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Abstract 8 

A quasi-stationary convective band that persisted for approximately ten hours 9 

caused precipitation in the northern part of Kyushu Island, Japan on 5 July 2017. The 10 

extreme amount of rainfall produced by this convective band caused a number of 11 

landslides and flash floods and resulted in a severe disaster. The Weather and Research 12 

and Forecasting (WRF) model was used to perform numerical simulations and to clarify 13 

the genesis and maintenance processes of the convective band. A full-physics WRF 14 

simulation successfully reproduced the observed features of the convective band and 15 

extreme precipitation. It is shown that a quasi-stationary convergence zone in the low 16 

level played a crucial role in generating and maintaining the convective band. Trajectory 17 

and frontogenesis analyses showed that low-level confluent flows due to the blocking 18 

effects of a high pressure system located over the Sea of Japan were responsible for the 19 
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formation, intensification, and sustenance of the convergence zone. Furthermore, the 20 

frontal structure of the convergence zone was intensified due to the land-sea thermal 21 

contrast between Kyushu Island and the Tsushima Strait. Two additional experiments, 22 

namely a simulation with flattened topography of Kyushu Island and a simulation without 23 

considering raindrop evaporation also reproduced the observed band well. These results 24 

indicate that topography and a cold pool due to raindrop evaporation played only minor 25 

roles in the genesis and maintenance of the convective band. 26 

 27 

1. Introduction 28 

Mesoscale convective systems (MCSs) are the primary precipitation producers 29 

in the Baiu season, which is the rainy season in East Asia including Japan. MCSs with 30 

band-shaped convective regions often cause torrential rainfall events. Unuma and Takemi 31 

(2016) investigated the organizational modes of quasi-stationary cloud clusters (QSCCs) 32 

during warm seasons from 2005 to 2012 and reported that 87% of the 2,549 selected 33 

QSCCs during that period exhibited elongated structures with aspect ratios greater than 34 

1.4. Tsuguchi and Kato (2014) selected 386 cases of heavy rainfall during the warm 35 

seasons from 1995 to 2009 and showed that 64.4% of them exhibited band-shaped 36 
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structures. 37 

Many researchers have noted that back-building (BB) quasi-stationary 38 

precipitation systems, which are a type of band-shaped MCSs, have great potential for 39 

producing heavy rainfall within small areas. Ogura (1991) listed torrential rainfall events 40 

in Japan and documented that most cases were caused by BB-type MCSs, even under 41 

different synoptic conditions. Schumacher and Johnson (2005) investigated the 42 

morphology of MCSs which produced extreme rainfall amounts east of the Rocky 43 

Mountains in the United States from 1999 to 2005. They noted two frequent 44 

organizational modes of the MCSs: training line/adjoining stratiform systems and back-45 

building/quasi-stationary MCSs. 46 

The formation, development and maintenance processes of BB-type systems 47 

which produced huge rainfall amounts in Japan have been examined in many previous 48 

studies (e.g., Watanabe and Ogura 1987; Kato 1998; Seko et al. 1999; Kato and Goda 49 

2001; Kato 2006). All of these studies have emphasized that the formation and 50 

intensification of quasi-stationary convergence is very important for the genesis, 51 

development and maintenance of BB-type precipitation systems. 52 

Topography largely influences low-level winds and often produces convergence 53 
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in the vicinity of the topography. Orographically forced convergence tends to stagnate 54 

because the topography remains fixed. Watanabe and Ogura (1987) analyzed a heavy 55 

rainfall incident that occurred in Shimane Prefecture in the western part of Japan on 23 56 

July 1983 and showed that orographically induced convergence was responsible for the 57 

maintenance of a BB-type precipitation system that caused the torrential rainfall. 58 

It is well known that the low-level cold pool produced by an MCS is very 59 

important in the development and maintenance of the MCS. Nagata and Ogura (1991) 60 

performed a numerical investigation of a heavy rainfall event that occurred on 23 July 61 

1982 and concluded that a low-level cold pool associated with raindrop evaporation 62 

played an important role in the formation and development of the convective system. In 63 

contrast, Kato (1998) and Kato and Goda (2001) reported that raindrop evaporation only 64 

infrequently occurs in moist environments during the Baiu season, and therefore, no cold 65 

pool forms. On the basis of numerical simulations performed without considering 66 

raindrop evaporation, they concluded that raindrop evaporation has only a small impact 67 

on the formation and maintenance of convective systems that produce heavy rainfall. 68 

Schumacher (2009) also concluded, based on the results of idealized numerical 69 

experiments, that the mechanism for organizing heavy-rain-producing convective lines in 70 
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moist environments is not a cold pool. 71 

It has been observed that the mesoscale low-level convergence not associated 72 

with either topography or a cold pool is important for the formation and maintenance of 73 

BB-type convective systems. Kato (1998) carried out numerical simulations of a BB-type 74 

system that produced very large amounts of precipitation at Kagoshima, Japan on 1 75 

August 1993. He attributed the maintenance of the BB-type precipitation system to a 76 

relatively large temperature gradient with horizontal convergence within the Baiu frontal 77 

zone. Based on the results of their numerical simulations, Kato and Goda (2001) 78 

concluded that the intensification of low-level upstream convergence by a BB-type 79 

convective band that produced heavy rainfall in Niigata Prefecture, Japan, largely 80 

contributed to the maintenance of the BB-type system. Kim and Lee (2016) investigated 81 

the formation process of a BB-type rainband that occurred over the Yellow Sea using a 82 

numerical model and demonstrated the importance of confluent flows associated with a 83 

trough to the formation and maintenance of the rainband. 84 

A severe disaster caused by record-breaking precipitation occurred in the 85 

northern part of Kyushu Island, Japan, on 5 July 2017 (Fig. 1). The 6-hour accumulated 86 

rainfall (hereafter referred to as 6HAR) exceeded 600 mm. This was an extraordinary 87 
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case unlike any we had ever experienced before. According to radar observations by the 88 

Japan Meteorological Agency (JMA), most of the precipitation was produced by a BB-89 

type quasi-stationary convective band (hereafter referred to as BB-QSCB) that persisted 90 

from 1100 JST (Japan standard time; UTC + 9 hours) to 2200 JST. The objective of this 91 

study is to clarify the genesis and maintenance processes of this BB-QSCB using a 92 

numerical model. The simulations began more than 20 hours before the genesis of the 93 

BB-QSCB to reproduce the formation of low-level convergence. Thus, we not only 94 

discuss the genesis and maintenance processes of the BB-QSCQ but also the formation 95 

process of the low-level convergence. 96 

This paper is organized as follows. An overview of the torrential rainfall event 97 

and weather conditions is presented in Section 2. Section 3 documents the numerical 98 

model and experimental design used in this study. The results of the control and sensitivity 99 

experiments are presented in Sections 4 and 5, respectively. Finally, a summary and 100 

conclusions are presented in Section 6. 101 

 102 

2. Case overview 103 

The daily accumulated rainfall at the JMA Asakura AMeDAS (Automated 104 
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Meteorological Data Acquisition System) station on 5 July 2017 reached 516 mm (Fig. 105 

2a). Most of this rainfall was recorded between 1100 JST and 2200 JST. A maximum 106 

hourly accumulated rainfall amount of 129.5 mm was observed between 1500 JST and 107 

1600 JST. Figure 2b shows the distribution of 6HAR from 1200 JST to 1800 JST on 5 108 

July 2017 which was obtained from the JMA radar rain-gauge analyzed precipitation data. 109 

In the figure, an area with 6HAR exceeding 100 mm extends approximately 50 km and 110 

30 km in the zonal and meridional directions, respectively. One of the most prominent 111 

features in the rainfall distribution is that the 6HAR levels greater than 400 mm are 112 

restricted to within a very narrow region. The maximum 6HAR of 660 mm was recorded 113 

at a location just to the east of the Asakura station. 114 

Figure 3 shows the JMA surface weather charts at 0900 JST, 1500 JST and 2100 115 

JST on 5 July 2017. The North Pacific subtropical high, which stagnated in the south of 116 

Japan, extended to the East China Sea. On the other hand, a synoptic high was located at 117 

the northern part of the Korean Peninsula at 0900 JST on 5 July 2017 and slowly moved 118 

southeastward. Subsequently, from 1500 JST to 2100 JST on 5 July 2017, the high 119 

stagnated over the Sea of Japan and its southwestern part intensified. A Baiu front located 120 

between these synoptic high pressure systems extended from the southern part of the 121 



 8 

Korean Peninsula to the Pacific Ocean east of Japan. The Baiu front near the western part 122 

of Honshu Island moved southwestward very slowly. 123 

The National Centers for Environmental Prediction (NCEP) Final Operational 124 

Global Analysis (FNL) data revealed a favorable environment for the occurrence of heavy 125 

rainfall in northern Kyushu. As shown in Figs. 4d–f, southwesterlies associated with the 126 

Pacific high continued to advect large amounts of water vapor from the East China Sea 127 

to the northern part of Kyushu Island. In addition, northern Kyushu was located in front 128 

of an upper-level large potential vorticity moving eastward (Figs. 4a–c). This situation 129 

may have led to upward motion in northern Kyushu (e.g., Hoskins et al. 1985; Hirota et 130 

al. 2016). The mlCAPE (mixed-layer convective available potential energy) and SReH 131 

(storm relative helicity in the lowest 3 km) calculated from JMA MANAL (Mesoscale 132 

ANALysis) at 1200 JST 5 July 2017 exhibited approximately 2,100 J kg−1 and 100 m2 s−2 133 

in the upstream region in northern Kyushu, respectively. Thus, the environment around 134 

northern Kyushu was very favorable for the initiation and development of deep 135 

convection. 136 

A BB-QSCB that produced extreme precipitation amounts developed in the area 137 

around the northern part of Kyushu Island under these conditions. Figure 5a shows a time 138 
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sequence of rainfall intensities observed by JMA operational radar between 1100 JST and 139 

2200 JST on 5 July 2017. After 1100 JST on 5 July 2017, several cumulonimbi were 140 

initiated and then organized as a BB-QSCB by 1300 JST. The BB-QSCB exhibited single 141 

or double line-shaped structures during its existence. The heaviest rainfall intensity was 142 

recorded between 1500 JST and 1600 JST. This was the same time interval during which 143 

the maximum hourly accumulated rainfall of 129.5 mm was recorded at the Asakura 144 

AMeDAS station (Fig. 2a). The BB-QSCB persisted until approximately 2200 JST. As a 145 

result, the duration of the BB-QSCB was longer than 10 hours. 146 

 147 

3. Numerical model and experimental design 148 

The model used in this study is the Weather Research and Forecasting (WRF) 149 

model (Skamarock et al. 2008), version 3.7.1. To capture mesoscale to synoptic-scale 150 

phenomena, three domains with two-way nesting were adopted (Fig. 1). The horizontal 151 

grid spacings of domains 1 (D1), 2 (D2), and 3 (D3) were 9 km, 3 km, and 1 km, 152 

respectively. All domains had 40 vertically stretched grids from the surface to 50 hPa. 153 

The physics parameterizations used include the land surface scheme proposed by Chen 154 

and Dudhia (2001), planetary boundary scheme proposed by Hong et al. (2006) and Hong 155 
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(2010), shortwave radiation scheme proposed by Dudhia (1989), and longwave radiation 156 

scheme proposed by Mlawer et al. (1997). This study employed the Milbrandt-Yau two-157 

moment microphysics scheme (Milbrandt and Yau 2005) for all domains. In addition, the 158 

Kain–Fritsch cumulus parameterization scheme (Kain and Fritsch 1990; 1993) was 159 

adopted for D1 and D2. The model was initiated at 1500 JST on 4 July 2017 and was 160 

integrated for up to 36 hours. To discuss the genesis process as well as the maintenance 161 

process of the BB-QSCB, the simulations were started more than 20 hours before the 162 

occurrence of the BB-QSCB. The initial and boundary conditions were obtained from the 163 

6-hourly NCEP FNL data with a horizontal resolution of 1.0° × 1.0°. This control 164 

simulation is hereafter referred to as CNTL. 165 

To examine the effects of topography and raindrop evaporation on the genesis, 166 

development, and maintenance processes of the BB-QSCB, two additional experiments 167 

were carried out. One was a simulation with flattened topography for Kyushu Island and 168 

its surrounding islands (hereafter referred to as FLATK), for which the elevation within 169 

the rectangle from 128.5–132.1°E and 30.0–34.0°N was set to zero. The other was a 170 

simulation without raindrop evaporation (hereafter referred to as NOEVP). 171 

  172 
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4. Control simulation 173 

4.1 Validation of the simulation 174 

We checked the reproducibility of the CNTL simulation. Figure 5b shows a time 175 

sequence of rainfall intensities simulated for CNTL from 1100 JST to 2200 JST on 5 July 176 

2017. By comparing the simulation results with the observed BB-QSCB, we found that 177 

the genesis of the CNTL-simulated QSCB was delayed by approximately one hour and 178 

that its position shifted slightly east-northeastward. In addition, the CNTL-simulated 179 

convective band exhibited only a single line-shaped structure throughout the duration of 180 

the QSCB. Despite these differences, the evolution of the CNTL-simulated QSCB was 181 

very similar to that of the observed one. The CNTL-simulated rainband developed 182 

primarily between 1500 JST and 1800 JST. Very large amounts of rainfall fell within a 183 

small area (Fig. 2c). These features also agree well with the observations. In addition, the 184 

CNTL-simulated maximum 6HAR of 629 mm between 1200 JST and 1800 JST on 5 July 185 

2017 is comparable to the observed maximum 6HAR of 660 mm (Figs. 2b and 2c). 186 

Therefore, we believe that the CNTL simulation reproduced the observations very well. 187 

The CNTL-simulated QSCB exhibited a BB-type organization mode, as shown 188 

in Fig. 6. New convective cells were repeatedly initiated on the upstream (i.e., western) 189 
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side. A new cell was generated at approximately 130.6°E and then rapidly developed and 190 

moved eastward. The cell reached its peak development in the middle region of the BB-191 

QSCB. At that time, the cloud top heights exceeded 16 km. These features are consistent 192 

with observations by the XRAIN (eXtended RAdar information Network) of the Ministry 193 

of Land, Infrastructure, Transport, and Tourism (MLIT) (not shown). The maximum 194 

updrafts were greater than 30 m s−1 in the CNTL simulation, which shows that the 195 

cumulonimbi developed at a violent pace. 196 

 197 

4.2 Evolution of low-level winds 198 

Figure 7 shows the evolution of the 700-hPa total condensed water and 950-hPa 199 

winds simulated for CNTL. Southwesterlies were evident over northern Kyushu and the 200 

Tsushima Strait on the morning of 5 July 2017 (Figs. 7a–c). The flows changed into west-201 

southwesterlies or westerlies north of the Tsushima Strait, over the western part of 202 

Honshu Island, and over the Seto Inland Sea. Weak northwesterlies, on the other hand, 203 

were evident over the western part of the Sea of Japan. A convergence zone formed at the 204 

boundary between the westerlies and northwesterlies. A band-shaped convective system 205 

was generated and developed in the convergence zone. The convective system, 206 
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accompanied by the low-level convergence, moved very slowly southeastward. The 207 

evolution of the convective system was consistent with the observations (not shown). 208 

As shown in Figs. 7d–f, between 1200 JST and 1300 JST on 5 July 2017, the 209 

convective system reached the Seto Inland Sea. At the same time, low-level 210 

southwesterlies and west-southwesterlies flowed together in the area of the northern part 211 

of Kyushu Island and a new low-level convergence zone formed there. A BB-QSCB that 212 

produced extreme precipitation occurred along this convergence zone (Fig. 7f). The 213 

convergence was sustained until nighttime. As a result, the BB-QSCB developed 214 

violently (Figs. 7g–i) and persisted until at least 2200 JST (see Fig. 5b). In contrast, the 215 

convective system located in the Seto Inland Sea eventually dissipated. 216 

We conducted a forward trajectory analysis to confirm the evolution of low-level 217 

winds, as mentioned above. Figure 8 shows 12-hour forward trajectories of parcels 218 

located at a height of 250 m over the East China Sea. Because the forward trajectories of 219 

the parcels located at the lowest levels (i.e., below 500 m) exhibited similar features, those 220 

located at 250 m are shown here. As shown in Fig. 8a, between 2100 JST on 4 July 2017 221 

and 0900 JST on 5 July 2017, the low-level parcels moved northeastward over the sea 222 

west of Kyushu Island. The parcels in the southern region (PSs) continued to move 223 
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northeastward after reaching Kyushu Island. Some PSs were lifted by the topography of 224 

Kyushu Island. On the other hand, parcels in the northern region (PNs) moved east-225 

northeastward or eastward after reaching the Tsushima Strait. Some PNs were elevated 226 

over the western part of the Sea of Japan and over the western part of Honshu Island and 227 

resulted in the formation of a convective system along a line located at approximately 228 

34.7°N. 229 

The twelve-hour forward trajectories starting at 0100 JST on 5 July 2017 are 230 

shown in Fig. 8b. The movement of the PSs was similar to that of PSs which started at 231 

four hours earlier but the trajectories of the PNs changed dramatically. The speed at which 232 

the PNs moved decreased when they passed the Tsushima Strait. In addition, the direction 233 

of the movement changed to east-southeastward. As a result, some PSs and PNs 234 

converged in the area around the northern part of Kyushu Island and were elevated to 235 

above 2 km. This upward motion is associated with several cumulonimbi that organized 236 

as the BB-QSCB that produced extreme precipitation in that area. 237 

Figure 8c shows the 12-hour forward trajectories starting at 0500 JST on 5 July 238 

2017. It is very clear that the PNs passing the southern part of the Tsushima Strait largely 239 

curved southeastward. The PSs, on the other hand, continued to move northeastward. The 240 
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confluent flows located in the area of the northern part of Kyushu Island further intensified. 241 

These quasi-stationary confluent flows were responsible for sustaining the BB-QSCB. 242 

The potential temperatures of the trajectories revealed a thermodynamic feature 243 

in the confluence region in northern Kyushu (Figs. 8e and 8f). The potential temperatures 244 

of PNs passing the sea remained almost unchanged for the greater part of their trajectories. 245 

The potential temperatures of PSs changed very little while the PSs passed the sea. 246 

However, after they reached Kyushu Island, the potential temperatures greatly increased. 247 

Sensible heat fluxes from the land surface are responsible for the warming of the PSs 248 

because no moist convection existed in the warming area. Consequently, the convergence 249 

region between the PNs and PSs had a frontal feature, which will be further discussed in 250 

Section 5.2. 251 

We investigated the cause of the drastic changes in low-level winds around 252 

northern Kyushu. Figures 9a–d show the CNTL-simulated geopotential heights at 950 253 

hPa at 0900 JST, 1200 JST, 1500 JST, and 1800 JST, respectively on 5 July 2017. At 1200 254 

JST, the geopotential heights began to increase in the southwestern part of the Sea of 255 

Japan compared to those at 0900 JST. These heights subsequently continued to increase. 256 

The evolution of geopotential heights is consistent with that the high pressure system that 257 
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was located over the northern part of the Korean Peninsula and initially moved slowly 258 

southeastward followed by stagnation and intensification, as shown in JMA surface 259 

weather charts (Fig. 3). 260 

There were large differences in the low-level winds between 0900 JST, 1500 JST 261 

and 1800 JST on 5 July 2017. In particular, drastic changes in the low-level winds were 262 

detected around western Honshu and northern Kyushu. The low-level winds changed 263 

direction from east-northeastward to southeastward. In other words, the high pressure 264 

system stagnated and increased in pressure over the Sea of Japan and thus blocked the 265 

low-level westerlies and dramatically changed the low-level wind field. 266 

Figures 9e‒g show the CNTL-simulated temperatures at 950 hPa at 0900 JST, 267 

1200 JST, 1500 JST and 1800 JST, respectively on 5 July 2017. There was a relatively 268 

large temperature gradient around western Honshu, northern Kyushu, and southwest of 269 

the Sea of Japan, which corresponded to the Baiu frontal zone. At 1200 JST, the air over 270 

Kyushu Island was heated by large sensible heat fluxes from the land surface (Fig. 9f). 271 

As a result, the temperature gradients were intensified by the differential heating between 272 

land and sea, especially along the coastline of northern Kyushu. At 1500 JST and 1800 273 

JST (Figs. 9g and 9h), for the period in which the confluent flows intensified and were 274 
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maintained, a frontal structure with a relatively large temperature gradient formed in the 275 

confluent region, which will be further discussed in Section 5.2.1 276 

 277 

5. Sensitivity experiments 278 

5.1 Orographic effects 279 

Previous studies (e.g., Watanabe and Ogura 1987; Yoshizaki et al. 2000) have 280 

demonstrated that orographic effects are important for the formation and maintenance of 281 

BB-QSCBs. A simulation with flattened topography for Kyushu Island and its 282 

surrounding islands (FLATK) was performed to examine orographic effects on the 283 

formation and maintenance of the subject BB-QSCB that produced extreme precipitation 284 

in northern Kyushu. Figure 5c shows a time sequence of rainfall intensities simulated for 285 

FLATK. The FLATK experiment also reproduced the BB-QSCB. In comparison with the 286 

CNTL simulation, the occurrence of the BB-QSCB was delayed by approximately two 287 

hours and its position shifted slightly southeastward. However, the rainfall area and 288 

 
1 An additional experiment without Kyushu Island, in which the island was changed to 
the sea, reproduced no precipitation systems in the corresponding area. It seems that the 
land-sea thermal contrast between Kyushu Island and its surrounding sea influenced the 
formation of the low-level convergence and the resulting genesis of the BB-QSCB. In 
this study, however, we will not discuss the thermal contrast effect further because a 
detailed investigation of the effect is beyond the scope of this study. 
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intensity were comparable to those simulated for CNTL. In addition, the FLATK-289 

simulated BB-QSCB persisted for longer than 10 hours. We therefore concluded that the 290 

topography of Kyushu Island was not necessarily important for the formation and 291 

maintenance of the BB-QSCB. 292 

The evolution of the 700-hPa total condensed water and 950-hPa winds 293 

simulated for FLATK are shown in Fig. 10. A comparison of these results with the CNTL 294 

simulation results reveals only small differences in the BB-QSCB features between the 295 

CNTL and FLATK scenarios. In addition, the evolution of low-level winds simulated for 296 

FLATK was similar to that simulated for CNTL. However, we detected differences in  297 

the low-level winds between CNTL and FLATK in the area around the western part of 298 

Kyushu Island. The CNTL-simulated winds were southwesterlies, whereas the FLATK-299 

simulated winds were west-southwesterlies (Figs. 7 and 10). These differences seem to 300 

be attributable to the barrier effect of the Kyushu topography. The CNTL-simulated low-301 

level winds on the upstream side detoured due to the barrier effect. The resulting 302 

southwesterlies promoted the formation of the low-level convergence for CNTL. As a 303 

result, the genesis of the FLATK-simulated BB-QSCB was delayed by approximately two 304 

hours compared to that of the CNTL-simulated BB-QSCB. In addition, the resulting 305 
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southwesterlies enhanced the low-level convergence for CNTL. Consequently, in the 306 

FLATK simulation, the maximum 6HAR between 1500 JST and 2100 JST on 5 July 2017 307 

was 547 mm, which was smaller than that seen in the CNTL simulation2. We therefore 308 

concluded that the topography of Kyushu Island contributed to the BB-QSCB 309 

development and precipitation increase to some extent. These findings are partially 310 

consistent with the observation of Takemi (2018) that, for the same case, a simulation 311 

with more realistic topography reproduces the observed precipitation better than a 312 

simulation with lower-resolution topography. 313 

 314 

5.2 Frontogenesis analysis 315 

As mentioned above, a low-level frontal structure associated with the confluent 316 

flows formed and intensified in the area of northern Kyushu Island. To further investigate 317 

how the convergence zone with the frontal structure formed, a frontogenesis analysis was 318 

conducted. The frontogenesis function may be written as follows: 319 

𝑑
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2 The FLATK-simulated BB-QSCB occurred after a delay of two to three hours 
compared to the CNTL-simulated BB-QSCB. 
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where u, v, and w are the zonal, meridional, and vertical winds, respectively; 𝜃 is the 322 

potential temperature; ∇! is the horizontal derivative at constant height; and the first, 323 

second, third, and fourth terms on the right-hand side of Eq. (1) are the confluence, 324 

shearing, tilting and diabatic terms, respectively. 325 

The low-level frontogenesis function, which is the most interesting for the 326 

purposes of this study, could not be calculated from the CNTL simulation results because 327 

of the complicated topography. Therefore, we used the FLATK results because the 328 

features of the BB-QSCB and the low-level winds for FLATK were very similar to those 329 

for CNTL. Figures 11a–e show each term in the frontogenesis function at a height of 300 330 

m at 1500 JST on 5 July 2017 when the BB-QSCB was in the early development stage. 331 

Figure 11a shows that a frontogenesis occurred along the convergence zone in northern 332 

Kyushu. Although the diabatic term made a positive contribution, the confluence term 333 

dominates in its contribution to the frontogenesis (Fig. 11b). As mentioned above, the 334 

confluent flows were related to the drastic change in low-level winds. On the other hand, 335 

the shearing term was small (Figs. 11c). In contrast, the tilting term provided both positive 336 

and negative contributions (Figs. 11d and 11e). 337 
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The evolution of each term in the frontogenesis function, averaged with respect 338 

to the BB-QSCB, is shown in Fig. 11f. The tilting term was negative from 1300 JST to 339 

1600 JST on 5 July 2017, which is the interval that corresponds to the formation and 340 

development stages of the BB- QSCB (see Fig. 5c). A negative tilting term means that 341 

active convection occurred on the relatively warm (i.e., southern) side. The confluence, 342 

shearing, and diabatic terms provided positive contributions to the frontogenesis. In 343 

particular, after 1400 JST, the confluence term was dominant over the other terms. Thus, 344 

the frontogenesis analysis results confirm that confluent flows played a significant role in 345 

the formation and maintenance of the quasi-stationary convergence zone. 346 

 347 

5.3 Roles of the convectively induced cold pool 348 

To investigate the effects of a cold pool caused by raindrop evaporation on the 349 

formation, development, and maintenance processes of the BB-QSCB that produced 350 

extreme precipitation in northern Kyushu, a simulation without the raindrop evaporation 351 

process (NOEVP) was carried out. A time sequence of the NOEVP-simulated rainfall 352 

intensities is shown in Fig. 5d. The NOEVP simulation reproduced the BB-QSCB. In the 353 

NOEVP simulation, the BB-QSCB formed at nearly the same time as in the CNTL 354 
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simulation although it dissipated approximately two hours earlier. The maximum 6HAR 355 

between 1200 JST and 1800 JST on 5 July 2017 in the NOEVP simulation was 740 mm, 356 

which is greater than that in the CNTL simulation. The reason for this is that raindrops 357 

below the cloud base reached the surface without evaporation in the NOEVP simulation. 358 

The CNTL-simulated horizontal divergence at 950 hPa is shown in Figs. 12a–c. 359 

In addition, the 950-hPa temperature differences between CNTL and NOEVP are shown 360 

in Figs. 12d–f. At 1300 JST on 5 July 2017, the time at which the BB-QSCB started to 361 

form, we detected a low-level convergence but no cold pool (Figs. 12a and 12d). In the 362 

developing stage of the BB-QSCB at 1500 JST, the low-level convergence intensified on 363 

the upstream (i.e., western) side of the BB-QSCB and a cold pool with a maximum 364 

temperature drop of approximately 3°C was detected on the downstream (i.e., eastern) 365 

side (Figs. 12b and 12e). Thus, the relationship between the cold pool and low-level 366 

convergence is obscure. These features suggest that the convectively induced cold pool 367 

played only a minor role in the formation and development of the BB-QSCB, which is 368 

consistent with the results reported by Kato (1998) and Kato and Goda (2001). 369 

In the latter stage of the existence of the BB-QSCB, however, low-level 370 

convergence formed along a cold pool located on the southwestern flank of the BB-QSCB 371 
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(Figs. 12c and 12f). In addition, the NOEVP-simulated BB-QSCB dissipated 372 

approximately two hours earlier than the CNTL-simulated BB-QSCB (Figs. 5b and 5d). 373 

Thus, the convectively induced cold pool may have contributed to maintaining the BB-374 

QSCB in its latter stages. 375 

 376 

6. Summary and conclusions 377 

A back-building quasi-stationary convective band (BB-QSCB) occurred in the 378 

area of the northern part of Kyushu Island on 5 July 2017. It persisted for more than ten 379 

hours and produced record-breaking precipitation, thereby resulting in a severe disaster. 380 

This study investigated the genesis and maintenance processes of the BB-QSCB. A 381 

schematic diagram illustrating the processes is shown in Fig. 13. 382 

The surface weather charts showed two synoptic high pressure systems. One was 383 

the quasi-stationary North Pacific subtropical high. The other was located in the area of 384 

the northern part of the Korean Peninsula during the morning of 5 July 2017. It slowly 385 

moved southeastward and then stagnated over the Sea of Japan. In addition, the high 386 

intensified. A Baiu front was formed between these two high pressure systems. At the low 387 

levels, large amounts of water vapor were advected into northern Kyushu by 388 
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southwesterlies associated with the North Pacific subtropical high. In addition, northern 389 

Kyushu was located in front of an upper-level large potential vorticity. The mlCAPE and 390 

SReH were approximately 2,100 J kg−1 and 100 m2 s−2, respectively on the upstream side 391 

of the subject region. This synoptic environment was very favorable for the occurrence 392 

of active convection. 393 

In this environment, several cumulonimbi were generated after 1100 JST on 5 394 

July 2017. Subsequently, they organized into a BB-QSCB by 1300 JST. The BB-QSCB 395 

reached its peak between 1500 JST and 1600 JST. During this period, a maximum hourly 396 

accumulated rainfall of 129.5 mm was recorded at the Asakura AMeDAS station. In 397 

addition, the maximum 6-hour accumulated rainfall (6HAR) between 1200 JST and 1800 398 

JST on 5 July 2017 reached 660 mm just to the east of the Asakura station. The BB-QSCB 399 

persisted for at least ten hours. 400 

To investigate the genesis and maintenance processes of the BB-QSCB, we 401 

performed numerical simulations using the WRF model. The CNTL simulation 402 

reproduced the observed BB-QSCB very well. New cells continued to form on the 403 

upstream side and developed rapidly as they moved eastward. The maximum updraft 404 

exceeded 30 m s−1 in the middle portion of the BB-QSCB. The CNTL-simulated 405 
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maximum 6HAR of 629 mm from 1200 JST to 1800 JST on 5 July 2017 was comparable 406 

to the observed one. 407 

A forward trajectory analysis showed the formation and intensification of a 408 

convergence zone with a frontal structure due to drastic changes in low-level winds. The 409 

twelve-hour forward trajectories of parcels located over the East China Sea on the night 410 

of 4 July 2017 showed that the parcels moved northeastward and reached the western part 411 

of the Sea of Japan and western Honshu, Japan. In contrast, after portions of parcels 412 

established during the early morning of 5 July 2017 reached the Tsushima Strait, their 413 

movement direction changed to east-southeastward or southeastward. In addition, their 414 

potential temperatures were almost unchanged because of travel over the sea for most of 415 

their trajectories. Other parcels continued to move northeastward over the East China Sea 416 

and western Kyushu. The potential temperatures of the parcels were largely increased by 417 

the sensible heat fluxes from the land surface after reaching Kyushu Island. These 418 

converged in the area around the northern part Kyushu Island, resulting in the formation 419 

of a convergence zone with a frontal feature, which played a significant role in the genesis 420 

and maintenance of the BB-QSCB. 421 

The stagnation and intensification of the high pressure system located over the 422 
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Sea of Japan was responsible for the dramatic changes in low-level winds. The high 423 

located over the northern part of the Korean Peninsula at 0600 JST 5 July 2017 moved 424 

slowly southeastward and then stagnated and intensified over the Sea of Japan. This high 425 

played an important role in blocking the southwesterlies passing the Tsushima Strait. As 426 

a result, the southwesterlies changed to east-southeasterlies or southeasterlies. 427 

A simulation conducted with flattened topography for Kyushu Island and its 428 

surrounding islands (FLATK) showed that the topography of Kyushu was not necessarily 429 

important for the formation and maintenance of the BB-QSCB. The barrier effect of the 430 

Kyushu topography, however, enhanced the northerly component of the low-level winds 431 

in the western part of Kyushu Island and resulted in the intensification of the low-level 432 

convergence in the northern part of Kyushu Island. Consequently, the CNTL-simulated 433 

BB-QSCB developed further and then produced more precipitation than the FLATK-434 

simulated BB-QSCB. 435 

To examine how the low-level convergence with the frontal structure formed and 436 

intensified, we conducted a frontogenesis analysis using the results of the FLATK 437 

simulation. The analysis results showed that the confluence term associated with the 438 

blocking of low-level winds mainly contributed to the frontogenesis associated with the 439 
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BB-QSCB. In contrast, the tilting term had a negative effect on the frontogenesis. 440 

To investigate the role of a cold pool caused by raindrop evaporation on the 441 

formation and maintenance of the BB-QSCB, a simulation without raindrop evaporation 442 

(NOEVP) was performed. Raindrop evaporation was found to have a small impact on the 443 

formation and intensification of the BB-QSCB. However, the duration of the NOEVP-444 

simulated BB-QSCB was approximately two hours shorter than that of the CNTL-445 

simulated one. We concluded from this that the convectively induced cold pool may have 446 

influenced the maintenance of the BB-QSCB in its latter stages. 447 

We emphasize that the blocking of low-level winds by the high pressure system 448 

located over the Sea of Japan played a significant role in the formation and maintenance 449 

of the quasi-stationary convergence zone and that the topography of Kyushu Island and a 450 

convectively induced cold pool had only minor influences. The convergence zone formed 451 

under the environment of confluence resulting from blocking by the high. Because the 452 

high stagnated and intensified over the Sea of Japan, the low-level convergence became 453 

long-lived and quasi-stationary. Consequently, the quasi-stationary convergence 454 

promoted the genesis, development, and maintenance of the BB-QSCB. 455 

It is beyond the scope of this study to clarify the cause of the stagnation of the 456 
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synoptic high located over the Sea of Japan. Future work requires understanding synoptic- 457 

and larger-scale phenomena and their interactions that controlled the migration of the high 458 

pressure system. 459 
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 536 

Fig. 1: Map of Japan and its surroundings and domain configuration for WRF simulations. Rectangles 537 

labeled D1 (black), D2 (white), and D3 (red) show the calculation domains. 538 

  539 
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 540 
Fig. 2: (a) Hourly rainfall (blue bars; mm) and accumulated rainfall (black line; mm) starting at 0000 541 

JST 5 July 2017 observed at the AMeDAS Asakura station. (b) JMA radar rain-gauge analyzed rainfall 542 

(color shading; mm) accumulated from 1200 JST to 1800 JST 5 July 2017. (c) CNTL-simulated 543 

rainfall (color shading; mm) accumulated from 1200 JST to 1800 JST 5 July 2017. Gray contours in 544 

(b) and (c) indicate altitudes at intervals of 200 m. The rainfall simulated in D3 is displayed in (c). 545 
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 546 

Fig. 3: JMA surface weather charts at (a) 0900 JST, (b) 1500 JST, and (c) 2100 JST on 5 July 2017. 547 
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 549 

Fig. 4: (a, b, c) 200-hPa potential vorticity (color shading; PVU) and winds (vectors; m s−1), and (d, e, 550 

f) 975-hPa mixing ratio of water vapor (color shading; g kg−1) and winds (vectors; m s−1) at (a, d) 0900 551 

JST, (b, e) 1500 JST, and (c, f) 2100 JST on 5 July 2017. 552 

  553 
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 554 
Fig. 5: Time sequences of rainfall intensities (color shading; mm h−1) from 1100 JST 5 July to 2200 555 

JST 5 July 2017 at 1-hour intervals. (a), (b), (c), and (d) show radar-observed, CNTL-simulated, 556 

FLATK-simulated, and NOEVP-simulated rainfall intensities, respectively. The rainfall intensities 557 

simulated in D3 are displayed in (b), (c), and (d). 558 
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 559 

Fig. 6: Longitude–height cross sections of CNTL-simulated total condensed water (color shading; g 560 

kg−1)  along 33.47°N at (a) 1400 JST, (b) 1410 JST, (c) 1420 JST, (d) 1430 JST, (e) 1440 JST, (f) 561 

1450 JST, (g) 1500 JST, (h) 1510 JST, (i) 1520 JST, (j) 1530 JST, (k) 1540 JST, and 1550 JST on 5 562 

July 2017. The variables simulated in D3 are displayed in all panels.  563 

  564 
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 565 

Fig. 7: CNTL-simulated 700-hPa total condensed water (color shading; g kg−1) and 950-hPa winds 566 

(vectors; m s−1) at (a) 0730 JST, (b) 0800 JST, (c) 0830 JST, (d) 1200 JST, (e) 1230 JST, (f) 1300 JST, 567 

(g) 1500 JST, (h) 1530 JST, and (i) 1600 JST on 5 July 2017. The variables simulated in D3 are 568 

displayed in all panels. 569 

  570 
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 571 
Fig. 8: 12-hour forward trajectories of parcels located at the height of 250 m within a black rectangle 572 

in (a) at (a, d) 2100 JST 4 July 2017, (b, e) 0100 JST 5 July 2017, and (c, f) 0500 JST 5 July 2017 for 573 

the CNTL simulation. Colors in (a, b, c) and in (d, e, f) show heights (units; m) of the parcels and their 574 

potential temperatures (units; K), respectively. The variables simulated in D2 are used for the 575 

trajectory calculations. 576 
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 577 
Fig. 9: (a–d) CNTL-simulated geopotential height (color shading; m) and (e-f) temperature (color 578 

shading; °C) at 950 hPa at (a, e) 0900 JST, (b, f) 1200 JST, (c, g) 1500 JST, and (d, h) 1800 JST on 5 579 

July 2017. Vectors indicate 950-hPa winds (m s−1). The variables simulated in D2 are displayed in all 580 

panels. 581 
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 582 

Fig. 10: As in Fig. 7 except for the FLATK simulation. 583 

  584 
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 585 

Fig. 11: Frontogenesis function (color shading; K km−1 h−1) and winds (vectors; m s−1) at a height of 586 

300 m at 1500 JST 5 July 2017 for the FLATK simulation. (a) Total frontogenesis, (b) confluence term, 587 

(c) shearing term, (d) tilting term, and (e) diabatic term. (f) Temporal evolution of each frontogenesis 588 

term averaged within a green rectangle in (a–e) panels. The black line indicates total frontogenesis. 589 

The red, green, blue, and orange lines indicate the confluence, shearing, tilting, and diabatic terms, 590 

respectively. The variables simulated in D2 are displayed in all panels.  591 

 592 
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 593 

Fig. 12: (a–c) CNTL-simulated 950-hPa horizontal divergence (color shading; 10−3 s−1) and winds 594 

(vectors; m s−1) at (a) 1300 JST, (b) 1500 JST and (c) 1900 JST 5 July 2017. (d–f) 950-hPa temperature 595 

differences (color shading; ◦C) between NOEVP and CNTL, and CNTL-simulated 700-hPa total 596 

condensed water (red contour; 0.5 g kg−1) at (a) 1300 JST, (b) 1500 JST and (c) 1900 JST 5 July 2017. 597 

The variables simulated in D3 are displayed in all panels.  598 

  599 
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 600 

Fig. 13: Schematic diagram of the genesis and maintenance processes of the quasi-stationary 601 

convective band that produced record-breaking precipitation in northern Kyushu on 5 July 2017. 602 

Arrows indicate low-level flows. 603 


