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Abstract(293/300 words) 30 

The precipitation system and environment causing the heavy rainfall event in July 2020 31 

over Kyushu Island, Japan are analyzed focusing on a hierarchical structure. The 32 

moisture budget analysis over Kyushu reveals the contribution of the free-tropospheric 33 

moisture flux convergence moistening the atmosphere before the rainfall event. Further 34 

analyses by dividing the flux convergence into moisture-advection and wind-convergence 35 

terms indicate that the moisture-advection controlled the moistening. Contributions of 36 

both the boundary-layer and free-tropospheric wind-convergence terms increase after the 37 

moistening. Wide areas with weak precipitation characterize the moistening phase, 38 

whereas concentrated intense precipitation areas develop after the moistening. A 39 

synoptic scale upper-tropospheric trough transports free-tropospheric moisture from the 40 

South China Sea to Kyushu via southern China. The free-tropospheric moisture 41 

converges in a sub-synoptic scale cloud system in front of the trough, providing a moist 42 

environment favorable for the precipitation systems bringing a large amount of 43 

precipitation. A mesoscale depression below the trough developed with active convection 44 

over central China enhances the free-tropospheric moisture transport. Cyclonic 45 

circulations associated with the mesoscale depression and the sub-synoptic scale cloud 46 

system enhance the baroclinicity around Kyushu. An active convective area develops to 47 

a mesoscale convective system covering Kyushu under such conditions. A line-shaped 48 

convective area is generated along the southern edge of the convective system, causing 49 
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the heavy rainfall event. Two intense precipitation areas are embedded in the convective 50 

area along the inflow direction. At the same time, weak precipitation areas spread 51 

downstream of the intense precipitation areas. The vertical cross-sections of the intense 52 

precipitation areas show structures consistent with the organized precipitation systems 53 

with deep inflow layers and the moist absolutely unstable layers. These results suggest 54 

that the organized precipitation system develops under the moist environment prepared 55 

by the free-tropospheric moisture flux convergence associated with the hierarchical 56 

structure.  57 

 58 

Keywords  heavy rainfall event; hierarchical structure; mesoscale depression; deep 59 

inflow; moist absolutely unstable layer; organized precipitation system 60 

61 
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1. Introduction 62 

Heavy rainfall events in Japan frequently occur in East Asia summertime monsoon 63 

season called Baiu in Japan. In particular, Kyushu Island located in western Japan suffers 64 

from disastrous heavy rainfall events in the Baiu season almost every year recently (e.g., 65 

Kato et al. 2018; Tsuguti et al. 2018; Shimpo et al. 2019; Araki et al. 2021).  66 

Some previous studies pointed out that the Baiu front, which is a stationary front 67 

characterizing the Baiu season, is composed of a hierarchical structure (e.g., Ninomiya and 68 

Akiyama 1992). According to Ninomiya and Shibagaki (2003, 2007), a Baiu frontal cloud 69 

zone consists of a 2000 km scale cloud system (referred to as a sub-synoptic scale cloud 70 

system) and a few meso-alpha-scale cloud systems developed to the trailing portion of the 71 

sub-synoptic scale cloud system. They called this hierarchical structure as “a cloud system 72 

family”. Within the meso-alpha-scale cloud systems, precipitation systems with more fine-73 

scale structures are confirmed, which cause heavy rainfall events (e.g., Kato 2006). Such 74 

hierarchical structure in the Baiu season are confirmed in many rainfall events in the Baiu 75 

season (e.g., Akiyama 1989; 1990a, b; Ninomiya 2000; 2020). However, very few studies 76 

have discussed the roles and necessity of the hierarchical structure in heavy rainfall events.  77 

Some precipitation systems developed around the Baiu front have similar 78 

characteristics to those observed in the tropics (Akiyama 1984a, b; Yokoyama et al. 2014). 79 

Akiyama (1978) showed that precipitation systems developed in a Baiu season composed 80 

of narrow convective areas and wide stratiform areas, which is similar to tropical mesoscale 81 
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convective systems (MCSs). Tochimoto and Kawano (2012, 2017a, b) showed that latent 82 

heating played a significant role and the baroclinicity contributed less to the development of 83 

disturbances developed to the west of 140°E of the Baiu front. Many studies pointed out the 84 

significance of latent heating to the development of disturbances on the Baiu front (e.g., 85 

Ninomiya and Kurihara 1987; Chang et al. 1998; Ninomiya and Shibagaki 2003; Tagami et 86 

al. 2007). 87 

In the tropics, the organization of precipitation systems is a key factor in explaining 88 

precipitation amounts. Ahmed and Schumacher (2015) pointed out that the expansion of 89 

stratiform precipitation areas associated with organized MCSs explains the relationship 90 

between precipitation amount and precipitable water shown by Bretherton et al. (2004). The 91 

organization of convection is controlled by free-tropospheric moisture (Sherwood 1999; 92 

Kikuchi and Takayabu 2004; Holloway and Neelin 2009). Therefore, moist environments with 93 

a large amount of free-tropospheric moisture are a key factor for precipitation amount via 94 

the organization of convection. 95 

Organized precipitation systems developed in a moist environment are characterized 96 

by deep inflow layers in which air parcels above the cloud bottom flow into convective areas 97 

(e.g., Kingsmill and Houze 1999; Houze et al. 2000; Mechem et al. 2002; Parker 2007; 98 

Parker and Johnson 2004; Schumacher and Johnson 2008, 2009, Schiro et al. 2018). Bryan 99 

and Fritsch (2000) pointed out that moist absolutely unstable layers (MAULs) are generated 100 

and maintained by the deep inflow in such MCSs. Organized precipitation systems 101 
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characterized by the deep inflow and MAUL develop in moderate convective available 102 

potential energy (CAPE) and moistened environment (Schumacher and Johnson 2009; Choi 103 

et al. 2011). Contrastingly, thunderstorms and supercell storms develop under high 104 

convective available potential energy conditions with the dry middle atmosphere (e.g., 105 

Gilmore and Wicker 1998; Bluestein and Parker 1993; Zheng et al. 2013).  106 

These contrasting environmental features between MCSs with deep inflow and 107 

thunderstorms are consistent with those between precipitation systems bringing the heaviest 108 

rainfall and tallest convection (Hamada et al. 2015; Hamada and Takayabu 2018). Hamada 109 

and Takayabu (2018) showed that precipitation systems producing a large amount of 110 

precipitation in summer around Japan have characteristics of such MCSs. Some previous 111 

studies pointed out the significance of the free-tropospheric moisture as a typical 112 

environment for heavy precipitation systems around Japan (Unuma and Takemi 2016; Tsuji 113 

and Takayabu 2019). These studies indicate that summertime heavy rainfall events in Japan 114 

are caused by such mesoscale systems with the deep inflow and MAUL developed under a 115 

moist environment. 116 

Recently, Tsuji et al. (2021) statistically showed that free-tropospheric moisture 117 

convergence prepares environments favorable for the development of organized 118 

precipitation systems with deep inflow and MAUL that cause heavy rainfalls over Kyushu. 119 

However, detailed analyses for precipitation systems causing specific heavy rainfall events 120 

were a remaining issue because their study was performed regarding area-averaged 121 
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quantities. Moreover, since they suggested that the preceding increase of the free-122 

tropospheric moisture convergence is associated with a large-scale disturbance, we wanted 123 

to examine if an extreme event certainly follows that plot.  124 

In this study, we analyze the preceding moistening and development of the 125 

precipitation system causing the rainfall event over Kyushu in July 2020 in terms of a 126 

hierarchical structure. In the rainfall event, precipitation amount of over 1000 mm was 127 

observed during a week, causing disastrous floods and over 70 fatalities (Hirockawa et al. 128 

2020). We focus on the precipitation system developed on 3–4 July and large-scale 129 

environmental features before the development of the precipitation system. Some studies 130 

about this case have been performed from various viewpoints (Hirockawa et al. 2020; Araki 131 

et al. 2021; Zhao et al. 2021; Horinouchi et al. 2021; Taylor et al. 2021; Tochimoto et al. 132 

2022; Kitabatake et al. 2022; Kawano and Kawamura 2022). However, analyses focusing 133 

on the hierarchical structure and their role in developing the precipitation system have not 134 

been performed. In the rest of this paper, we explain the data and method used in this study 135 

in section 2. The results are presented in section 3. The summary of this paper is shown in 136 

section 4 with some discussions.  137 

 138 

2. Data and Method 139 

2.1 Data 140 

The three-hourly initial values of the Japan Meteorological Agency (JMA) operational 141 
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Mesoscale Model (MSM; JMA, 2019) are used to investigate the moisture budget and the 142 

environment around the rainfall area. These data have 16 vertical layers and a horizontal 143 

resolution of 0.125° longitude × 0.1° latitude, covering a region of 120°E–150°E, 22.4°N–144 

47.6°N. The MSM produced precipitation data (initial values) with a horizontal resolution of 145 

0.0625° longitude × 0.05° latitude are also used. 146 

Six-hourly Japanese 55-year global atmospheric reanalysis (JRA55) product 147 

(Kobayashi et al. 2015) with a 1.25° × 1.25° horizontal resolution and 37 vertical layers are 148 

used to investigate the synoptic environment before the event including outside of the MSM 149 

product coverage. 150 

Infrared (10.4 μm) brightness temperature distribution observed by the Himawari-8 151 

geostationary satellite (Yamamoto et al. 2020; Takenaka et al. 2020) and precipitation data 152 

estimated from the JMA operational weather radar data (Japan Meteorological Agency 153 

observations department 2004) are used to identify cloud systems found during the analysis 154 

period. Horizontal resolutions of these data are 0.02° and 1 km, respectively.  155 

 156 

2.2 Methodology  157 

We evaluate the time evolutions of each term of the moisture budget equation in the 158 

Kyushu region (30°N–35°N, 128.75°E–132.5°E, Fig. 1) calculated with the MSM data, as in 159 

Tsuji et al. (2021). The moisture budget equation is as follows:  160 

𝜕PW

𝜕𝑡
=

1

𝑔
∫ (−∇ ⋅ 𝑞𝑣⃗

𝑝2

𝑝1
)𝑑𝑝 − P + E,  161 
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where PW, t, g, q, 𝑣⃗, p, p1, p2, P, and E denote precipitable water, time, gravity acceleration, 162 

mixing ratio, horizontal wind, pressure, 1000 hPa, 300 hPa, precipitation, and evaporation, 163 

respectively. We ignore evaporation due to its small contribution around Kyushu to total 164 

rainfall in the rainfall event (Zhao et al. 2021). Vertically integrated water vapor flux 165 

convergences (hereafter, IVFCs) are calculated by integrating water vapor flux 166 

convergences at each layer. We also calculate free-tropospheric IVFC by integration in the 167 

900–300 hPa layer and boundary-layer IVFC by integration in the 1000–900 hPa layer to 168 

evaluate the roles of the IVFC in each layer, as in Tsuji et al. (2021).  169 

The IVFC is further divided into a wind-convergence term and an advection term as 170 

follows:  171 

1

𝑔
∫ (−∇ ⋅ 𝑞𝑣⃗

𝑝2

𝑝1
)𝑑𝑝 =

1

𝑔
∫ (−𝑞∇ ⋅ 𝑣⃗)𝑑𝑝 +  

1

𝑔
∫ (−𝑣⃗ ⋅ ∇𝑞)𝑑𝑝

𝑝2

𝑝1

𝑝2

𝑝1
. 172 

The wind-convergence term (the first term of the RHS) is calculated with the same method 173 

as the IVFC. The advection term (the second term of the RHS) is obtained as the residual.  174 

The MAUL condition is defined following Takemi and Unuma (2020) as 175 

RH > 99% and 
𝜕𝜃𝑒

𝜕𝑧
< 0, 176 

where RH, θe, and z, are the relative humidity, equivalent potential temperature, and height, 177 

respectively. Takemi and Unuma (2020) set this definition after considering potential errors 178 

in moisture representations in the MSM and pointed out that the definition is stricter than 179 

that used in Bryan and Fritsch (2000). The equivalent potential temperature is calculated 180 

from temperature, pressure, mixing ratio, and water vapor pressure using Bolton’s (1980) 181 
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method. The water vapor pressure is calculated using saturation water pressure calculated 182 

with Huang’s (2018) method and relative humidity.  183 

     In section 3.2, we show the two-dimensional frontogenesis function (Petterssen 1936) 184 

defined as follows:  185 

𝐹 =
1

|∇𝜃|
[
𝜕𝜃

𝜕𝑥
 (−

𝜕𝑢

𝜕𝑥

𝜕𝜃

𝜕𝑥
−

𝜕𝑣

𝜕𝑥

𝜕𝜃

𝜕𝑦
) +

𝜕𝜃

𝜕𝑦
 (−

𝜕𝑢

𝜕𝑦

𝜕𝜃

𝜕𝑥
−

𝜕𝑣

𝜕𝑦

𝜕𝜃

𝜕𝑦
)], 186 

where θ, x, y, u, and v designate the potential temperature, eastward coordinate, northward 187 

coordinate, zonal wind component and meridional wind component, respectively.  188 

 189 

3. Results 190 

     In this section, we first show the time evolutions of each term of the moisture budget 191 

equation calculated over the Kyushu region (section 3.1). We also show time evolutions of 192 

rainfall area coverages and moisture. Based on the analyses of the time evolutions, we 193 

divide the rainfall event into two periods: Period I, when the atmosphere is moistened before 194 

the rainfall event, and Period II, when the precipitation system causing the rainfall event 195 

develops. The analyses focusing on the large-scale environment moistening the atmosphere 196 

in Period I are shown in section 3.2. In section 3.3, analyses of the characteristics of the 197 

precipitation system developed under the moist environment in Period II are shown.  198 

 199 

3.1 Time evolutions over the Kyushu region 200 

Figure 2a shows the time evolution of each term in the moisture budget equation. 201 



 10 

Maximum area-averaged precipitation during the rainfall event is detected at 03 JST 202 

(JST=UTC+9) 4 July (hereafter, referred to as the rainfall peak time). The free-tropospheric 203 

IVFC starts to be positive at 06 JST 2 July and reaches its maximum at 12 JST 3 July, before 204 

the rainfall peak time. Until 15 JST 3 July, the free-tropospheric IVFC has a larger value 205 

compared to the boundary-layer IVFC (Fig. 2a). The change in the free-tropospheric IVFC 206 

is characterized by the advection term until 00 JST 3 July, while the contribution of wind-207 

convergence term increases after 00 JST 3 July (Fig. 2b). The evolution of the precipitable 208 

water tendency follows that in the free-tropospheric advection (Fig. 2b). The boundary-layer 209 

IVFC starts to be positive at 15 JST 2 July, nine hours later than the free-tropospheric IVFC 210 

(Fig. 2a). The change in the boundary-layer IVFC is mainly associated with the wind-211 

convergence term and the advection term contributes less to the total IVFC throughout the 212 

analysis period. The difference in the contribution of the two terms between the boundary-213 

layer and free-tropospheric IVFCs causes the delay in the onset time of the boundary-layer 214 

IVFC. The free-tropospheric IVFC begins to increase by the advection of large-scale 215 

circulation, whereas the boundary-layer IVFC begins to increase by the wind-convergence 216 

term in association with convections developed in the moist environment provided by the 217 

free-tropospheric IVFC. The wind-convergence term in both the boundary-layer and free-218 

troposphere is dominant around the rainfall peak time. The onset times of these terms are 219 

close to each other (18 and 21 JST 2 July, respectively) as well as those for their maximum 220 

values (03 and 06 JST 4 July). The amplitudes of the wind-convergence terms are 221 
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comparable. These results indicate that the free-tropospheric advection contributes to 222 

moistening the atmosphere before the rainfall peak time. After the moistening, the 223 

precipitation system causing the rainfall event develops with convergence in a deep layer. 224 

A remarkable moistening is observed at 500–600 hPa from 06 JST 2 July to 15 JST 3 225 

July (Fig. 3). In this layer, relative humidity increases to over 70%. The mixing ratio increases 226 

fourfold. The increasing period corresponds to that of the positive precipitable water 227 

tendency and positive free-tropospheric IVFC (Fig. 2a). After 15 JST 3 July, the mid-228 

tropospheric moisture starts to decrease. In contrast, the boundary-layer moisture continues 229 

to increase after 15 JST 3 July and reaches its maximum at 03 JST 4 July. However, the 230 

increase speed of the boundary-layer moisture is slower than that in the free troposphere. 231 

Figure 4 shows time evolutions of rainfall area coverages obtained from the JMA 232 

operational weather radar data for four different precipitation thresholds. Before 18 JST 3 233 

July, wide rainfall areas with weak precipitation intensity cover Kyushu. Most rainfall areas 234 

consist of precipitation weaker than 5 mm h-1. However, after 18 JST 3 July, weaker rainfall 235 

areas shrink, whereas intense rainfall area coverages increase. In particular, rainfall areas 236 

over 30 mm h-1 expanded after 18 JST 3 July. The change in the rainfall area characteristics 237 

indicates a transition of precipitation systems bringing rainfall to the Kyushu region. 238 

These results indicate that this rainfall event consists of two periods: In the first period 239 

(Period I: 09 JST 2 July to 15 JST 3 July), the atmosphere is moistened primarily by the free-240 

tropospheric advection with weak precipitation. We analyze this part in section 3.2 focusing 241 
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on the synoptic environment that moistens the atmosphere over the Kyushu region. In the 242 

second period (Period II: 18 JST 3 July to 03 JST 4 July), the wind-convergence terms play 243 

a significant role in generating the precipitation system with intense precipitation under 244 

moistened environments. We analyze the second part focusing on the characteristics of the 245 

precipitation system causing the heavy rainfall event that developed under the moistened 246 

environment in section 3.3.  247 

 248 

3.2 Synoptic environment moistening the atmosphere over the Kyushu region 249 

 To reveal the processes moistening the atmosphere before the rainfall event by the 250 

free-tropospheric IVFC, we investigate synoptic conditions in Period I. At 09 JST 2 July, a 251 

synoptic scale upper-tropospheric trough starts to develop over central China (around 110°E, 252 

Fig. 5a). Active convection with brightness temperature lower than 220 K develops near the 253 

trough (around 30°N, 110°E at Fig. 6a). A local maximum of 850 hPa vorticity collocates with 254 

the active convection (Fig. 7a, labeled as Y). The free-tropospheric moisture flux comes from 255 

the South China Sea toward this trough. The free-tropospheric IVFC is analyzed over a 2000 256 

km scale area in front of the trough (110°E–130°E, 25°N–35°N, Fig. 5a). A brightness 257 

temperature lower than 260 K characterizes this area (Fig. 6a) with a vorticity maximum at 258 

500 hPa (Fig. 7a, labeled as A). Because these characteristics are similar to those of the 259 

sub-synoptic scale cloud system shown in Ninomiya and Shibagaki (2003; 2007), this 2000 260 

km scale area is defined as a sub-synoptic scale cloud system. 261 



 13 

The upper-tropospheric trough develops as propagates eastward (Figs. 5b–5d). Below 262 

the trough, a positive vorticity area with about a 1000 km scale is analyzed in association 263 

with a mesoscale depression (Figs. 7b-7d, labeled as B for 500 hPa and Y for 850 hPa). 264 

The free-tropospheric moisture flux is enhanced to the southeast of the mesoscale 265 

depression with developing the trough and depression, which also enhances the free-266 

tropospheric IVFC in the sub-synoptic scale cloud system (Figs. 5b–5d). A large gradient of 267 

precipitable water is analyzed in the Kyushu region at 21 JST 2 July (Fig. 5b), contributing 268 

to generating the large value of the free-tropospheric moisture advection (Fig. 2b). After this 269 

time, the Kyushu region is covered by an area with precipitable water over 50 mm (Figs. 5c 270 

and 5d), comparable to the tropics. The free-tropospheric moisture flux comes to the Kyushu 271 

region from the South China Sea via southern China located to the south of the trough during 272 

Period I (Fig. 5). These results indicate that the moisture transport associated with the 273 

synoptic scale upper-tropospheric trough, enhanced by the mesoscale depression, and 274 

converged in the sub-synoptic scale cloud system, plays a significant role in moistening the 275 

Kyushu region before the rainfall peak time. 276 

With the eastward propagation of the trough, the sub-synoptic scale cloud system also 277 

propagated eastward (Figs. 6b–6d) with the vorticity maximum at 500 hPa (Fig. 7b–7d, 278 

labeled as A). The maximum value of over 6×10-5 s-1 sustains during Period I although a 279 

few other local maxima appear around the maximum. A vorticity maximum of over 6×10-5 280 

s-1 at 850 hPa is analyzed to the south of the 500 hPa vorticity maximum in the sub-synoptic 281 
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scale cloud area at 09 JST 2 July (Fig. 7a, labeled as X), propagating eastward with 282 

development (Figs. 7b-7d). As the upper-tropospheric trough develops, the vorticity 283 

maximum associated with the mesoscale depression develops at 500 and 850 hPa (Figs. 284 

7b–7d, labeled as B for 500 hPa and Y for 850 hPa). At 15 JST 3 July, the maximum values 285 

reach over 1×10-4 s-1 and locate over the East China Sea (Fig. 7d).  286 

     To investigate the environment around the Kyushu region, Fig. 8 shows temperature, 287 

wind vector, and horizontal temperature advection at 850 hPa obtained from the JRA55 data 288 

from 09 JST 3 July to 03 JST 4 July. Westerly or southwesterly winds are enhanced in a 289 

wide area around the Kyushu region (125°E–145°E, 30°N–35°N) by circulations associated 290 

with the sub-synoptic scale cloud system and the mesoscale depression. In association with 291 

the warm advection by the southwesterly winds, the temperature to the south of Kyushu 292 

increases over 2 K from 09 JST 3 July to 03 JST 4 July. To the north of Kyushu around 36°N, 293 

easterly winds are analyzed in association with the cyclonic circulation of these systems (Fig. 294 

8) and an anti-cyclonic circulation of the high-pressure system centered around 42°N, 135°E. 295 

Temperature around 36°N decreases by over 2 K from 09 JST 3 July to 03 JST 4 July. The 296 

horizontal distribution of temperature advection (contours) indicates that the horizontal 297 

temperature advection does not contribute to this temperature decrease. Some physical 298 

processes such as nighttime radiative cooling from the surface under clear sky may be 299 

contributing. A detailed discussion about the mechanism of the temperature decrease is left 300 

for future work.  301 
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These temperature tendencies enhance the baroclinicity around the Kyushu region 302 

in Period II. Figure 9 shows the horizontal temperature gradient and two-dimensional 303 

frontogenesis function at 850 hPa calculated with JRA55 data. A small temperature gradient 304 

is analyzed at 09 JST 3 July (Fig. 9a) around the Kyushu region. A positive frontogenesis 305 

region collocates with the mesoscale depression in the East China Sea. In contrast, the sub-306 

synoptic scale cloud system has a smaller temperature gradient compared to the mesoscale 307 

depression. As the circulations are enhanced, areas with large temperature gradients and 308 

positive frontogenesis expand horizontally. At 21 JST 3 July and 03 JST 4 July, a 309 

frontogenesis region is analyzed in the north part of the Kyushu region (Fig. 9c, 9d). 310 

Ninomiya and Shibagaki (2003) pointed out that the increase in the baroclinicity plays a role 311 

in the sub-synoptic scale cloud system to prepare the environment favorable for active 312 

convection at the trailing portion of the cloud system. Kitabatake et al. (2022) suggested that 313 

the ascending forcing associated with the enhancement of the front in this baroclinic field 314 

can initiate active convections at the beginning of the heavy rainfall.  315 

 316 

3.3 Characteristics of a precipitation system causing the rainfall event 317 

 In this subsection, we focus on the characteristics of a precipitation system 318 

developed under the moist environment prepared in Period I. Figure 10 shows snapshots of 319 

IR images and precipitation distribution for a precipitation system causing the heavy rainfall 320 

event. An active convective area with a brightness temperature lower than 200 K is 321 
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generated to the west of Kyushu (32°N, 129°E) at 18 JST 3 July (Fig. 10a). This convective 322 

area develops into an MCS with a horizontal scale of a few hundred kilometers at the rainfall 323 

peak time (Fig. 10d). A meso-beta-scale line-shaped narrow area with intense precipitation 324 

of over 80 mm h-1 is observed along the south edge of the MCS at 00 JST 4 July (Fig. 10g, 325 

128°E–133°E, 32°N–32.5°N). The area is also identified at 03 JST 4 July, causing the 326 

disastrous rainfall event (Fig. 10h). A wide area with weak precipitation is observed around 327 

the north and west of the line-shaped narrow area (Fig. 10h). Such precipitation distribution 328 

is similar to that associated with an organized MCS consisting of narrow intense convective 329 

areas and wide stratiform precipitation areas (e.g., Houze 2004).  330 

The MSM precipitation product reasonably reproduces the precipitation distribution 331 

around the rainfall peak time although precipitation intensity is weaker than the observation 332 

(Fig. 11). Two intense precipitation areas with precipitation over 40 mm h-1 are distributed 333 

along the water vapor flux in both 00 JST and 03 JST 4 July (around 129°E and 131°E, Fig. 334 

11), which are embedded in the line-shaped narrow area. A wide area with precipitation 335 

weaker than 20 mm h-1 is distributed to the north and east of the intense precipitation area. 336 

Because of westerly winds in the middle to upper troposphere over the Kyushu region (not 337 

shown), the wide weak precipitation area locates on the downstream side of the intense 338 

precipitation areas. MAULs are analyzed around the intense precipitation areas.  339 

To investigate detailed structures of the intense precipitation areas, we make vertical 340 

cross-sections along with the vertically integrated water vapor flux (Fig. 12). Inflow layers 341 
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deeper than the boundary layer slantly ascend around the intense precipitation areas (32°N–342 

32.3°N) at 03 JST 4 July for the two cross-sections. MAUL conditions are satisfied around 343 

the ascending area. Such distributions of wind, equivalent potential temperature, and 344 

MAULs are similar to the idealized schematic figure of MCS with deep inflow and MAUL 345 

shown by Bryan and Fritch (2000). The slantwise ascending inflow layer is also observed at 346 

00 JST 4 July in the eastern intense precipitation area (Fig. 12c). Although the slantwise 347 

ascent of the inflow layer is unclear in the western intense precipitation area at 00 JST 4 348 

July (Fig. 12a), the low-level winds tend to ascend at around 31.8°N. Additionally, some grids 349 

with MAUL conditions are observed. These results indicate that the deep inflow layer with 350 

MAUL sustains a few hours around the MCS.  351 

  352 

4. Summary, Conclusions, and Discussions  353 

4.1 Summary 354 

A case study of a heavy rainfall event in July 2020 over Kyushu, Japan is conducted 355 

focusing on a hierarchical structure associated with the environmental conditions which 356 

moisten the atmosphere before the rainfall event and the characteristics of the precipitation 357 

system causing the heavy rainfall. The hierarchical structure is schematically shown in Fig. 358 

13a. The water vapor budget analysis over the Kyushu region reveals that the precipitable 359 

water tendency increases following the change in the free-tropospheric moisture advection 360 

till 9 hours before the rainfall event (Period I). Weak precipitation is observed over a wide 361 
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area in the Kyushu region. After the moistening, wind-convergence terms in both boundary-362 

layer and free-troposphere become dominant (Period II). The precipitation area in Period II 363 

shrinks compared to that in Period I, but areas with intense precipitation expand. The 364 

moistening in Period I is caused by a convergence of southwesterly moisture flux associated 365 

with a synoptic scale upper-tropospheric trough. The convergence area locates in front of 366 

the trough with a sub-synoptic scale (about 2000 km scale) cloud system. The upper-367 

tropospheric trough develops by active convection over central China accompanied by a 368 

mesoscale (about 1000 km scale) depression in the lower troposphere. The mesoscale 369 

depression enhances southwesterly moisture flux, helping to further moisten the 370 

atmosphere in the sub-synoptic scale cloud system. Then, the Kyushu region is covered by 371 

an area with precipitable water over 50 mm, comparable to the tropics, by these moistening 372 

processes. In Period II, a cyclonic circulation associated with the sub-synoptic scale cloud 373 

system and the mesoscale depression increases baroclinicity around the Kyushu region in 374 

the lower troposphere. The moist environment and baroclinicity help to generate an MCS at 375 

the trailing portion of the sub-synoptic scale cloud system. A meso-beta-scale precipitation 376 

area extending west-east directions develops at the southern edge of the MCS, causing the 377 

heavy rainfall event. At the same time, slantly ascending deep inflow layers with MAULs are 378 

diagnosed in the intense precipitation area (Fig. 13b). The characteristics of the MCS are 379 

consistent with the organized precipitation system.  380 

 381 
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4.2 Conclusions and Discussions 382 

The results of the analyses indicate that the rainfall event is characterized by a 383 

hierarchical structure such that the organized precipitation system with meso-beta-scale 384 

intense precipitation areas develops under the moist environment and baroclinicity 385 

generated by the upper-tropospheric trough, the sub-synoptic scale cloud system and the 386 

mesoscale depression. The organized precipitation system causing the disastrous rainfall 387 

event develops with deep inflow and MAUL under the moist environment provided by the 388 

free-tropospheric IVFC associated with large-scale features. Therefore, studies of large-389 

scale environmental features as well as fine-scale features of the precipitation systems 390 

causing heavy rainfall events are significant to understand the generation and development 391 

of the precipitation systems. 392 

The results of this study emphasize the significance of the moistening in the free 393 

troposphere before the rainfall event. The moist environment in the free troposphere is 394 

favorable for the development of the organized precipitation systems with deep inflow and 395 

MAUL (e.g., Bryan and Fritch 2000; Mechem et al. 2002). Such organized precipitation 396 

systems bring about intense precipitation (Hamada et al. 2015; Hamada and Takayabu 397 

2018). A large amount of free tropospheric moisture is also confirmed in some case studies 398 

about rainfall events in Japan (Hirota et al. 2016; Takemi and Unuma 2019; Tsuji et al. 2020; 399 

Yokoyama et al. 2020; Unuma and Takemi 2021). Moreover, the increases in the free-400 

tropospheric IVFC and precipitable water tendency before rainfall events are shown 401 
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statistically by Tsuji et al. (2021). We show that the preceding moistening is associated with 402 

an upper tropospheric trough, a sub-synoptic scale cloud system, and a mesoscale 403 

depression. The sub-synoptic scale cloud system passing before the heavy rainfall event is 404 

consistent with the concept of the cloud system family (Ninomiya and Shibagaki 2003; 2007). 405 

Some previous studies indicate that upper tropospheric troughs play a role to develop 406 

mesoscale disturbances and rainfall events over East Asia (Nie and Fan 2019: Shibuya et 407 

al. 2021). Tochimoto et al. (2022) pointed out that the upper tropospheric trough affects the 408 

development of the mesoscale depression and moisture flux to the Kyushu region in this 409 

event. Our results and these previous studies suggest that such large-scale conditions can 410 

be used as a key factor to predict heavy rainfalls. 411 

In this study, the detailed processes of the development of the precipitation system, 412 

such as how the inflow layer ascent develops, is not investigated. The orography of Kyushu  413 

can contribute to lifting the deep inflow layer and producing MAUL in part of the precipitation 414 

area developed over Kyushu (Fig. 10), as suggested by Takemi and Unuma (2020). However, 415 

the intense precipitation area is also developed over the ocean (Fig. 10). Some previous 416 

studies about the organized precipitation systems suggest that a mesoscale circulation 417 

produced by a gravity wave response to a quasi-steady diabatic heating associated with 418 

convection generates the slantwise ascent (e.g., Pandya and Durran 1996; Fovell 2002; Liu 419 

and Moncrieff 2017). For the precipitation system in this event, Kitabatake et al. (2022) 420 

pointed out the significance of the lower tropospheric baroclinicity, mid-tropospheric dry air 421 
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advection, and dynamical forcing associated with the upper tropospheric trough to the 422 

development of the precipitation system can cause the rainfall event. Further quantitative 423 

studies about what factors contribute to the development are needed.  424 

Although this study suggests that the moist environment and organized precipitation 425 

system with deep inflow and MAUL are key factors for rainfall events, some previous studies 426 

also identified rainfall events that are caused by other factors. For example, extremely tall 427 

convections are observed in a heavy rainfall event in July 2017 in northern Kyushu (Kato et 428 

al. 2018). Some studies pointed out that the characteristics of the precipitation system 429 

causing rainfall events are consistent with those in the extreme convections of Hamada and 430 

Takayabu (2018) (Tsuji et al. 2020, Sato et al. 2021). Moreover, Ito et al. (2020) pointed out 431 

that MAULs hardly contributed to the precipitation system causing the heavy rainfall event 432 

in northern Kyushu in 2017. For rainfall events with such the extreme convection type 433 

systems, convective instability associated with boundary-layer moisture transport and mid-434 

level dry air may play a significant role to produce the precipitation systems causing rainfall 435 

events (e.g., Kato and Goda 2001; Tsuguti and Kato 2014; Kato 2006, 2018, 2020). Further 436 

studies are needed to clarify conditions that determine the characteristics of precipitation 437 

systems.  438 

 439 
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List of Figures 710 

Fig. 1. A map around the analysis region. The red rectangle designates the Kyushu region.  711 

Fig. 2. (a) Time evolution of the total IVFC (black, bold), boundary-layer IVFC (red with 712 

triangle marks), free-tropospheric IVFC (blue with cross marks), precipitation (purple), 713 

and precipitable water tendency (green, dotted line) (units: mm day−1) in the heavy 714 

rainfall event in July 2020. The abscissa designates local time (UTC + 9). (b) Same as 715 

in Fig. 2a, but for the boundary-layer advection (red, bold), boundary-layer wind-716 

convergence (red, thin), free-tropospheric advection (blue, bold), and free-tropospheric 717 

wind-convergence (blue, thin). Precipitation (purple) and precipitable water tendency 718 

(green, dotted line) are also plotted. 719 

Fig. 3: Time-height cross-section of relative humidity (color, %) and mixing ratio (contour g 720 

kg-1) averaged over the Kyushu area obtained from the MSM data. The ordinate and 721 
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abscissa designate pressure (hPa) and local time (UTC + 9), respectively. 722 

Fig. 4: (a) Time evolution of area coverages of precipitation (km2) more than 1 mm h-1 (black), 723 

5 mm h-1 (green), 10 mm h-1 (blue), and 30 mm h-1 (red) within the Kyushu area 724 

calculated with JMA operational radar data. The abscissa designates local time (UTC + 725 

9). 726 

Fig. 5: Horizontal distributions of the free-tropospheric IVFC (color, mm day-1), precipitable 727 

water (red contour, mm, shown only over 40 mm), free-tropospheric moisture flux 728 

(vector, kg m-1 s-1, shown only over 200 kg m-1 s-1), and isentropic potential vorticity on 729 

350 K (green contour, shown only 1, 2, and 3 PVU) obtained from JRA55 data at (a) 09 730 

JST 2 July, (b) 21 JST 2 July, (c) 09 JST 3 July, and (d) 15 JST 3 July.  731 

Fig. 6: (a) Infrared brightness temperature (K) observed by Himawari 8 at (a) 09 JST 2 July, 732 

(b) 21 JST 2 July, (c) 09JST 3 July, and (d) 15 JST 3 July.  733 

Fig. 7: Relative vorticity at 500 hPa (color, ×10-5 s-1) and 850 hPa (black contours, ×10-5 s-1) 734 

obtained from JRA55 data at (a) 09 JST 2 July, (b) 21 JST 2 July, (c) 09 JST 3 July, and 735 

(d) 15 JST 3 July. Only positive values are shown. Blue contours designate potential 736 

vorticity on 350 K isentropic surface (PVU, shown only 1, 2, and 3 PVU contours).  737 

Fig. 8: Temperature (color, °C), wind vectors (m s-1, shown only over 2.5 m s-1), and 738 

horizontal temperature advection (contours, −𝑉 ⋅ ∇𝑇, 10-5 K s-1) at 850 hPa obtained 739 

from JRA55 data at (a) 09 JST 3 July, (b) 15 JST 3 July, (c) 21 JST 3 July, and (d) 03 740 

JST 4 July. The contour intervals are 1×10-5 K s-1 for the cold advection and 5×10-5 K 741 
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s-1 for the warm advection. 742 

Fig. 9: (a–d) Infrared brightness temperature (K) observed by Himawari 8 and (e–h) 743 

precipitation distribution observed by JMA weather radar (mm h-1) at (a, e) 18 JST 3 744 

July, (b, f) 21 JST 3 July, (c, g) 00 JST 4 July, and (d, h) 03 JST 4 July. 745 

Fig. 10: Horizontal temperature gradient [color, K (100 km)-1] and horizontal frontogenesis 746 

[K (100 km)-1 (day)-1, shown only over 0.5 K (100 km)-1 (day)-1] at 850 hPa calculated 747 

with JRA55 data at (a) 09 JST 3 July, (b) 15 JST 3 July, (c) 21 JST 3 July, and (d) 03 748 

JST 4 July. 749 

Fig. 11: Precipitation distribution (color, mm h−1) and vertically (1000–300 hPa) integrated 750 

water vapor flux (vector, kg m−1 s−1, shown only over 1000 kg m−1 s−1) obtained from 751 

the MSM data at (a) at 00 JST 4 July and (b) at 03 JST 4 July. Orange contours 752 

designate areas where MAUL conditions are satisfied at least 2 vertical levels between 753 

500 and 800 hPa. Green dashed lines mark the location of the cross-sectional analyses 754 

in Fig. 12. 755 

Fig. 12: Vertical cross-sections of a wind velocity along the cross-section (color, m s−1), wind 756 

vectors (arrow, m s−1 for horizontal direction and Pa s−1 for vertical direction), and 757 

equivalent potential temperature (black contour, K) along the green dashed lines in Fig. 758 

10 at (a, c) 00 JST 4 July and (b, d) 03 JST 4 July. The black circles indicate grids that 759 

fulfill the MAUL condition. The ordinate designates pressure (hPa). 760 

Fig. 13: Schematics of (a) the hierarchical structure characterizing the heavy rainfall event, 761 
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and (b) Vertical structure of the organized precipitation system. Note that MAUL 762 

designate moist absolutely unstable layer.  763 

 764 

 765 

Fig. 1 A map around the analysis region. The red rectangle designates the Kyushu region. 766 
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 767 

Fig. 2 (a) Evolution of the total IVFC (black, bold), boundary-layer IVFC (red with triangle 768 

marks), free-tropospheric IVFC (blue with cross marks), precipitation (purple), and 769 

precipitable water tendency (green, dotted line) (units: mm day−1) in the heavy rainfall 770 

event in July 2020. The abscissa designates local time (UTC + 9). (b) Same as in Fig. 2a, 771 

but for the boundary-layer advection (red, bold), boundary-layer wind-convergence (red, 772 

thin), free-tropospheric advection (blue, bold), and free-tropospheric wind-convergence 773 

(blue, thin). Precipitation (purple) and precipitable water tendency (green, dotted line) are 774 

also plotted. 775 



 40 

 776 

Fig. 3 Time-height cross-section of relative humidity (color, %) and mixing ratio (contour g 777 

kg-1) averaged over the Kyushu area obtained from the MSM data. The ordinate and 778 

abscissa designate pressure (hPa) and local time (UTC + 9), respectively. 779 

 780 
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 781 

Fig. 4 (a) Time evolution of area coverages of precipitation (km2) more than 1 mm h-1 (black), 782 

5 mm h-1 (green), 10 mm h-1 (blue), and 30 mm h-1 (red) within the Kyushu area calculated 783 

with JMA operational radar data. The abscissa designates local time (UTC + 9). 784 
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 785 

Fig. 5 Horizontal distributions of the free-tropospheric IVFC (color, mm day-1), precipitable 786 

water (red contour, mm, shown only over 40 mm), free-tropospheric moisture flux (vector, 787 

kg m-1 s-1, shown only over 200 kg m-1 s-1), and isentropic potential vorticity on 350 K 788 

(green contour, shown only 1, 2, and 3 PVU) obtained from JRA55 data at (a) 09 JST 2 789 

July, (b) 21 JST 2 July, (c) 09 JST 3 July, and (d) 15 JST 3 July.  790 
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 791 

Fig. 6 (a) Infrared brightness temperature (K) observed by Himawari 8 at (a) 09 JST 2 July, 792 

(b) 21 JST 2 July, (c) 09JST 3 July, and (d) 15 JST 3 July. 793 

 794 
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 795 

Fig. 7 Relative vorticity at 500 hPa (color, ×10-5 s-1) and 850 hPa (black contours, ×10-5 s-1) 796 

obtained from JRA55 data at (a) 09 JST 2 July, (b) 21 JST 2 July, (c) 09 JST 3 July, and 797 

(d) 15 JST 3 July. Only positive values are shown. Blue contours designate potential 798 

vorticity on 350 K isentropic surface (PVU, shown only 1, 2, and 3 PVU contours).  799 

 800 

 801 
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 802 

Fig. 8 Temperature (color, °C), wind vectors (m s-1, shown only over 2.5 m s-1), and horizontal 803 

temperature advection (contours, −𝑉 ⋅ ∇𝑇, 10-5 K s-1) at 850 hPa obtained from JRA55 804 

data at (a) 09 JST 3 July, (b) 15 JST 3 July, (c) 21 JST 3 July, and (d) 03 JST 4 July. The 805 

contour intervals are 1×10-5 K s-1 for the cold advection and 5×10-5 K s-1 for the warm 806 

advection. 807 
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 808 

Fig. 9 Horizontal temperature gradient [color, K (100 km)-1] and horizontal frontogenesis [K 809 

(100 km)-1 (day)-1, shown only over 0.5 K (100 km)-1 (day)-1] at 850 hPa calculated with 810 

JRA55 data at (a) 09 JST 3 July, (b) 15 JST 3 July, (c) 21 JST 3 July, and (d) 03 JST 4 811 

July.812 
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 813 

Fig. 10 (a–d) Infrared brightness temperature (K) observed by Himawari 8 and (e–h) 814 

precipitation distribution observed by JMA weather radar (mm h-1) at (a, e) 18 JST 3 July, 815 

(b, f) 21 JST 3 July, (c, g) 00 JST 4 July, and (d, h) 03 JST 4 July. 816 
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 817 

Fig. 11 Precipitation distribution (color, mm h−1) and vertically (1000–300 hPa) integrated 818 

water vapor flux (vector, kg m−1 s−1, shown only over 1000 kg m−1 s−1) obtained from the 819 

MSM data at (a) at 00 JST 4 July and (b) 03 JST 4 July. Orange contours designate areas 820 

where MAUL conditions are satisfied at least 2 vertical levels between 500 and 800 hPa. 821 

Green dashed lines mark the location of the cross-sectional analyses in Fig. 12. 822 

 823 
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 824 

Fig. 12 Vertical cross-sections of a wind velocity along the cross-section (color, m s−1), wind 825 

vectors (arrow, m s−1 for horizontal direction and Pa s−1 for vertical direction), and 826 

equivalent potential temperature (black contour, K) along the green dashed lines in Fig. 827 

10 at (a, c) 00 JST 4 July and (b, d) 03 JST 4 July. The black circles indicate grids that 828 

fulfill the MAUL condition. The ordinate designates pressure (hPa).  829 

 830 
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 831 

Fig. 13 Schematics of (a) the hierarchical structure characterizing the heavy rainfall event, 832 

and (b) Vertical structure of the organized precipitation system. Note that MAUL designate 833 

moist absolutely unstable layer.  834 
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