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Abstract(293/300 words)

The precipitation system and environment causing the heavy rainfall eventin July 2020

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

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

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

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

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

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

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

whereas concentrated intense precipitation areas develop after the moistening. A

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

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

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

environment favorable for the precipitation systems bringing a large amount of

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

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

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

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

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

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

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

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

precipitation areas show structures consistent with the organized precipitation systems

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

that the organized precipitation system develops under the moist environment prepared

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

structure.

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

inflow; moist absolutely unstable layer; organized precipitation system
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1. Introduction

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Some precipitation systems developed around the Baiu front have similar

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

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

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

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

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

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

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

al. 2007).

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

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

stratiform precipitation areas associated with organized MCSs explains the relationship

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

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

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

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

the organization of convection.

Organized precipitation systems developed in a moist environment are characterized

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

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

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

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

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

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

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

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

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

These contrasting environmental features between MCSs with deep inflow and

thunderstorms are consistent with those between precipitation systems bringing the heaviest

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

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

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

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

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

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

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

moist environment.

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

convergence prepares environments favorable for the development of organized

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

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

were a remaining issue because their study was performed regarding area-averaged

5



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

quantities. Moreover, since they suggested that the preceding increase of the free-

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

to examine if an extreme event certainly follows that plot.

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

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

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

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

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

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

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

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

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

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

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

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

section 4 with some discussions.

2. Data and Method

2.1 Data

The three-hourly initial values of the Japan Meteorological Agency (JMA) operational
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Mesoscale Model (MSM; JMA, 2019) are used to investigate the moisture budget and the
environment around the rainfall area. These data have 16 vertical layers and a horizontal
resolution of 0.125° longitude x 0.1° latitude, covering a region of 120°E-150°E, 22.4°N—
47.6°N. The MSM produced precipitation data (initial values) with a horizontal resolution of
0.0625° longitude x 0.05° latitude are also used.

Six-hourly Japanese 55-year global atmospheric reanalysis (JRA55) product
(Kobayashi et al. 2015) with a 1.25° x 1.25° horizontal resolution and 37 vertical layers are
used to investigate the synoptic environment before the event including outside of the MSM
product coverage.

Infrared (10.4 um) brightness temperature distribution observed by the Himawari-8
geostationary satellite (Yamamoto et al. 2020; Takenaka et al. 2020) and precipitation data
estimated from the JMA operational weather radar data (Japan Meteorological Agency
observations department 2004) are used to identify cloud systems found during the analysis

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

2.2 Methodology
We evaluate the time evolutions of each term of the moisture budget equation in the
Kyushu region (30°N-35°N, 128.75°E-132.5°E, Fig. 1) calculated with the MSM data, as in

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

PW _ 1 (P2, o oy
5 5 pl( V.-qv)dp — P +E,
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where PW, t, g, q, v, p, p1, p2, P, and E denote precipitable water, time, gravity acceleration,
mixing ratio, horizontal wind, pressure, 1000 hPa, 300 hPa, precipitation, and evaporation,
respectively. We ignore evaporation due to its small contribution around Kyushu to total
rainfall in the rainfall event (Zhao et al. 2021). Vertically integrated water vapor flux
convergences (hereafter, IVFCs) are calculated by integrating water vapor flux
convergences at each layer. We also calculate free-tropospheric IVFC by integration in the
900-300 hPa layer and boundary-layer IVFC by integration in the 1000—900 hPa layer to
evaluate the roles of the IVFC in each layer, as in Tsuiji et al. (2021).

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

o (V- qd)dp == [*(=qV - $)dp + - [ (=5 - Vg)dp.

The wind-convergence term (the first term of the RHS) is calculated with the same method
as the IVFC. The advection term (the second term of the RHS) is obtained as the residual.

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

26,

RH > 99% and >,

<0,

where RH, 8¢, and z, are the relative humidity, equivalent potential temperature, and height,
respectively. Takemi and Unuma (2020) set this definition after considering potential errors
in moisture representations in the MSM and pointed out that the definition is stricter than

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

from temperature, pressure, mixing ratio, and water vapor pressure using Bolton’s (1980)
8
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method. The water vapor pressure is calculated using saturation water pressure calculated
with Huang’s (2018) method and relative humidity.
In section 3.2, we show the two-dimensional frontogenesis function (Petterssen 1936)

defined as follows:

1 69< Ju 00 61769) 69( oJudf 6v69>]

= ol lax \"oxax axay) oy \“ayox ayay

where 6, x, y, u, and v designate the potential temperature, eastward coordinate, northward

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

3. Results

In this section, we first show the time evolutions of each term of the moisture budget
equation calculated over the Kyushu region (section 3.1). We also show time evolutions of
rainfall area coverages and moisture. Based on the analyses of the time evolutions, we
divide the rainfall event into two periods: Period |, when the atmosphere is moistened before
the rainfall event, and Period II, when the precipitation system causing the rainfall event
develops. The analyses focusing on the large-scale environment moistening the atmosphere
in Period | are shown in section 3.2. In section 3.3, analyses of the characteristics of the

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

3.1 Time evolutions over the Kyushu region

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

9



202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

values (03 and 06 JST 4 July). The amplitudes of the wind-convergence terms are
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comparable. These results indicate that the free-tropospheric advection contributes to
moistening the atmosphere before the rainfall peak time. After the moistening, the
precipitation system causing the rainfall event develops with convergence in a deep layer.

A remarkable moistening is observed at 500-600 hPa from 06 JST 2 July to 15 JST 3
July (Fig. 3). In this layer, relative humidity increases to over 70%. The mixing ratio increases
fourfold. The increasing period corresponds to that of the positive precipitable water
tendency and positive free-tropospheric IVFC (Fig. 2a). After 15 JST 3 July, the mid-
tropospheric moisture starts to decrease. In contrast, the boundary-layer moisture continues
to increase after 15 JST 3 July and reaches its maximum at 03 JST 4 July. However, the
increase speed of the boundary-layer moisture is slower than that in the free troposphere.

Figure 4 shows time evolutions of rainfall area coverages obtained from the JMA
operational weather radar data for four different precipitation thresholds. Before 18 JST 3
July, wide rainfall areas with weak precipitation intensity cover Kyushu. Most rainfall areas
consist of precipitation weaker than 5 mm h-'. However, after 18 JST 3 July, weaker rainfall
areas shrink, whereas intense rainfall area coverages increase. In particular, rainfall areas
over 30 mm h-' expanded after 18 JST 3 July. The change in the rainfall area characteristics
indicates a transition of precipitation systems bringing rainfall to the Kyushu region.

These results indicate that this rainfall event consists of two periods: In the first period
(Period I: 09 JST 2 July to 15 JST 3 July), the atmosphere is moistened primarily by the free-

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

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

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

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

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

environment in section 3.3.

3.2 Synoptic environment moistening the atmosphere over the Kyushu region

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

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

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

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

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

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

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

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

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

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

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

km scale area is defined as a sub-synoptic scale cloud system.
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The upper-tropospheric trough develops as propagates eastward (Figs. 5b—5d). Below
the trough, a positive vorticity area with about a 1000 km scale is analyzed in association
with a mesoscale depression (Figs. 7b-7d, labeled as B for 500 hPa and Y for 850 hPa).
The free-tropospheric moisture flux is enhanced to the southeast of the mesoscale
depression with developing the trough and depression, which also enhances the free-
tropospheric IVFC in the sub-synoptic scale cloud system (Figs. 5b—5d). A large gradient of
precipitable water is analyzed in the Kyushu region at 21 JST 2 July (Fig. 5b), contributing
to generating the large value of the free-tropospheric moisture advection (Fig. 2b). After this
time, the Kyushu region is covered by an area with precipitable water over 50 mm (Figs. 5c
and 5d), comparable to the tropics. The free-tropospheric moisture flux comes to the Kyushu
region from the South China Sea via southern China located to the south of the trough during
Period | (Fig. 5). These results indicate that the moisture transport associated with the
synoptic scale upper-tropospheric trough, enhanced by the mesoscale depression, and
converged in the sub-synoptic scale cloud system, plays a significant role in moistening the
Kyushu region before the rainfall peak time.

With the eastward propagation of the trough, the sub-synoptic scale cloud system also
propagated eastward (Figs. 6b—6d) with the vorticity maximum at 500 hPa (Fig. 7b-7d,
labeled as A). The maximum value of over 6 X10-° s sustains during Period | although a
few other local maxima appear around the maximum. A vorticity maximum of over 6 X 10

s™! at 850 hPa is analyzed to the south of the 500 hPa vorticity maximum in the sub-synoptic
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scale cloud area at 09 JST 2 July (Fig. 7a, labeled as X), propagating eastward with
development (Figs. 7b-7d). As the upper-tropospheric trough develops, the vorticity
maximum associated with the mesoscale depression develops at 500 and 850 hPa (Figs.
7b—7d, labeled as B for 500 hPa and Y for 850 hPa). At 15 JST 3 July, the maximum values
reach over 1 X 10 s and locate over the East China Sea (Fig. 7d).

To investigate the environment around the Kyushu region, Fig. 8 shows temperature,
wind vector, and horizontal temperature advection at 850 hPa obtained from the JRA55 data
from 09 JST 3 July to 03 JST 4 July. Westerly or southwesterly winds are enhanced in a
wide area around the Kyushu region (125°E-145°E, 30°N-35°N) by circulations associated
with the sub-synoptic scale cloud system and the mesoscale depression. In association with
the warm advection by the southwesterly winds, the temperature to the south of Kyushu
increases over 2 K from 09 JST 3 July to 03 JST 4 July. To the north of Kyushu around 36°N,
easterly winds are analyzed in association with the cyclonic circulation of these systems (Fig.
8) and an anti-cyclonic circulation of the high-pressure system centered around 42°N, 135°E.
Temperature around 36°N decreases by over 2 K from 09 JST 3 July to 03 JST 4 July. The
horizontal distribution of temperature advection (contours) indicates that the horizontal
temperature advection does not contribute to this temperature decrease. Some physical
processes such as nighttime radiative cooling from the surface under clear sky may be
contributing. A detailed discussion about the mechanism of the temperature decrease is left

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

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

frontogenesis function at 850 hPa calculated with JRAS5 data. A small temperature gradient

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

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

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

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

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

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

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

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

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

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

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

3.3 Characteristics of a precipitation system causing the rainfall event

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

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

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

event. An active convective area with a brightness temperature lower than 200 K is
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generated to the west of Kyushu (32°N, 129°E) at 18 JST 3 July (Fig. 10a). This convective
area develops into an MCS with a horizontal scale of a few hundred kilometers at the rainfall
peak time (Fig. 10d). A meso-beta-scale line-shaped narrow area with intense precipitation
of over 80 mm h' is observed along the south edge of the MCS at 00 JST 4 July (Fig. 10g,
128°E—133°E, 32°N-32.5°N). The area is also identified at 03 JST 4 July, causing the
disastrous rainfall event (Fig. 10h). A wide area with weak precipitation is observed around
the north and west of the line-shaped narrow area (Fig. 10h). Such precipitation distribution
is similar to that associated with an organized MCS consisting of narrow intense convective
areas and wide stratiform precipitation areas (e.g., Houze 2004).

The MSM precipitation product reasonably reproduces the precipitation distribution
around the rainfall peak time although precipitation intensity is weaker than the observation
(Fig. 11). Two intense precipitation areas with precipitation over 40 mm h-' are distributed
along the water vapor flux in both 00 JST and 03 JST 4 July (around 129°E and 131°E, Fig.
11), which are embedded in the line-shaped narrow area. A wide area with precipitation
weaker than 20 mm h-" is distributed to the north and east of the intense precipitation area.
Because of westerly winds in the middle to upper troposphere over the Kyushu region (not
shown), the wide weak precipitation area locates on the downstream side of the intense
precipitation areas. MAULs are analyzed around the intense precipitation areas.

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

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

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

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

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

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

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

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

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

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

MAUL sustains a few hours around the MCS.

4. Summary, Conclusions, and Discussions

4.1 Summary

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

focusing on a hierarchical structure associated with the environmental conditions which

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

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

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

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

till 9 hours before the rainfall event (Period 1). Weak precipitation is observed over a wide
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area in the Kyushu region. After the moistening, wind-convergence terms in both boundary-

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

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

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

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

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

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

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

depression enhances southwesterly moisture flux, helping to further moisten the

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

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

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

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

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

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

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

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

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

consistent with the organized precipitation system.
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4.2 Conclusions and Discussions

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

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

intense precipitation areas develops under the moist environment and baroclinicity

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

mesoscale depression. The organized precipitation system causing the disastrous rainfall

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

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

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

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

of the precipitation systems.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

be used as a key factor to predict heavy rainfalls.

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

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

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

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

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

studies about the organized precipitation systems suggest that a mesoscale circulation

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

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

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

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

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

studies about what factors contribute to the development are needed.

Although this study suggests that the moist environment and organized precipitation

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

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

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

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

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

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

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

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

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

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

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

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

systems.
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722 abscissa designate pressure (hPa) and local time (UTC + 9), respectively.
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725 calculated with JMA operational radar data. The abscissa designates local time (UTC +
726 9).
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729 (vector, kg m™! s-1, shown only over 200 kg m-! s-1), and isentropic potential vorticity on
730 350 K (green contour, shown only 1, 2, and 3 PVU) obtained from JRA55 data at (a) 09
731 JST 2 July, (b) 21 JST 2 July, (c) 09 JST 3 July, and (d) 15 JST 3 July.

732 Fig. 6: (a) Infrared brightness temperature (K) observed by Himawari 8 at (a) 09 JST 2 July,
733 (b) 21 JST 2 July, (c) 09JST 3 July, and (d) 15 JST 3 July.

734  Fig. 7: Relative vorticity at 500 hPa (color, x10- s*') and 850 hPa (black contours, x10°s™")

735 obtained from JRAS55 data at (a) 09 JST 2 July, (b) 21 JST 2 July, (¢) 09 JST 3 July, and
736 (d) 15 JST 3 July. Only positive values are shown. Blue contours designate potential
737 vorticity on 350 K isentropic surface (PVU, shown only 1, 2, and 3 PVU contours).

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

739 horizontal temperature advection (contours, —V - VT, 10-° K s') at 850 hPa obtained
740 from JRAS5 data at (a) 09 JST 3 July, (b) 15 JST 3 July, (c) 21 JST 3 July, and (d) 03
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9: (a—d) Infrared brightness temperature (K) observed by Himawari 8 and (e-h)
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vectors (arrow, m s~ for horizontal direction and Pa s~ for vertical direction), and
equivalent potential temperature (black contour, K) along the green dashed lines in Fig.
10 at (a, ¢) 00 JST 4 July and (b, d) 03 JST 4 July. The black circles indicate grids that
fulfill the MAUL condition. The ordinate designates pressure (hPa).

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

763 designate moist absolutely unstable layer.
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766  Fig. 1 Amap around the analysis region. The red rectangle designates the Kyushu region.
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767
768  Fig. 2 (a) Evolution of the total IVFC (black, bold), boundary-layer IVFC (red with triangle

769 marks), free-tropospheric IVFC (blue with cross marks), precipitation (purple), and
770 precipitable water tendency (green, dotted line) (units: mm day™") in the heavy rainfall

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

772 but for the boundary-layer advection (red, bold), boundary-layer wind-convergence (red,
773 thin), free-tropospheric advection (blue, bold), and free-tropospheric wind-convergence
774 (blue, thin). Precipitation (purple) and precipitable water tendency (green, dotted line) are
775 also plotted.
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786  Fig. 5 Horizontal distributions of the free-tropospheric IVFC (color, mm day-'), precipitable
787 water (red contour, mm, shown only over 40 mm), free-tropospheric moisture flux (vector,
788 kg m™' s, shown only over 200 kg m~' s'), and isentropic potential vorticity on 350 K
789 (green contour, shown only 1, 2, and 3 PVU) obtained from JRAS5 data at (a) 09 JST 2

790 July, (b) 21 JST 2 July, (c) 09 JST 3 July, and (d) 15 JST 3 July.
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791
792  Fig. 6 (a) Infrared brightness temperature (K) observed by Himawari 8 at (a) 09 JST 2 July,

793 (b)21 JST 2 July, (c) 09JST 3 July, and (d) 15 JST 3 July.
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(a) 09JST 2 July 2020 (b) 21JST 2 July 2020
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796  Fig. 7 Relative vorticity at 500 hPa (color, x10° s™') and 850 hPa (black contours, x10°s™")
797 obtained from JRA55 data at (a) 09 JST 2 July, (b) 21 JST 2 July, (c) 09 JST 3 July, and
798 (d) 15 JST 3 July. Only positive values are shown. Blue contours designate potential
799 vorticity on 350 K isentropic surface (PVU, shown only 1, 2, and 3 PVU contours).
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803  Fig. 8 Temperature (color, °C), wind vectors (m s™', shown only over 2.5 m s*'), and horizontal
804 temperature advection (contours, —V - VT, 10 K s') at 850 hPa obtained from JRA55
805 data at (a) 09 JST 3 July, (b) 15 JST 3 July, (c) 21 JST 3 July, and (d) 03 JST 4 July. The

806 contour intervals are 1X10° K s for the cold advection and 5X10° K s for the warm

807 advection.
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Fig. 9 Horizontal temperature gradient [color, K (100 km)'] and horizontal frontogenesis [K

(100 km)" (day)-!, shown only over 0.5 K (100 km)™! (day)'] at 850 hPa calculated with

JRA55 data at (a) 09 JST 3 July, (b) 15 JST 3 July, (c) 21 JST 3 July, and (d) 03 JST 4
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813
814  Fig. 10 (a—d) Infrared brightness temperature (K) observed by Himawari 8 and (e-h)
815 precipitation distribution observed by JMA weather radar (mm h-') at (a, e) 18 JST 3 July,

816 (b, ) 21 JST 3 July, (c, g) 00 JST 4 July, and (d, h) 03 JST 4 July.
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817
818  Fig. 11 Precipitation distribution (color, mm h=') and vertically (1000-300 hPa) integrated

819 water vapor flux (vector, kg m~' s7', shown only over 1000 kg m~" s™') obtained from the

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

821 where MAUL conditions are satisfied at least 2 vertical levels between 500 and 800 hPa.
822 Green dashed lines mark the location of the cross-sectional analyses in Fig. 12.
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Fig. 12 Vertical cross-sections of a wind velocity along the cross-section (color, m s™'), wind
vectors (arrow, m s~ for horizontal direction and Pa s™' for vertical direction), and
equivalent potential temperature (black contour, K) along the green dashed lines in Fig.
10 at (a, ¢) 00 JST 4 July and (b, d) 03 JST 4 July. The black circles indicate grids that

fulfill the MAUL condition. The ordinate designates pressure (hPa).
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(a) Hierarchical structure characterizing the rainfall event
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832  Fig. 13 Schematics of (a) the hierarchical structure characterizing the heavy rainfall event,
833 and (b) Vertical structure of the organized precipitation system. Note that MAUL designate
834 moist absolutely unstable layer.
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