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Abstract 31 

 32 

During the recent catastrophic heavy rainfall event in western Japan in July 2018, both 33 

the Hiroshima and Keihanshin areas were subjected to unusual total rainfall amounts in 34 

72 hours from 1200 UTC 4 July onward. However, the number of sediment disasters was 35 

significantly larger in the Hiroshima area. Among the possible reasons for the difference 36 

in the sediment disaster occurrences between the Hiroshima and Keihanshin areas, here, 37 

we focus on the differences in the rainfall characteristics in these two areas during the 38 

heavy rainfall event. Based on the radar observations, we investigate the characteristics 39 

of precipitation systems striking the Hiroshima and Keihanshin areas and find that 40 

significantly large precipitation systems with areas equal to or larger than 104 km2 were 41 

dominant in the Hiroshima area, which caused rapid accumulation of the rainfall amount 42 

and enhanced the risk of deadly sediment disasters in this area. On the other hand, in 43 

the Keihanshin area, rainfall of moderate intensity and relatively small precipitation 44 

systems were found to be dominant. We suggest that the difference in the amount of 45 

damage between the Hiroshima and Keihanshin areas was mainly caused by the size 46 

difference of the precipitation systems striking these two areas. Statistics relating to the 47 

background atmospheric conditions for the precipitation systems in the heavy rainfall 48 

event reveal that a high vertical wind shear environment provides preferable conditions 49 

for the formation of large precipitation systems. 50 
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1. Introduction 54 

In the beginning of July 2018, many areas of Japan were subjected to extremely heavy 55 

rainfall. More than 200 people were killed during this event, which has been recorded as 56 

one of the worst casualties caused by a single rainfall event in the past 30 years in Japan. 57 

The areas of heavy rainfall and human casualties were particularly concentrated in western 58 

Japan. Figure 1a shows the time series of the total precipitation in western Japan during this 59 

event. Heavy rainfall occurred over 72 h from 1200 UTC 4 July to 1200 UTC 7 July. Figure 60 

1b shows the map of the accumulated precipitation over western Japan during these 72 61 

hours. Northern Kyushu Island, Hiroshima area, central Shikoku Island, Keihanshin area, 62 

and Gifu area (labeled as 1–5 in Fig. 1b, respectively) were subjected to particularly large 63 

amounts of rainfall during the event. However, the climatological mean rainfall amounts in 64 

Kyushu and Shikoku Islands and the Gifu area in July are generally large—more than 400 65 

mm—(Fig. 1c), thereby indicating that the rainfall amounts in July 2018 in these areas are 66 

not exceptional. On the other hand, the Hiroshima and Keihanshin areas experienced 67 

unusual rainfall in July 2018 keeping in mind the fact these areas normally experience 68 

relatively small climatological rainfall amounts. Thus, the Hiroshima and Keihanshin areas 69 

were prone to high risk of disaster caused by a rare heavy rainfall event. 70 

However, the number of sediment disasters caused by the heavy rainfall was significantly 71 

different between the Hiroshima and Keihanshin areas. In Hiroshima Prefecture, there were 72 

1242 sediment disasters (609 debris flows, 1 landslide, and 632 slope failures), according 73 
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to information provided by the Cabinet Office (CAO) (CAO 2019). This caused catastrophic 74 

damage in Hiroshima Prefecture: 1150 completely destroyed houses and 115 casualties with 75 

5 missing people (CAO 2019). On the other hand, there were 113 sediment disasters (28 76 

debris flows, 5 landslides, and 80 slope failures) in three prefectures in the Keihanshin area 77 

(Hyogo, Osaka, and Kyoto Prefectures) (CAO 2019). As a result, damage in these 78 

prefectures—34 completely destroyed houses and 7 casualties (CAO 2019)—was 79 

significantly smaller than that in Hiroshima Prefecture. What was the cause of such a large 80 

difference in damage between the Hiroshima and Keihanshin areas although the rainfall 81 

amounts were almost the same? There can be many possibilities such as differences in 82 

topography, geological features, and land use properties. However, the differences in the 83 

rainfall characteristics between the two areas should also be elucidated as a potential 84 

primary factor leading to the observed damage difference. From the viewpoints of both 85 

scientific progress and disaster risk reduction, it is worth investigating as to what kind of 86 

rainfall is particularly hazardous and can cause catastrophic damage to human society. 87 

Against this backdrop, in this study, we attempted to clarify the different rainfall 88 

characteristics between the Hiroshima and Keihanshin areas and to discuss the background 89 

atmospheric conditions affecting the differences. Since large precipitation systems such as 90 

“line-shaped” precipitation systems are known to cause heavy rainfall events in Japan 91 

(Tsuguchi and Kato 2014), here, we focus on the size of the precipitation system and its 92 

relation to the outbreak of sediment disasters in the Hiroshima area. In our analysis, we 93 
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select two rectangular domains located in the Hiroshima and Keihanshin areas shown in Fig. 94 

1b. Both these domains have almost the same area and experienced the same 72-h total 95 

rainfall amount although the corresponding damages were significantly different. This paper 96 

is organized as follows: Section 2 describes the data used for our analysis and our methods 97 

for investigating the precipitation systems and their background atmospheric conditions. The 98 

results are presented in Section 3 and discussed in Section 4. Section 5 presents our 99 

conclusions and remarks. 100 

 101 

2. Data and methods 102 

2.1. Data 103 

We used the rainfall intensity data estimated from the radar reflectivity observed by C-104 

band radars operated by the Japan Meteorological Agency (JMA) to detect the precipitation 105 

systems and estimate rainfall amounts. The radar data resolution is 0.75′, 0.5′, and 10 min 106 

for longitude, latitude, and time directions, respectively. Here, we note that the rainfall 107 

intensity estimated by using only the radar reflectivity may slightly differ from the actual 108 

rainfall intensity. In the study, we compared rainfall amounts estimated from the radar data 109 

and that estimated from more accurate radar/rain-gauge-analyzed precipitation data 110 

(Nagata 2011) for the heavy rainfall in July 2018 (Fig. S1). The time series of the total rainfall 111 

rate in western Japan from 0000 UTC 1 July to 0000 UTC 9 July 2018 are almost 112 

indistinguishable between the two datasets (Fig. S1a). The total rainfall amounts in western 113 
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Japan over 72 h from 1200 UTC 4 July are highly correlated in space between the two 114 

datasets (Figs. S1b, c). Since rainfall data without any temporal smoothing is preferable to 115 

detect precipitation systems for each time instant, we used the radar data in this study. 116 

To estimate the background atmospheric fields during the heavy rainfall event, we used 117 

the mesoscale analysis (MA) data (JMA 2013). The MA data resolution is 0.125°, 0.1°, and 118 

3 h for longitude, latitude, and time directions, respectively, and 16 pressure levels from 119 

1000 to 100 hPa are provided. The MA reflects many observations such as surface 120 

observations, radiosonde observations, and satellite observations by using the data 121 

assimilation system based on the four-dimensional variational method (JMA 2013). Thus, 122 

we assume that the MA provides the most likely atmospheric fields for each location and 123 

time. 124 

 125 

2.2. Detection of precipitation systems 126 

In this study, a continuous rainfall area wherein the rainfall intensity P is equal to or greater 127 

than 10 mm h–1 is defined as one “precipitation system,” following Unuma and Takemi (2016). 128 

Here, if two grids of P ≥ 10 mm h–1 share a common edge, they are considered to lie in the 129 

same precipitation system. Using this definition, we detected precipitation systems of 130 

various sizes for every 10 min. The minimum size of the precipitation system corresponds 131 

to one grid area (about 1 km2), while the detected maximum one has an area larger than 132 

104 km2. To quantify the contributions of the precipitation systems for each size, we classified 133 
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the detected precipitation systems into four categories based on their horizontal areas S: S 134 

< 102 km2, S = 102–103 km2, S = 103–104 km2, and S ≥ 104 km2. Figure 2 shows an example 135 

of precipitation system classification at 1200 UTC 6 July 2018. Precipitation systems of 136 

various sizes (indicated in blue, cyan, magenta, and yellow from small to large-size 137 

categories) are embedded in the moderate (P < 10 mm h–1) rainfall areas (gray). At this time, 138 

a chain of relatively large precipitation systems with areas equal to or larger than 103 km2 139 

(magenta and yellow objects in Fig. 2) ran from the southwest to the northeast through the 140 

Hiroshima area. On the other hand, in the Keihanshin area, moderate rainfall was dominant. 141 

 142 

2.3. Indices of background atmospheric conditions 143 

  It is well known that the background thermodynamic and wind profiles greatly impact the 144 

structure and evolution of convective storms (Weisman and Klemp 1982). Here, in order to 145 

study the differences in such background conditions among precipitation systems of different 146 

sizes, we examine certain indices calculated from the atmospheric profiles. As indices of 147 

instability for moist convection, we use convective available potential energy (CAPE) and 148 

the K-index (KI). CAPE is defined as 149 

 CAPE = ∫ 𝑔
𝑇v

′ − �̅�v

�̅�v

EL

LFC

 d𝑧, (1) 

where 𝑇v
′ denotes the virtual temperature of the lifted parcel, �̅�v that of the background 150 

profile, and g the acceleration due to gravity. LFC and EL denote the level of free convection 151 

and the equilibrium level, respectively. We assume that initial potential temperature and 152 
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mixing ratio of the parcel are given as their averages over the lowest 500-m layer above 153 

ground level (AGL), respectively, because high equivalent potential temperature air in this 154 

layer is important for the initiation of severe moist convection (Kato 2018). KI is defined as 155 

 KI = (𝑇850 − 𝑇500) + 𝑇d850 − (𝑇700 − 𝑇d700), (2) 

where T850, T700, and T500 denote the temperatures at 850, 700, and 500 hPa, respectively, 156 

and Td850 and Td700 indicate the dew point temperatures at 850 and 700 hPa, respectively. 157 

The first parenthetical term and Td850 indicate the temperature lapse rate and the low-level 158 

moisture, respectively, both of which contribute to conditional instability. The second 159 

parenthetical term indicates the mid-level dryness, which contributes to the inhibition of 160 

moist convection. Here, we note that this effect is not considered in the CAPE calculation. 161 

As regards the indices of vertical wind shear, we consider the wind difference between two 162 

particular levels: 163 

 Δ𝑉𝑧1−𝑧2
= [(𝑢𝑧2

− 𝑢𝑧1
)

2
+ (𝑣𝑧2

− 𝑣𝑧1
)

2
]

1
2

, (3) 

where 𝑢𝑧1
 and 𝑢𝑧2

 indicate the zonal winds at 𝑧1 and 𝑧2 km AGL, respectively, and 𝑣𝑧1
 164 

and 𝑣𝑧2
 the corresponding meridional winds at the same levels. In the present study, both 165 

low-level (0.5–2.5 km) and mid-level (2.5–6.0 km) vertical wind shears (ΔV0.5–2.5 and ΔV2.5–166 

6.0) were examined. Some idealized numerical experiments showed that the lowest 2.5-km 167 

vertical wind shear coupled with conditional instability can generate long-lived squall lines 168 

(Rotunno et al. 1988; Weisman et al., 1988; Takemi 1996). Further, large vertical wind shear 169 

below 6-km AGL provides preferable conditions for intense, long-lasting convective storms 170 
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with rotating updraft (Rasmussen and Blanchard 1998; Thompson et al. 2003) because the 171 

horizontal vorticity associated with vertical wind shear is tilted by convective updrafts to 172 

generate vertical vorticity (Wilhelmson and Klemp 1978; Rotunno 1981). Therefore, vertical 173 

wind shear of these layers can enhance the organization, longevity, and intensity of 174 

convective storms, and thus, lead to severe rainfall during the event. All indices were 175 

calculated by using the MA data. 176 

 177 

2.4. Analysis domain 178 

  In the study, we compared the rainfall characteristics in the two rectangular domains 179 

located in the Hiroshima and Keihanshin areas (Fig. 1b). The Hiroshima domain is located 180 

between 132°21′45″–133°00′00″E and 34°04′30″–34°35′00″N, corresponding to an area of 181 

3309 km2. The Keihanshin domain is located between 134°49′30′′–135°33′00″E and 182 

34°40′00″–35°07′00″N, and its corresponding area is also 3309 km2. The area-averaged 183 

total rainfall amount in the 72 hours from 1200 UTC 4 July 2018 estimated from radar data 184 

was 449 mm (460 mm) for the Hiroshima (Keihanshin) domain. Here, we note that the total 185 

rainfall amount estimated from the radar/rain-gauge-analyzed precipitation data was 422 186 

mm both for the Hiroshima and Keihanshin domains (Fig. S2). 187 

 188 

3. Results 189 

3.1. Different precipitation systems between Hiroshima and Keihanshin areas 190 



 10 

Figure 3 shows the time series of the area-averaged accumulated rainfall in the 72 hours 191 

from 1200 UTC 4 July 2018 onward for the Hiroshima and Keihanshin domains. To construct 192 

the figure, we decomposed the rainfall in the analysis domain into the 5 classes defined in 193 

subsection 2.2: moderate rain (P < 10 mm h−1) and severe rain (P ≥ 10 mm h−1) associated 194 

with the precipitation systems of the 4 size categories. Next, the rainfall amounts for each 195 

class were separately accumulated. In the figure, the different colors denote the 196 

contributions from the different rainfall classes: moderate rain (gray), severe precipitation 197 

systems of S < 102 km2 (blue), S = 102–103 km2 (cyan), S = 103–104 km2 (magenta), and S 198 

≥ 104 km2 (yellow). From Fig. 3a, we note that in the Hiroshima domain, the rainfall 199 

corresponding to the largest precipitation system (S ≥ 104 km2) contributes to about one-200 

third of the total rainfall amount. In particular, about 60% of the 72-hour total rainfall appears 201 

to have occurred just in 18 h between 0600 UTC 6 July and 0000 UTC 7 July, about 60% of 202 

which was caused by the largest precipitation systems. Figure 4 shows area-averaged 203 

rainfall amount for every 6 hours from 1200 UTC 4 July 2018 onward. Large precipitation 204 

systems of S ≥ 104 km2 caused remarkably large amounts of rainfall for the 6-hour periods 205 

from 0600 UTC 6 July and from 1800 UTC 6 July in the Hiroshima domain (yellow bars in 206 

Fig. 4a). Such a rapid accumulation of rainfall may have resulted in the outbreak of sediment 207 

disasters in the Hiroshima area. On the other hand, from Fig. 3b, we observe that in the 208 

Keihanshin domain, almost half of the total rainfall appears to have been caused by 209 

moderate precipitation (P < 10 mm h−1). Furthermore, when we focus on severe rain (P ≥ 10 210 
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mm h−1), the contribution from smaller precipitation systems is relatively large compared with 211 

that in the Hiroshima domain. Consequently, the rapid accumulation of rainfall as in the 212 

Hiroshima area did not occur in the Keihanshin area. 213 

Figure 5 shows a typical case of the detected precipitation systems in the Hiroshima and 214 

Keihanshin areas. As Fig. 5a, we note that significantly large precipitation systems of S ≥ 215 

104 km2 often covered the Hiroshima area, particularly during the 18 hours from 0600 UTC 216 

6 July to 0000 UTC 7 July. On the other hand, in the Keihanshin area, the smaller 217 

precipitation systems were dominant (Fig. 5b). Some large precipitation systems of S ≥ 104 218 

km2 also passed through this area but their impact was significantly smaller (Figs. 3 and 4). 219 

We speculate that the difference in damage between the Hiroshima and Keihanshin areas 220 

was strongly related to the size difference of the typical precipitation systems striking these 221 

two areas. We further discuss the potential risk due to large precipitation systems in Section 222 

4. 223 

 224 

3.2. Background atmospheric conditions in Hiroshima and Keihanshin areas 225 

  Figure 6 shows time series of the CAPE, KI, ΔV0.5–2.5, and ΔV2.5–6.0 averaged both in the 226 

Hiroshima (red) and Keihanshin (blue) domains. The figure also depicts the time series of 227 

the average value for the pre-12-h period (thick translucent lines). We note from the figure 228 

that the CAPE in the Hiroshima domain was small throughout the heavy rainfall event (red 229 

line in Fig. 6a). On 6 July, when the destructive rainfall due to large precipitation systems 230 
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occurred in the Hiroshima domain, CAPE in this domain was only 53 J kg−1 on average. This 231 

result indicates that the background atmospheric profile around the Hiroshima area on 6 232 

July was nearly neutral to moist convection, although CAPE increased slightly when large 233 

precipitation systems caused the destructive rainfall. In the Keihanshin domain on 6 July, 234 

CAPE was moderate but significantly larger than in the Hiroshima domain (blue line in Fig. 235 

6a). The KI was high throughout the event in both domains (Fig. 6b). The average KI in 72 236 

hours from 1200 UTC 4 July onward was about 37°C (36°C) in the Hiroshima (Keihanshin) 237 

domain: This value is comparable with the most frequent value for the environmental 238 

conditions of quasi-stationary convective clusters in Japan (Unuma and Takemi 2016). On 239 

6 July, KI in the Hiroshima domain was higher than in the Keihanshin domain although CAPE 240 

was considerably lower, thereby implying a relatively small temperature lapse rate and 241 

abundant low-to-mid-level moisture in the Hiroshima domain. In this regard, Hamada et al. 242 

(2015) have shown that the heaviest rainfall is related to less conditionally and convectively 243 

unstable and wetter environments. The background atmospheric condition in the Hiroshima 244 

domain on 6 July probably corresponds to such a “heaviest rainfall” environment. As for 245 

vertical wind shear, the low-level one (ΔV0.5–2.5) increased on 6 July in the Hiroshima domain 246 

(red lines in Fig. 6c): ΔV0.5–2.5 reached the largest value of 16.5 m s−1 at 0300 UTC 6 July, 247 

and the average ΔV0.5–2.5 on July 6 in the Hiroshima domain was 12.2 m s−1, which is larger 248 

than the average values on the other days (July 4, 5, and 7). The mid-level shear (ΔV2.5–6.0) 249 

had an increasing trend from 1200 UTC 4 July to 1200 UTC 7 July in the Hiroshima domain 250 
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(red lines in Fig. 6d). Although ΔV2.5–6.0 reached the maximum at 1200 UTC 7 July, the 251 

average ΔV2.5–6.0 of each day in the Hiroshima domain becomes largest on 6 July because 252 

ΔV2.5–6.0 decreased sharply after 1200 UTC 7 July (not shown). In the Hiroshima domain, 253 

the destructive rainfall caused by large precipitation systems occurred under a high vertical 254 

wind shear environment. In the Keihanshin domain, while the peak value of ΔV0.5–2.5 was 255 

smaller than that of the Hiroshima domain (blue line in Fig. 6c), the ΔV2.5–6.0 value was 256 

comparable, or even sometimes significantly larger (blue line in Fig. 6d). This result indicates 257 

that a high vertical wind shear environment does not always result in the formation of large 258 

precipitation systems. We also note that the area of the analysis domain (3309 km2) is 259 

significantly less than that of large precipitation systems (O(104 km2)), and thus, the 260 

atmospheric profile in the analysis domain does not necessarily correspond to the 261 

environment of each precipitation system. The following section focuses on further statistical 262 

analysis to elucidate the preferable conditions for large precipitation systems. 263 

 264 

4. Discussion 265 

4.1. Potential risk due to large precipitation systems 266 

  The rainfall caused by large precipitation systems (S ≥ 104 km2) seems to be strongly 267 

related to the catastrophic damage observed in the Hiroshima area. Here, we discuss the 268 

potential risk due to large precipitation systems. Figure 7 shows the distribution of the mean 269 

rainfall intensity of each precipitation system detected in western Japan from 1200 UTC 4 270 
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July to 1200 UTC 7 July 2018 in the form of box-and-whisker plots for each size category. 271 

The mean rainfall intensity of the precipitation system tends to become stronger as the size 272 

of system increases. In general, the rainfall amount at a certain location is determined by 273 

both the average rainfall intensity and duration of the rainfall (Doswell et al. 1996). For the 274 

heavy rainfall in July 2018, larger precipitation systems tended to exhibit stronger rainfall 275 

intensities, and thus, had potential to cause more rainfall amount for the same duration. The 276 

rainfall duration caused by each precipitation system is unknown. However, we suppose that 277 

it takes longer time for larger precipitation systems to pass a certain location. In our 278 

classification, the area of precipitation system is categorized by the tenfold increase, 279 

corresponding to 3.2 times difference in horizontal length scale. If the propagation speeds 280 

of the systems are not significantly different among the different size categories, the rainfall 281 

durations caused by larger precipitation systems are longer. 282 

  From Fig. 7, the difference in the rainfall intensity between the categories of S = 103–104 283 

km2 and S ≥ 104 km2 is significantly smaller than this difference between other categories. 284 

This implies that precipitation systems with areas larger than O(103 km2) consist of multiple 285 

smaller (S < O(103 km2)) precipitation systems having similar rainfall intensities. Kato (2006) 286 

revealed that precipitation system observed over northern Kyushu on 29 June 1999 had 287 

hierarchical structure from individual convective cells to mesoscale convective systems 288 

(MCSs). It is plausible that large precipitation systems of S ≥ 104 km2 detected in our study 289 

correspond to such MCSs and have similar hierarchical structure to that elucidated by Kato 290 



 15 

(2006). In the case of the Kyushu heavy rainfall in 1999, the propagation speeds of MCSs 291 

were much slower than those of individual convective cells (Kato 2006). Thus, large 292 

precipitation systems here can also have slower propagation speed, and rainfall durations 293 

caused by large precipitation systems become even longer. 294 

  A continuous intense rainfall causes its rapid accumulation. It will lead to a rapid increase 295 

in the soil water content considering the simple tank model (e.g., Ishihara and Kobatake 296 

1979), which may result in the outbreak of sediment disasters. In the Hiroshima area, intense 297 

and possibly continuous rainfall caused by large precipitation systems led to a very rapid 298 

increase in the accumulated rainfall, thereby enhancing the risk of sediment disasters in this 299 

area. On the other hand, in the Keihanshin domain, the passage of smaller precipitation 300 

systems (Fig. 5b) resulted in more intermittent rainfall, which led to less enhancement of soil 301 

water content relative to the Hiroshima area. We suggest that the destructive damage in the 302 

Hiroshima area was mainly caused by large precipitation systems of S ≥ 104 km2. 303 

 304 

4.2. Impact of large precipitation systems in western Japan 305 

  To discuss the risk due to large precipitation systems of S ≥ 104 km2 more generally, we 306 

evaluate the impact of large precipitation systems on rainfall amounts in western Japan 307 

during the heavy rainfall event. Figure 8 shows the accumulated rainfall amount due to large 308 

precipitation systems during the 72 hours from 1200 UTC 4 July to 1200 UTC 7 July and its 309 

ratio relative to the total rainfall amount in the same period. The rainfall amount caused by 310 
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large precipitation systems was significantly large in northern Kyushu Island, western 311 

Shikoku Island, and the rainfall area extended from the Hiroshima area to its northeast (Fig. 312 

8a), and its contribution to the total rainfall was also large in these areas (Fig. 8b). Among 313 

these, the area including the Hiroshima domain was the most widely affected by large 314 

precipitation systems. We note here that there were 413 sediment disasters in Ehime 315 

Prefecture located in western Shikoku Island, which was next only to the number of sediment 316 

disasters in Hiroshima Prefecture (CAO 2019). In three prefectures in northern Kyushu 317 

Island (Nagasaki, Saga, and Fukuoka prefectures), there were 198 sediment disasters, 318 

which was almost twice that in the Keihanshin area (CAO 2019). In these areas, rapid 319 

accumulation of rainfall caused by large precipitation systems possibly led to deadly 320 

disasters. We speculate that the outbreak of sediment disasters during the heavy rainfall 321 

event was strongly related to continuous intense rainfall caused by large precipitation 322 

systems. However, a more detailed analysis of the link between precipitation system 323 

characteristics and local damage in western Japan during the heavy rainfall event is 324 

necessary. This will be addressed in future studies. 325 

 326 

4.3. Preferable conditions for large precipitation systems 327 

  To examine the preferable conditions for the formation of large precipitation systems, we 328 

performed a simple statistical analysis. Figure 9 shows the box-and-whisker plots for the 329 

CAPE, KI, ΔV0.5–2.5, and ΔV2.5–6.0 for the precipitation systems of each size category detected 330 
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in western Japan (the red-framed region in Fig. 1a) from 1200 UTC 4 July to 1200 UTC 7 331 

July 2018. The values of these indices for each precipitation system are defined as their 332 

average within the area enclosed by the edge of each system. The three plots in each panel 333 

indicate the distributions for the precipitation systems of S = 102–103 km2 (left), S = 103–104 334 

km2 (middle), and S ≥ 104 km2 (right). The sample size of each category was 9230, 1491, 335 

and 208 in that order. As can be inferred from Fig. 6, the background atmospheric fields of 336 

the precipitation systems appearing in the heavy rainfall event are characterized by small 337 

CAPE and high KI values (Figs. 9a and 9b, respectively). However, there is no systematic 338 

trend in both the CAPE and KI values with respect to the size of the precipitation system. 339 

This result indicates that the size of the precipitation system does not depend on CAPE and 340 

KI, at least for the heavy rainfall event in July 2018, although a high-KI environment affords 341 

preferable conditions for moist convection. On the other hand, there is a clear trend in 342 

vertical wind shear (Figs. 9c and 9d). The 25th percentile values (bottom of the green box) 343 

for the largest-size group are larger than the median values (horizontal bar in the green box) 344 

for other groups. Hence, as regards the heavy rainfall event in July 2018, we can state that 345 

a high vertical wind shear environment provided preferable conditions for the formation of 346 

large precipitation systems with areas equal to or larger than 104 km2. In general, vertical 347 

wind shear is necessary for the generation and maintenance of organized convective 348 

systems, such as multicell storms or squall lines. For example, under the environment of 349 

conditional instability, low-level vertical wind shear works on generating new convective cells 350 
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successively by inducing the convergence of old-cell-generated cold pools and warm moist 351 

air in front of the old cells, thus resulting in convective organization (Weisman and Klemp 352 

1982; Rotunno et al. 1988). Such a mechanism is probably related to the formation of large 353 

precipitation systems having the hierarchical structure like MCSs observed in the Kyushu 354 

heavy rainfall in 1999 (Kato 2006). Furthermore, vertical vorticity generated by tilting the 355 

horizontal vorticity associated with low-to-mid-level vertical wind shear can enhance the 356 

longevity and intensity of each convective cell in precipitation systems, thus leading to strong 357 

rainfall intensity in large precipitation systems (Fig. 7). The hodograph shape for 358 

environmental wind were not investigated in this study, although this, in addition to the 359 

magnitude of shear, also impacts the convective storm characteristics. This will be 360 

addressed in future studies. 361 

 362 

5. Conclusions and remarks 363 

  We examined the rainfall intensity data during the extreme heavy rainfall event in western 364 

Japan in July 2018 in order to clarify the reason underlying the damage difference between 365 

the Hiroshima and Keihanshin areas despite the fact that both these areas experienced 366 

almost the same amount of total rainfall. In the Hiroshima area, large precipitation systems 367 

with an area equal to or larger than 104 km2 caused a rapid increase in accumulated rainfall 368 

amounts. This significantly enhanced the risk of deadly sediment disasters in the Hiroshima 369 

area. In contrast, in the Keihanshin area, almost half of the total rainfall was caused by 370 
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moderate rain whose rainfall intensity was less than 10 mm h−1, and another portion of 371 

rainfall was due to intermittent severe rain caused by relatively small precipitation systems. 372 

Hence, the increase rate of the accumulated rainfall during the event in the Keihanshin area 373 

was considerably smaller, which resulted in less damage. We also examined the 374 

background atmospheric conditions in the Hiroshima and Keihanshin domains applying the 375 

indices of CAPE, K-index (KI), and low- and mid-level vertical wind shear in order to study 376 

the factors contributing to the formation of large precipitation systems. The destructive 377 

rainfall period in the Hiroshima domain was characterized by high KI and a high vertical wind 378 

shear environment. We also focused on the statistics relevant to these indices for 379 

precipitation systems appearing throughout the heavy rainfall event. The results show that 380 

the size of the precipitation system mostly depends on the magnitude of the vertical wind 381 

shear. 382 

Our findings imply that the degree of local damage through widely ranging long-lasting 383 

heavy rainfall largely depends on the size of the precipitation systems striking each area. In 384 

particular, the formation of large precipitation systems appears to significantly increase the 385 

disaster risk, which can be assessed by examining the magnitude of the vertical wind shear. 386 

However, we note here that other factors probably affect the differences in precipitation 387 

systems in addition to the mesoscale background conditions. For example, the coupling of 388 

an atmospheric river and an upper-level disturbance can affect the formation of heavy 389 

precipitation systems (Hirota et al. 2016). Local topography can also enhance the lifting of 390 
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low-level air and consequent heavy rainfall (Watanabe and Ogura 1987; Yoshizaki et al. 391 

2000). Furthermore, low-level moisture supply to a stationary front is necessary for the 392 

successive generation of convective clouds (Yoshida et al. 2018). Investigations of the 393 

influences of these factors on the formation of large precipitation systems can form the topic 394 

of future studies. High-resolution numerical experiments reasonably simulating the 395 

generation of each convective cloud are desirable to understand the formation mechanism 396 

of large precipitation systems. It is necessary to further investigate the essence of large 397 

precipitation systems that cause catastrophic damage to human society. 398 

 399 

Supplement 400 

Supplement 1 presents a comparison of the rainfall amounts estimated by the radar data 401 

and by the radar/rain-gauge-analyzed precipitation data. Figure S1 shows the time series of 402 

the total rainfall rate and the accumulated rainfall amounts estimated by the radar/rain-403 

gauge-analyzed precipitation data. These are to be compared with Figs. 1a and 1b. Figure 404 

S2 compares the two datasets for the area-averaged accumulated rainfall in the analysis 405 

domains. 406 
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 479 

List of Figures 480 

 481 

Fig. 1  (a) Time series of total rainfall rate in the red-framed region shown in the map at the 482 

upper left, as estimated from the radar reflectivity observed by C-band radars operated by 483 

the Japan Meteorological Agency (JMA). The time range is from 0000 UTC 1 July 2018 484 

(right) to 0000 UTC 9 July 2018 (left). The analysis period from 1200 UTC 4 July to 1200 485 

UTC 7 July is indicated by the shaded box. (b) Accumulated rainfall amounts in the 72-h 486 

analysis period as estimated from radar observations. The numbers in the map indicate 5 487 

areas with large rainfall amounts during the 72 hours from 1200 UTC 4 July (1: northern 488 

Kyushu Island, 2: Hiroshima area, 3: central Shikoku Island, 4: Keihanshin area, and 5: 489 

Gifu area). The two boxes indicate the Hiroshima and Keihanshin domains analyzed in 490 
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this study. (c) Thirty-year (1981–2010) climatological precipitation data generated by the 491 

authors based on the monthly mean precipitation in July (JMA) 492 

(https://www.data.jma.go.jp/obd/stats/data/mdrr/atlas/precipitation_07.pdf). 493 

 494 

Fig. 2  Example of precipitation system classification at 1200 UTC 6 July 2018. Blue, cyan, 495 

magenta, and yellow colors correspond to precipitation systems of S < 102 km2, S = 102–496 

103 km2, S = 103–104 km2, and S ≥ 104 km2, respectively, where S denotes the area of the 497 

precipitation system. The gray color indicates moderate rain (rainfall intensity P < 10 mm 498 

h−1). 499 

 500 

Fig. 3  Time series of area-averaged accumulated rainfall in the period from 1200 UTC 4 501 

July to 1200 UTC 7 July 2018 both for (a) the Hiroshima domain and (b) the Keihanshin 502 

domain, indicated by the black frames in Fig. 1b. The gray color indicates the contribution 503 

from moderate rain (rainfall intensity P < 10 mm h−1). Blue, cyan, magenta, and yellow 504 

colors indicate contributions from precipitation systems with S < 102 km2, S = 102–103 km2, 505 

S = 103–104 km2, and S ≥ 104 km2, respectively, where S denotes the area of the 506 

precipitation system. The percentages to the right of each graph indicate cumulative 507 

contribution rates for each classification. 508 

 509 

Fig. 4  Area-averaged rainfall amount for every 6 hours from 1200 UTC 4 July to 1200 UTC 510 
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7 July 2018 both for (a) the Hiroshima domain and (b) the Keihanshin domain. The gray 511 

bars show the rainfall amounts caused by moderate rain (rainfall intensity P < 10 mm h−1). 512 

Red and yellow bars show rainfall amounts caused by precipitation systems with S < 104 513 

km2 and S ≥ 104 km2, respectively, where S denotes the area of the precipitation system. 514 

 515 

Fig. 5  Examples of precipitation systems passing through (a) the Hiroshima area and (b) 516 

the Keihanshin area. (a) Snapshot at 0930 UTC 6 July 2018 and (b) snapshot at 0330 517 

UTC 6 July 2018. Blue, cyan, magenta, and yellow colors indicate precipitation systems 518 

with S < 102 km2, S = 102–103 km2, S = 103–104 km2, and S ≥ 104 km2, respectively, where 519 

S denotes the area of the precipitation system. Red frames in each panel indicate the 520 

analysis domains of the present study. 521 

 522 

Fig. 6  Time series of (a) convective available potential energy (CAPE), (b) K-index, (c) 523 

wind difference between 0.5 and 2.5 km above ground level (AGL), and (d) wind difference 524 

between 2.5 and 6.0 km AGL from 1200 UTC 4 July to 1200 UTC 7 July 2018 in the 525 

analysis domains. Red lines indicate the Hiroshima domain and blue lines indicate the 526 

Keihanshin domain. The thick translucent lines indicate the time series of the average 527 

value for the pre-12-h period. 528 

 529 

Fig. 7  Box-and-whisker plots for mean rainfall intensity of each precipitation system 530 
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detected in western Japan from 1200 UTC 4 July to 1200 UTC 7 July 2018. Each plot 531 

from left to right shows the distribution for precipitation systems with S < 102 km2, S = 102–532 

103 km2, S = 103–104 km2, and S ≥ 104 km2, respectively, where S denotes the area of the 533 

precipitation system. 534 

 535 

Fig. 8  Impact of large precipitation systems (S ≥ 104 km2) on rainfall amounts in western 536 

Japan during the heavy rainfall event. (a) Accumulated rainfall amount caused by large 537 

precipitation systems from 1200 UTC 4 July to 1200 UTC 7 July 2018. (b) Regions with 538 

rainfall amount greater than one-third of the total rainfall amount shown in Fig. 1b. 539 

 540 

Fig. 9  Box-and-whisker plots for (a) convective available potential energy (CAPE), (b) K-541 

index, (c) wind difference between 0.5 and 2.5 km above ground level (AGL), and (d) wind 542 

difference between 2.5 and 6.0 km AGL for each precipitation system detected in western 543 

Japan from 1200 UTC 4 July to 1200 UTC 7 July 2018. The values for each precipitation 544 

system are defined as their average within the area enclosed by the edge of each system. 545 

In each panel, the left, middle, and right plots show the distributions for precipitation 546 

systems with S = 102–103 km2, S = 103–104 km2, and S ≥ 104 km2, respectively, where S 547 

denotes the area of the precipitation system. 548 

  549 



 28 

 550 

 551 

Fig. 1  (a) Time series of total rainfall rate in the red-framed region shown in the map at the 552 

upper left, as estimated from the radar reflectivity observed by C-band radars operated by 553 

the Japan Meteorological Agency (JMA). The time range is from 0000 UTC 1 July 2018 554 

(right) to 0000 UTC 9 July 2018 (left). The analysis period from 1200 UTC 4 July to 1200 555 

UTC 7 July is indicated by the shaded box. (b) Accumulated rainfall amounts in the 72-h 556 

analysis period as estimated from radar observations. The numbers in the map indicate 5 557 

areas with large rainfall amounts during the 72 hours from 1200 UTC 4 July (1: northern 558 

Kyushu Island, 2: Hiroshima area, 3: central Shikoku Island, 4: Keihanshin area, and 5: 559 

Gifu area). The two boxes indicate the Hiroshima and Keihanshin domains analyzed in 560 

this study. (c) Thirty-year (1981–2010) climatological precipitation data generated by the 561 

authors based on the monthly mean precipitation in July (JMA) 562 

(https://www.data.jma.go.jp/obd/stats/data/mdrr/atlas/precipitation_07.pdf). 563 
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 565 

 566 

Fig. 2  Example of precipitation system classification at 1200 UTC 6 July 2018. Blue, cyan, 567 

magenta, and yellow colors correspond to precipitation systems of S < 102 km2, S = 102–568 

103 km2, S = 103–104 km2, and S ≥ 104 km2, respectively, where S denotes the area of the 569 

precipitation system. The gray color indicates moderate rain (rainfall intensity P < 10 mm 570 

h−1). 571 
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 573 

 574 

Fig. 3  Time series of area-averaged accumulated rainfall in the period from 1200 UTC 4 575 

July to 1200 UTC 7 July 2018 both for (a) the Hiroshima domain and (b) the Keihanshin 576 

domain, indicated by the black frames in Fig. 1b. The gray color indicates the contribution 577 

from moderate rain (rainfall intensity P < 10 mm h−1). Blue, cyan, magenta, and yellow 578 

colors indicate contributions from precipitation systems with S < 102 km2, S = 102–103 km2, 579 

S = 103–104 km2, and S ≥ 104 km2, respectively, where S denotes the area of the 580 

precipitation system. The percentages to the right of each graph indicate cumulative 581 

contribution rates for each classification. 582 
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 584 

Fig. 4  Area-averaged rainfall amount for every 6 hours from 1200 UTC 4 July to 1200 UTC 585 

7 July 2018 both for (a) the Hiroshima domain and (b) the Keihanshin domain. The gray 586 

bars show the rainfall amounts caused by moderate rain (rainfall intensity P < 10 mm h−1). 587 

Red and yellow bars show rainfall amounts caused by precipitation systems with S < 104 588 

km2 and S ≥ 104 km2, respectively, where S denotes the area of the precipitation system. 589 
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 591 

 592 

Fig. 5  Examples of precipitation systems passing through (a) the Hiroshima area and (b) 593 

the Keihanshin area. (a) Snapshot at 0930 UTC 6 July 2018 and (b) snapshot at 0330 594 

UTC 6 July 2018. Blue, cyan, magenta, and yellow colors indicate precipitation systems 595 

with S < 102 km2, S = 102–103 km2, S = 103–104 km2, and S ≥ 104 km2, respectively, where 596 

S denotes the area of the precipitation system. Red frames in each panel indicate the 597 

analysis domains of the present study. 598 
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 600 

 601 

Fig. 6  Time series of (a) convective available potential energy (CAPE), (b) K-index, (c) 602 

wind difference between 0.5 and 2.5 km above ground level (AGL), and (d) wind difference 603 

between 2.5 and 6.0 km AGL from 1200 UTC 4 July to 1200 UTC 7 July 2018 in the 604 

analysis domains. Red lines indicate the Hiroshima domain and blue lines indicate the 605 

Keihanshin domain. The thick translucent lines indicate the time series of the average 606 

value for the pre-12-h period. 607 
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 609 

Fig. 7  Box-and-whisker plots for mean rainfall intensity of each precipitation system 610 

detected in western Japan from 1200 UTC 4 July to 1200 UTC 7 July 2018. Each plot 611 

from left to right shows the distribution for precipitation systems with S < 102 km2, S = 102–612 

103 km2, S = 103–104 km2, and S ≥ 104 km2, respectively, where S denotes the area of the 613 

precipitation system. 614 
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 616 

 617 

Fig. 8  Impact of large precipitation systems (S ≥ 104 km2) on rainfall amounts in western 618 

Japan during the heavy rainfall event. (a) Accumulated rainfall amount caused by large 619 

precipitation systems from 1200 UTC 4 July to 1200 UTC 7 July 2018. (b) Regions with 620 

rainfall amount greater than one-third of the total rainfall amount shown in Fig. 1b. 621 
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 623 

 624 

Fig. 9  Box-and-whisker plots for (a) convective available potential energy (CAPE), (b) K-625 

index, (c) wind difference between 0.5 and 2.5 km above ground level (AGL), and (d) wind 626 

difference between 2.5 and 6.0 km AGL for each precipitation system detected in western 627 

Japan from 1200 UTC 4 July to 1200 UTC 7 July 2018. The values for each precipitation 628 

system are defined as their average within the area enclosed by the edge of each system. 629 

In each panel, the left, middle, and right plots show the distributions for precipitation 630 

systems with S = 102–103 km2, S = 103–104 km2, and S ≥ 104 km2, respectively, where S 631 

denotes the area of the precipitation system. 632 


