that was organized with successively forming multi-cell clusters. 405 

 406 

4. Reproducibility of senjo-kousuitai events by numerical models 407 

4.1 Numerical models and initial conditions 408 

The dependence of the numerical reproducibility of senjo-kousuitai events on the 409 

horizontal model resolution and initial conditions are also investigated for the 410 

Hiroshima event (Fig. 1b). The model used in this study is the JMA nonhydrostatic 411 

model (NHM) (Saito et al. 2006). Horizontal resolutions of 5 km, 2km, 1 km, 500 m, 412 
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and 250 were tested, and the experiments were denoted 5kmNHM, 2kmNHM, 413 

1kmNHM, 500mNHM, and 250mNHM, respectively. Each NHM employs 50 vertical 414 

levels with variable thicknesses, from 40 m near the surface to 886 m at the top of the 415 

domain (a height of 21.8 km) and the same dynamical and physical processes, except 416 

those for precipitation. For precipitation, the NHMs uses a bulk-type cloud 417 

microphysics scheme (Murakami 1990), and 5kmNHM additionally uses the Kain-418 

Fritsch convection parameterization scheme (Kain 2004). The bulk-type microphysics 419 

scheme predicts both the mixing ratio and number density of ice hydrometeors (i.e., 420 

cloud ice, snow, and graupel) but only the mixing ratio of liquid hydrometeors (i.e., 421 

cloud water and rain). The turbulence closure scheme of Mellor-Yamada-Nakanishi-422 

Niino level-3 (Nakanishi and Niino 2006) is used. The other settings, including 423 

numerical diffusion, are the same for all the NHMs. The other model specifications are 424 

detailed in Saito et al. (2006, 2007). 425 

 The models all cover the same area of 1000 km × 800 km, as marked by the solid 426 

black rectangle in Fig. 1b, except for 250mNHM, which has an area of 412 km × 330 427 

km (the dashed black rectangle in Fig. 1b). The initial and linearly interpolated 428 

boundary conditions of the NHMs are obtained from hourly available JMA local 429 

analyses with a horizontal resolution of 5 km, in which a three-dimensional variational 430 

data assimilation technique is adopted (JMA 2013); however, the boundary conditions 431 

of 250mNHM are obtained from forecasts of 2kmNHM that successfully reproduced 432 

the senjo-kousuitai in the Hiroshima event, as described in the next subsection. The 433 

sea surface temperature is obtained from the Merged Satellite and In-situ Data Global 434 

Daily Sea Surface Temperature product produced daily by the JMA (JMA 2013). The 435 

model terrains of NHM5km, NHM2km and NHM1km are generated by interpolation of 436 
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the global 30 arc-second elevation dataset, which has a horizontal grid spacing of 437 

approximately 1 km, while the terrains of NHM500m and NHM250m are interpolated 438 

from a digital elevation model with a 50-m grid spacing provided by the Geospatial 439 

Information Authority of Japan. 440 

 441 

4.2 Dependency of reproducibility on horizontal resolutions 442 

In order to objectively reproduce individual convective cells organizing into multi-443 

cell clusters, it is necessary that updrafts, and downdrafts in the inner-core structures 444 

of the cells are separately resolved through microphysics processes by model grids. 445 

Bryan et al. (2003) conducted ideal numerical simulations of squall lines with grid 446 

spacings between 1 km and 125 m, and revealed that simulations with a 1-km grid 447 

spacing do not produce equivalent squall line structure and evolution as compared to 448 

higher resolution simulations. On the other hand, previous studies in real cases (e.g., 449 

Miyamoto et al. 2013; Ito et al. 2017) have shown that a horizontal resolution of at 450 

least 2 km is necessary to resolve developed convective cells. In this study, therefore, 451 

the dependency of numerical reproducibility on the horizontal resolution is examined 452 

for the senjo-kousuitai in the Hiroshima event by using 5kmNHM, 2kmNHM, 1kmNHM, 453 

500mNHM and 250mNHM. 454 

Figure 9 shows the distributions of accumulated three-hour precipitation amounts 455 

in the analysis (R-A precipitation) and the model forecasts for the initial time of 1800 456 

JST 19 August 2014. Each NHM, except 5kmNHM, successfully reproduces the band-457 

shaped rainfall distribution extending from southeast to northwest and could also 458 

quantitatively predict the maximum precipitation amount (~232 mm). On the other 459 

hand, the 5kmNHM predicts several rainfall areas with moderate precipitation amounts 460 
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of 10 – 30 mm along the observed areas of the senjo-kousuitai, and the predicted 461 

maximum precipitation amount is only 32 mm, although predicted near-surface winds 462 

on the upstream side are almost the same in all the NHMs. An additional experiment 463 

of 5kmNHM without the Kain-Fritsch convection parameterization scheme was 464 

performed, and the band-shaped rainfall area was well reproduced; however, this area 465 

was shifted by about 50 km to the northeast, and the predicted maximum precipitation 466 

amount was 122 mm (3 h)−1 (not shown). This indicates that the explicit treatment of 467 

precipitation processes is important in the prediction of senjo-kousuitai events, even if 468 

the horizontal resolution is not enough to resolve convective cells. 469 

The differences of structures in simulated convective cells are examined using 470 

the results of 2kmNHM and 250mNHM. Figures 10a and 10b show the distributions of 471 

hydrometeors (total mixing ratios of snow, graupel, and rain) and horizontal winds at 472 

a height of 2 km at 01 JST 20 August 2014 in 2kmNHM and 250mNHM, respectively. 473 

The 250mNHM (Fig. 10b) well reproduces two multi-cell clusters, A’ and B’, 474 

corresponding to clusters A and B in the radar observations (Fig. 7a), while several 475 

larger convective cells are simulated in 2kmNHM (Fig. 10a). Moreover, the 250mNHM 476 

reproduced almost the same back building type formation processes of convective 477 

cells as those found in the radar observations (Fig. 7a). The differences in the 478 

simulated vertical structures are also examined (Figs. 10c and 10d). The structure 479 

containing several convective cells within multi-cell clusters A’ and B’ are well 480 

reproduced by 250mNHM (Fig. 10d), while the multi-cell structures consisting of a 481 

smaller number of convective cells (2 – 3) than seen in the radar observations are 482 

found in 2kmNHM (Fig. 10c). The Hiroshima senjo-kousuitai event can, therefore, be 483 

reproduced using an even coarser horizontal resolution of 2 km; however, 2 km is not 484 
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enough for the examination of the inner-core structures of the senjo-kousuitai. It should 485 

be noted that the results of 500mNHM were close to those of 250mNHM, and the 486 

1kmNHM had intermediate characteristics between the results of 2kmNHM and 487 

250mNHM (not shown). 488 

 489 

4.3 Dependency of reproducibility on initial conditions 490 

    The use of initial conditions closer to the occurrence time of phenomena usually 491 

produces better forecasts; however, the forecasts for the initial time of 1800 JST 19 492 

August 2014, 10 hours before the occurrence of the event, are the best in the 493 

Hiroshima event. In this subsection, the dependency of the numerical reproducibility 494 

of the senjo-kousuitai is examined on initial conditions that are produced from hourly 495 

available JMA local analyses at different initial times. Figure 11 shows the distributions 496 

of accumulated three-hour precipitation amounts predicted by 2kmNHM for the initial 497 

times of 1900 JST, 2000 JST, 2100 JST and 2200 JST 19 August. The forecasts for 498 

the first three initial times show the successful reproduction of the senjo-kousuitai, 499 

although the maximum precipitation amounts are reduced by about half. The initial 500 

conditions closest to the occurrence time (Fig. 11d) fails to predict the senjo-kousuitai, 501 

and the maximum precipitation amount is only 30 mm. 502 

    The reason why the forecasts become worse as the initial time becomes closer to 503 

the occurrence time is examined focusing on the inflow amounts of low-level water 504 

vapor. The reduction of predicted maximum precipitation amounts could be brought 505 

from that of the inflow amounts of low-level water vapor. Figure 12 shows the 506 

distributions of water vapor flux amounts (FLWV = ρ𝑞𝑣|𝒗|, where is the density, qv is 507 

the mixing ratio of water vapor, and v is the horizontal wind vector) at a height of 500 508 
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m at 0300 JST 20 August 2014, depicted from the JMA local analysis and 2kmNHM 509 

forecasts for the initial times of 1800 JST, 1900 JST, 2000 JST, 2100 JST and 2200 510 

JST 19 August. The distribution corresponding to the initial time of 1800 JST, not the 511 

JMA local analysis for the occurrence time of the event at 0300 JST 20 August, could 512 

be the most accurate, possibly because the corresponding forecasts quantitatively 513 

reproduce the senjo-kousuitai. This means that the analysis for the occurrence time of 514 

the event is uncertain in this case. The FLWV values for the initial times of 1900 JST 515 

and 2000 JST are larger than those for the initial time of 1800 JST although the 516 

maximum precipitation amounts are reduced by about half. Larger inflow amounts of 517 

low-level water vapor result in wider rainfall areas with moderate precipitation amounts 518 

of 10 – 30 mm (Figs. 11a and 11b). On the other hand, intense rainfall predicted for 519 

the initial time of 1800 JST is more concentrated in a band-shaped area extending 520 

from southwest to northeast. This concentration could be strongly influenced by the 521 

low-level wind field. After the initial time of 2100 JST 19 August, the FLWV is more 522 

reduced as it becomes closer to the occurrence time of the senjo-kousuitai (Figs. 12e 523 

and 12f), which causes the further reduction of precipitation amounts (Figs. 11c and 524 

11d). 525 

    The influence of the low-level wind field on the concentration of intense rainfall areas 526 

is examined by comparing the forecasts for the initial times between 1800 JST and 527 

1900 JST 19 August. Figures 13a and 13d show the distributions of relative humidity 528 

(RH) and horizontal winds at a height of 500 m predicted by 2kmNHM for the initial 529 

times of 1800 JST and 1900 JST, respectively. In both forecasts, the inflow of relatively 530 

dry air is found from the southwest on the southwestern side of the senjo-kousuitai, 531 

and its speed is faster in the forecast for the initial time of 1900 JST. This faster inflow 532 
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causes large temperature drops exceeding 1 C around the occurrence areas of multi-533 

cell clusters due to the evaporation of raindrops at a height of 500 m between 0100 534 

JST and 0300 JST 20 August. These areas, marked by the blue circles in Figs. 13e 535 

and 13f, correspond to cold pools that were not found in the observations. These cold 536 

pools shift the occurrence areas of new multi-cell clusters eastward, and consequently 537 

rainfall areas with moderate precipitation amounts become more widespread (Fig. 538 

11a). In contrast, in the forecast for the initial time of 1800 JST, notable temperature 539 

drops are not found around the occurrence areas of multi-cell clusters until 0300 JST 540 

20 August (Figs. 13b and 13c). This indicates that slight differences in the low-level 541 

wind field significantly influence the concentration of intense rainfall areas, resulting in 542 

the formation of senjo-kousuitai. 543 

 544 

5. Favorable occurrence conditions of senjo-kousuitai in diagnostic forecasts 545 

5.1 Factors causing senjo-kousuitai events 546 

The previous section shows that numerical models with a horizontal resolution of 547 

2 km can successfully reproduce senjo-kousuitai events, such as the Hiroshima event. 548 

However, senjo-kousuitai events often fails to be forecasted even if high resolution 549 

models can be used. This is because initial conditions and physical processes adopted 550 

in numerical models are not complete, as well as the horizontal resolution being 551 

inadequate for the perfect expression of individual convective cells. Moreover, the 552 

forecast period of high resolution models used in operational weather centers is short; 553 

for example, it is only 10 hours for the JMA local model with a horizontal resolution of 554 

2 km (JMA 2019). Therefore, the method of diagnostically forecasting senjo-kousuitai 555 

events that may occur even after 10 hours is constructed using the formation factors 556 
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of senjo-kousuitai that are judged from environmental atmospheric fields. 557 

In previous studies, several factors that favor the occurrence of senjo-kousuitai 558 

events have been examined, including in several of the case studies described in the 559 

Introduction. It can easily be understood that favorable conditions for the formation 560 

and development of convective cells include a low LFC and a high EL (e.g., Kato and 561 

Goda 2001; Kato 2006). Both these conditions are often produced by the inflow of low-562 

level air with high equivalent potential temperature. Moreover, large inflow amounts of 563 

water vapor below a height of 1 km can produce large amounts of precipitation. Since 564 

the existence of midlevel dry air inhibits the further development of convective cells, it 565 

is also necessary for the air at this level to be humid (e.g., Kato 2006).  566 

Furthermore, Section 3 explains that senjo-kousuitai events are caused by the 567 

stagnation of band-shaped precipitation systems that are organized by several multi-568 

cell clusters consisting of convective cells. In previous studies (e.g., Fovell and Ogura 569 

1988; Yoshizaki and Seko 1994) two-dimensional ideal numerical experiments were 570 

performed and showed that the low-level wind shear is significant for the formation of 571 

multi-cell clusters. Moreover, Seko (2010) showed that the difference in wind direction 572 

between low and middle levels influences the back building type formation of band-573 

shaped precipitation systems; however no index for quantitatively estimating three- 574 

dimensional vertical shear for the organization of convective cells has ever been 575 

proposed. 576 

Storm relative environmental helicity (SREH), often used in occurrence conditions 577 

of supercell storms, is examined as an index to quantitatively estimate three-578 

dimensional vertical shear. Figure 14 displays the meaning of SREH on a hodograph. 579 

The values of SREH used in this study are calculated by integrating the inner products 580 
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of storm relative horizontal wind vectors and horizontal vorticity vectors associated 581 

with the vertical shear between the near surface and a height of 3 km, where the storm 582 

relative horizontal wind vectors describe the difference between the environmental 583 

wind vectors and the traveling vectors of storms. The SREH values correspond to the 584 

double of gray area shown in Fig. 14. The positive values in Fig. 14 mean that the 585 

vertical change in the wind direction veers to the upward direction, which indicates 586 

low-level warm air advection, and the larger values correspond to larger inflow 587 

amounts of water vapor on the right-hand side of the traveling directions of storms. 588 

The methods of Maddox (1976) and Bunkers et al. (2000) are used to estimate the 589 

traveling vectors of storms, and the maximum of the SREH values calculated using 590 

these two vectors is adopted for the diagnostic forecasting of senjo-kousuitai events. 591 

The traveling vectors of storms estimated by Maddox (1976) and Bunkers et al. 592 

(2000) are compared with the orientations of the band-shaped rainfall areas observed 593 

in the senjo-kousuitai events introduced in Section 2. In a typical case of the broken 594 

line type (Fig. 6a), the Izu-Oshima event (Fig. 1a), the orientations of the three arrows 595 

shown in Fig. 15a are significantly different, which could be caused by the formation 596 

of senjo-kousuitai extending along a stationary local front. The vertical shear is, 597 

however, very strong (SREH > 500 m2 s−2 around the local front). In typical cases of 598 

the back building type (Fig. 6b), the events of Hiroshima and Kumamoto (Figs. 1b and 599 

2), the orientations of the senjo-kousuitai are sandwiched between two estimated 600 

traveling vectors of storms, and the orientations of the three arrows almost match (Figs. 601 

15b and 15c). These patterns for the broken line and back building types were also 602 

found in other senjo-kousuitai events (not shown).  603 

It should be noted that some problems remain in using SREH to diagnostically 604 
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forecast senjo-kousuitai events. The orientations of band-shaped rainfall areas could 605 

roughly correspond with the traveling direction of convective cells in cases of the back 606 

building type, as shown in Fig. 7a; however, the traveling velocity of convective cells 607 

also significantly affects the calculation of SREH. Furthermore, in cases of the broken 608 

line type, the meaning of SREH should be discussed in relation to the discrepancy 609 

between the traveling direction of convective cells and the orientation of band-shaped 610 

rainfall areas. After taking these considerations of the validity of SREH calculations 611 

into account, the estimation of the traveling vectors of storms should be examined to 612 

improve the forecasts of senjo-kousuitai events, as well as the geographical points 613 

used for calculating SREH. 614 

 615 

5.2 Six favorable occurrence conditions of senjo-kousuitai 616 

A set of conditions that favor the occurrence of senjo-kousuitai events are 617 

proposed here based on the results of previous studies discussed in this paper. Large 618 

inflow amounts of water vapor is necessary for the occurrence of heavy rainfall. This 619 

occurrence condition is estimated by FLWV at heights of 500-m height data, produced 620 

from data at 500 m above sea level for grid points with model terrain heights ≤ 300 m 621 

and from data at model terrain heights plus 200 m for those points with model terrain 622 

heights > 300 m (Kato 2018). The low-level water vapor field is judged based on 500-623 

m height data, because heights of 500-m height data are representative heights to 624 

examine the initiation of moist convection that cause heavy rainfall in East Asia. It 625 

should be noted that 500-m height data is used because a height of 500 m is below 626 

the ground level in mountainous areas. The formation of convective cells is judged by 627 

the distance between heights of 500-m height data and LFC estimated from the 628 
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heights (dLFC). The humid condition at middle levels is checked by RH at pressure 629 

levels of 700 hPa and 500 hPa. In addition to these three conditions, SREH are 630 

statistically investigated to estimate the vertical shear in environmental fields of 631 

previous 24 senjo-kousuitai events, listed in Table 2. It should be noted that the 632 

condition related to the equivalent potential temperature is not considered because its 633 

values are heavily dependent on the region and season, and it is indirectly related to 634 

the conditions of FLWV and dLFC.                          635 

The environmental conditions of the previous senjo-kousuitai events that occurred 636 

in various places in Japan shown in Fig. 16 are estimated from the JRA-55 reanalysis 637 

(Kobayashi et al. 2014) for the events before 2004 and from the JMA mesoscale 638 

analysis (JMA 2013) for the events after then. The values of FLWV and dLFC are taken 639 

from points around 50 km upstream from the areas where the senjo-kousuitai occurred, 640 

and those for SREH and RH are roughly averaged over an area lying within about 50 641 

km of the event. For most of the events, the FLWV is greater than 200 g m−2 s−1, dLFC 642 

is less than 500 m, the RH is higher than 80%, and the SREH is over 150 m2 s−2 (see 643 

Table 2). Since the adoption of these values for forecasts may lead to some senjo-644 

kousuitai events being missed, threshold values that would meet the conditions for all 645 

the examined events, which are shown in Table 3, are set to describe the conditions 646 

that favor the occurrence of senjo-kousuitai events. In addition to these four conditions, 647 

synoptic-scale ascending areas and the development of convective cells are 648 

considered to construct six favorable occurrence conditions of senjo-kousuitai events 649 

that have been used operationally by the JMA since 2016. It should be noted that these 650 

two additional conditions are introduced to reduce missing forecasts of senjo-kousuitai 651 

events. The synoptic-scale ascending areas are judged by the upward velocity field at 652 
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700 hPa (W700), averaged horizontally by about 400 km. The development of 653 

convective cells is judged by the condition that EL estimated from heights of 500-m 654 

height data is higher than 3000 m, because warm air advection frequently appears at 655 

700 – 850 hPa, suppressing the further development of convective cells (Kato et al. 656 

2007). 657 

An example of diagnostic forecasts of senjo-kousuitai events with six favorable 658 

occurrence conditions is also given here.  Figure 17 shows the forecasts of the 659 

Hiroshima event by the JMA mesoscale model (MSM) (JMA 2013) for the initial time 660 

of 1200 JST 19 August 2014 (Fig. 1b). The MSM fails to directly forecast the Hiroshima 661 

event (Fig. 17c) because, as discussed in subsection 4.2, senjo-kousuitai events are 662 

difficult to be reproduced by numerical models with a horizontal resolution of 5 km, 663 

such as MSM. On the other hand, the six conditions estimated from the MSM forecasts 664 

can successfully capture the occurrence areas of the Hiroshima event (solid ellipses 665 

in Fig. 17b). The six conditions can also diagnostically forecast the occurrence of 666 

senjo-kousuitai events in the northwestern part of Kyushu Island (broken red ellipses); 667 

however, a false alarm is made for the occurrence of senjo-kousuitai events on the 668 

western side of Shikoku Island (blue ellipses). 669 

 670 

6. Summary and future issues 671 

In Japan, band-shaped precipitation systems sometimes stagnate for a few hours, 672 

causing localized heavy rainfall with accumulated three-hour precipitation amounts 673 

larger than 200 mm. In such events, the distributions of accumulated precipitation 674 

amounts also show band-shaped, and these band-shaped areas have recently been 675 

given the name “senjo-kousuitai” in Japanese, based on the characteristics of their 676 
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shape. The formation processes of senjo-kousuitai events are categorized mainly into 677 

two types: One is the broken line type, in which convective cells simultaneously form 678 

on a quasi-stationary local front by the inflow of warm and humid air, and the other is 679 

the back building type, in which new convective cells successively forming on the 680 

upstream side of low-level winds linearly organize with pre-existing cells. In some 681 

events with the typical back building type, a hierarchical structure consisting of 682 

convective cells, multi-cell clusters, and quasi-stationary band-shaped precipitation 683 

systems can be observed. Based on their shape and formation characteristics, the 684 

senjo-kousuitai is defined as a band-shaped heavy rainfall area with a length of 50 – 685 

300 km and a width of 20 – 50 km, produced by successively formed and developed 686 

convective cells, lining up to organize multi-cell clusters, and passing or stagnating at 687 

almost the same place for a few hours. A purely quantitative definition of senjo-688 

kousuitai is not possible because the senjo-kousuitai may be directly linked to severe 689 

disasters such as landslides and floods. In other words, if some quantitative values 690 

(e.g., hourly accumulated precipitation amounts) were to be adopted for the definition, 691 

senjo-kousuitai events that do not satisfy the definition may occur to cause severe 692 

disasters and their forecasts may be missed. A similar definition has been used 693 

operationally by JMA since 2016. 694 

The numerical reproduction of senjo-kousuitai events requires a horizontal model 695 

resolution of at least 2 km, which can roughly resolve the formation and development 696 

processes of senjo-kousuitai; however, a resolution of 250 – 500 m is necessary to 697 

accurately reproduce the inner-core structures of senjo-kousuitai, which agrees with 698 

the results of Bryan et al. (2003). Moreover, the accuracy of initial conditions strongly 699 

influences the reproduction of senjo-kousuitai events. In the Hiroshima event on 20 700 
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August 2014, NHM2km quantitatively reproduced the senjo-kousuitai when the initial 701 

conditions from 10 hours before the event were used, although the predicted maximum 702 

accumulated precipitation amounts were considerably reduced as the initial time 703 

became closer to the occurrence time of the senjo-kousuitai. This indicates that the 704 

successful reproduction of the Hiroshima event introduced in this study is fortunate, 705 

and in the present circumstances, it is usually difficult to accurately forecast senjo-706 

kousuitai events even if a 2-km horizontal resolution model can be used. The 707 

improvement of the forecasts of senjo-kousuitai events requires a further higher 708 

horizontal model resolution and more precise physical processes, as well as more 709 

accurate initial conditions especially in low-level water vapor and wind fields. In 710 

addition, ensemble forecasts with mesoscale models are useful for reducing the 711 

uncertainty in numerical predictions and for providing probability information related to 712 

the occurrence of senjo-kousuitai events (e.g., Otani et al. 2019). 713 

Another attempt to diagnostically forecast the occurrence of senjo-kousuitai 714 

events was conducted in this study, and the following six favorable occurrence 715 

conditions were constructed based on the statistical examination of environmental 716 

atmospheric fields in previous 24 senjo-kousuitai events; 1) FLWV > 150 g m−2 s−1, 2) 717 

dLFC < 1000 m, 3) RH at 500 hPa and 700 hPa > 60%, 4) SREH > 100 m2 s−2, 5) 718 

W700 > 0, and 6) EL > 3000 m. This diagnostic method can successfully capture 719 

occurrence areas of senjo-kousuitai events that are not forecasted by MSM, such as 720 

the Hiroshima event. On the other hand, this method often makes a false alarm for the 721 

occurrence of senjo-kousuitai events because threshold values for these six conditions 722 

are set so as not to miss any events. Therefore, other conditions should be additionally 723 

used to reduce false alarm cases, for examples these could include the high equivalent 724 
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potential temperature and the existence of low-level wind convergence.  725 

Statistical verification of the six favorable occurrence conditions of senjo-kousuitai 726 

events is required to ascertain their effectiveness for the operational use by the JMA. 727 

For the verification, it is necessary to strictly determine the scale of senjo-kousuitai 728 

and accumulated precipitation amounts in the event, and also to automatically extract 729 

the event. An attempt to do this was recently conducted by Hirockawa et al. (2020). 730 

Moreover, the definitions of the favorable occurrence conditions should be improved 731 

based on an examination of further number of senjo-kousuitai events, and the 732 

estimation of the traveling vectors of storms used in calculating SREH should be 733 

examined so that they improve the forecasts of the events. These are our future issues. 734 
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Table 1 Number of heavy rainfall events detected over the Japanese islands in the 890 
1989 – 2015 warm seasons (April – November), categorized by synoptic fields. 891 
Senjo-kousuitai events are extracted using areas with accumulated three-hour R-A 892 
precipitation amounts exceeding 50 mm and aspect ratios exceeding 2.0. “Rate” is 893 
the ratio of the number of senjo-kousuitai events to that of heavy rainfall events. 894 

 895 

Synoptic field: relation between the disturbance 
 and the location of rainfall area 

Heavy 
raifall 
events

Senjo-kousutai 
events 

Rate
(%) 

Low pressure: within 500 km distance 97 45 46 

Cold front: within 200 km distance 43 31 72 

Stationary front : within 500 km distance 159 108 68 

Direct precipitation associated with typhoons: 
within 500 km distance 

229 75 33 

Indirect precipitation associated with typhoons:
more than 500 km far away and within 1500 km 
distance 

124 76 61 

No disturbance 63 23 37 

Total 715 358 50
 896 
 897 
 898 

 899 
  900 
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Table 2 Environmental conditions in previous senjo-kousuitai events; bold numbers 901 
denote suggested threshold values. RH500 and RH700 are the relative humidity at 902 
500 and 700 hPa levels, respectively. Values are estimated from JRA-55 for the 903 
events before 2004, and from JMA mesoscale analysis after then. Values of FLWV 904 
and dLFC are taken from points around about 50 km upstream from senjo-kousuitai 905 
occurrence areas, and those of SREH, RH500, and RH700 are roughly averaged 906 
over an area within about 50 km of the events. The areas where the events occurred 907 
are shown in Fig. 16. Prefecture names are in italics. 908 

 909 

Occurrence period 
Occurrence area 

FLWV
(g m-2 s-1)

dLFC 
(m) 

RH500 
(%) 

RH700 
(%) 

SREH
(m2

 s-2)D/M/Y JST 

28/8/1967 00-04 Uetsu region 250~350 <100 >80 >80 250~350

23/7/1982 19-24 Nagasaki 200~250 <100 >80 >80 200~300

23/7/1983 00-11 Shimane 150~350 400~600 60~90 60~90 100~500

1/8/1993 04-09,16-18 Kagoshima 250~300 100~200 60~80 >80 100~200

4/8/1998 03-06 Niigata 150~200 <100 >80 >80 150~200
24/9/1998 21-24 Kouchi 150~200 100~500 60~80 60~80 150~200

29/6/1999 06-08 Fukuoka 250~300 <100 >80 >80 400~500

27/10/1999 18-21 Sahara City 200~250 100~200 >80 >80 300~350

11/9/2000 18-21 Tokai region 150~200 100~200 >80 75~80 150~200

13/7/2004 09-14 Niigata,Fukushima 200~250 100~500 >80 >80 400~450

18/7/2004 06-09 Fukui 200~250 100~300 60~80 >80 100~200

29/8/2008 00-03 Okazaki City 150~200 <100 >80 >80 150~200

21/7/2009 06-12 Houfu City 250~350 100~500 >80 >80 150~250

24/7/2009 17-21 Fukuoka 300~400 100~200 >80 >80 200~300

29/7/2011 09-18 Niigata, Fukushima 150~200 100~500 >80 >80 100~150

12/7/2012 00-06 
Northern Kyushu 

region 
400~500 100~700 >80 >80 300~400

14/7/2012 05-10 
Northern Kyushu 

region 
350~400 100~200 >80 >80 250~300

28/7/2013 10-12 Yamaguchi, Shimane 200~250 200~500 >80 >80 150~200

9/8/2013 07-14 Akita, Iwate 300~350 100~300 >80 >80 150~250

3/7/2014 06-10 Nagasaki 300~400 100~400 >80 >80 150~200

9/7/2014 05-09 Okinawa >500 200~300 60~80 75~80 150~300
9/8/2014 14-18 Mie 400~450 100~500 >80 >80 >500
20/8/2014 01-04 Hiroshima 250~300 100~300 >80 >80 150~200

11/9/2014 04-09 Hokkaido 200~250 100~200 >80 >80 250~350
 910 
  911 
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Table 3 Six favorable occurrence conditions of senjo-kousuitai. 500-m height data are 912 
produced from data at 500 m above sea level for grid points with model terrain 913 
heights ≤ 300 m and from data at model terrain heights plus 200 m for those with 914 
model terrain heights > 300 m (Kato 2018). 915 

 916 

Element Unit Element description 

FLWV > 150 g m-2 s-1 Water vapor flux amount at heights of 500-m height data

dLFC < 1000 m Distance between LFC and heights of 500-m height data

RH > 60 % Relative humidity at 500 and 700 hPa levels 

SREH > 100 m-2 s-2 Storm-relative environmental helicity which is the 
maximum of two values estimated by the methods of 
Maddox (1976) and Bunkers et al. (2000) 

W > 0 m s-1 Upward velocity at 700 hPa level averaged horizontally by 
about 400 km

EL > 3000 m Equilibrium level estimated from heights of 500-m height 
data 

 917 
 918 

 919 

 920 



 

 
 
Fig. 1 Examples of senjo-kousuitai events for cases of (a) direct precipitation 
associated with typhoons and (b) a stationary front. The left-hand panels are the 
surface weather maps at (a) 0300 JST 16 October 2013 and (b) 0300 JST 20 August 
2014. The right-hand panels are the distributions of accumulated three-hour R-A 
precipitation amounts at (a) 0500 JST 16 October 2013 and (b) 0400 JST 20 August 
2014. The values in the right-hand panels are the maximum accumulated three-hour 
precipitation amounts. Red crosses denote the positions corresponding to the 
hodographs shown in Fig. 15. The solid black rectangle in (b) marks the model 
domains of 5kmNHM, 2kmNHM, 1kmNHM and 500mNHM, and the dashed black 
box marks that of 250mNHM.  



 

 
 
Fig. 2 Same as Fig. 1, but for an example of a senjo-kousuitai event with two band-
shaped precipitation systems. The left-hand panel is the surface weather map at 
2100 JST 20 June 2016, and the right-hand panel is the distribution of accumulated 
three-hour R-A precipitation amounts at 0100 JST 21 June 2016. 
 

 
 
Fig. 3 Extraction procedures of heavy rainfall events and senjo-kousuitai events, 
modified from Fig. 2 of Tsuguti and Kato (2014). 3-h PA means an area of 
accumulated three-hour precipitation amounts. 



 

 
 

Fig. 4 Examples of senjo-kousuitai events for cases of (a) low pressure, (b) cold front, 
(c) indirect precipitation associated with typhoons, and (d) no disturbance. The left-
hand panels are surface weather maps at (a) 2100 JST 27 October 1999, (b) 0900 
JST 29 June 1999, (c) 2100 JST, September 2005, and (d) 0900 JST 09 August 
2013. The right-hand panels are distributions of accumulated three-hour R-A 
precipitation amounts at (a) 2100 JST 27 October 1999, (b) 1000 JST 29 June 1999, 
(c) 2300 JST 04 September 2005, and (d) 1200 JST 09 August 2013. Values in the 
right-hand panels are the maximum accumulated three-hour precipitation amounts. 



 
 

Fig. 4 (continued) 
 
  



 
Fig. 5 Distribution of predominant orientations of the senjo-kousuitai detected in the 
1989 – 2015 warm seasons (April – November). Prefecture names are in italics. 

 
 

Fig. 6 Major formation processes of senjo-kousuitai; (a) broken line type and (b) back 
building type. Postscript information is added in Fig. 1 of Bluestein and Jain (1985). 
Dashed blue lines in (a) and blue arrows in (b) show quasi-stationary local fronts and 
movements of convective cells, respectively. The large orange arrow in (a) and large 
green arrow in (b) denote representative winds at low levels. 



 
 
Fig. 7 (a) Distributions of radar-estimated precipitation intensity (mm h-1) between 
2340 JST 19 August and 0040 JST 20 August 2014 at 10-min time intervals. Yellow 
arrows denote the movements of nine convective cells. Brown arrows represent the 
wind directions at low and middle levels. (b) Schematic diagram of formation 
mechanisms and structure of a multi-cell cluster and senjo-kousuitai. (c) Vertical 
cross section on the black line in (a) at 0040 JST 20 August. Multi-cell clusters A and 
B consist of convective cells �  – �  and �  – � , respectively. 
 



 
Fig. 8 (a) Same as Fig. 7a, but between 2345 JST 19 August and 0315 JST 20 
August 2014 at 30-min time intervals. Points where the blue lines cross denote the 
location of Miiri observation station. (b) Time series of 10-min accumulated (blue 
bars) and total (black line) precipitation amounts between 2100 JST 19 August and 
0500 JST 20 August 2014, observed at Miiri. 
 
  



 
 
Fig. 9 (a) Distribution of accumulated three-hour R-A precipitation amounts (mm) 
between 0100 JST and 0400 JST 20 August 2014. Same as (a), but for forecasts of 
(b) 5kmNHM, (c) 2kmNHM, (d) 1kmNHM, (e) 500mNHM, and (f) 250mNHM 
forecasts. Arrows denotes near-surface winds. Initial time of each model is 1800 JST 
20 August. 
 
  



 
 
Fig. 10 Distributions of hydrometeors (total mixing ratios of snow, graupel, and rain 
(g kg-1)) and horizontal winds (arrows) at a height of 2 km at 0100 JST 20 August 
2014, simulated by (a) 2kmNHM and (b) 250kmNHM for the initial time of 1800 JST 
19 August. Multi-cell clusters A’ and B’ in (b) correspond to the observed clusters (Fig. 
5c). (c) and (d) Vertical cross sections of hydrometeors on the broken blue lines in 
(a) and (b), respectively. Arrows denote wind vectors projected on these cross 
sections. 
 
  



 
 
Fig. 11 Same as Fig. 9c, but for the initial times of (a) 1900 JST, (b) 2000 JST, (c) 
2100 JST, and (d) 2200 JST 19 August 2014. 
  



 
 
Fig. 12 (a) Distribution of water vapor flux amounts (g m−2 s−1）and horizontal winds 
at a height of 500 m, depicted from JMA mesoscale analysis at 0300 JST 20 August 
2014. Same as (a), but for 2kmNHM forecasts for the initial times of (b) 1800 JST, (c) 
1900 JST, (d) 2000 JST, (e) 2100 JST, and (f) 2200 JST 19 August. 
  



 
 
Fig. 13 (a) Distributions of relative humidity (%) and horizontal winds at a height of 
500 m at 0200 JST 20 August 2014, simulated by 2kmNHM for the initial time of 
1800 JST 19 August. The bold blue arrow and curve represent the relatively dry 
inflow from the western side and the head of the senjo-kousuitai, respectively. Same 
as (a), but for the temperature (C) at (b) 0100 JST and (c) 0300 JST 20 August. FT 
denotes the forecast hour. (d), (e), and (f) same as (a), (b), and (c) but for forecasts 
for the initial time of 1900 JST 19 August. 
 
 
  



 

 
 
Fig. 14 Meaning of storm relative environmental helicity. The black curve is the 
hodograph between the near surface and a height of 6 km. 𝑉

→
 is the environmental 

wind vector, 𝐶
→
 is the traveling vector of the storm, and 𝜔

→
 is the horizontal vorticity 

vector associated with vertical shear. The subscript on 𝑉
→
 denotes the height (km) of 

the environmental wind vector, and 𝑘
→
 is the unit vector in the vertical direction. u and 

v are the zonal and meridional winds, respectively. 
 
 

 
 
Fig. 15 Hodographs at about 50 km low-level upstream point of the senjo-kousuitai in 
the cases of (a) Fig. 1a (0300 JST 16 October 2013), (b) Fig. 1b (0000 JST 19 
August 2014), and (c) Fig. 2 (2100 JST 20 June 2016, depicted from JMA mesoscale 
analysis. Blue numbers denote pressure levels (hPa); pink and green arrows denote 
the traveling vectors of storms estimated from environmental conditions by using the 
methods of Maddox (1976) and Bunkers et al. (2000), respectively. Black arrows 
show only the direction of the observed senjo-kousuitai (their lengths do not denote 
the traveling velocity of storms).  



 

 
 
Fig. 16 Occurrence locations of the senjo-kousuitai events listed in Table 2. 
Prefecture names are in italics. 



 
 

Fig. 17 (a) Distributions of hourly accumulated R-A precipitation amounts at 0300 
JST and 0400 JST 20 August 2014. (b) Distributions of areas that satisfy the six 
favorable occurrence conditions of senjo-kousuitai events at 0200 JST and 0300 JST 
20 August, judged from the forecasts of JMA mesoscale model for the initial time of 
1200 JST 19 August. FT denotes the forecast hour. (c) Same as (a), but for the 
forecasts of JMA mesoscale model for the initial time of 1200 JST 19 August. 
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