
 

 

 

 

 

 

 

 

EARLY ONLINE RELEASE 

This is a PDF of a manuscript that has been peer-reviewed 

and accepted for publication. As the article has not yet been 

formatted, copy edited or proofread, the final published 

version may be different from the early online release. 

 

This pre-publication manuscript may be downloaded, 

distributed and used under the provisions of the Creative 

Commons Attribution 4.0 International (CC BY 4.0) license. 

It may be cited using the DOI below. 

  

The DOI for this manuscript is  

DOI:10.2151/jmsj.2020-045 

J-STAGE Advance published date: June 2nd 2020 

The final manuscript after publication will replace the 

preliminary version at the above DOI once it is available. 



Contrasting features of the July 2018 heavy rainfall 1 

event and the 2017 Northern Kyushu rainfall event  2 

in Japan 3 

 4 

Hiroki TSUJI1 
5 

Chie YOKOYAMA 6 

and 7 

Yukari N. TAKAYABU 8 

 9 

Atmosphere and Ocean Research Institute 10 

The University of Tokyo, Kashiwa, Chiba, Japan 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

May 10, 2020 23 

------------------------------------ 24 

1) Corresponding author: Hiroki Tsuji, Atmosphere and Ocean Research Institute, The 25 

University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa, Chiba 277-8568 JAPAN. 26 

Email: h-tsuji@aori.u-tokyo.ac.jp 27 

Tel: +81-4-7136-4391 28 

Fax: +81-4-7136-4375 29 



 1 

Abstract 30 

Precipitation characteristics and environment are compared between two rainfall events 31 

in Japan: the July 2018 heavy rainfall event (2018 case) and the 2017 Northern Kyushu 32 

rainfall event (2017 case). Both events occurred in the later stage of the Baiu season, after 33 

the passage of a tropical cyclone, south of a subtropical jet and to the front side of an upper 34 

tropospheric trough. However, contrasting precipitation properties and environments are 35 

observed between these cases. In the 2018 case, long-lasting heavy precipitation was 36 

observed over a large area with moderately tall precipitation systems. Environment was 37 

stable and moist compared with the climatology. A deep trough over the Korean Peninsula 38 

played a role to prepare the environment favorable for organizing precipitation systems 39 

through moistening of mid-troposphere by quasi-geostrophic dynamically forced ascent. In 40 

contrast, in the 2017 case, a short-term intense precipitation was observed over a small 41 

area with exceptionally tall precipitation systems. The environment was unstable and moist 42 

compared with the climatology but was dryer than the 2018 case. In this case, a shallow 43 

trough over the Korean Peninsula destabilized the atmosphere via associated high-altitude 44 

cold air. 45 

The observed contrast of characteristics between the 2018 and 2017 cases is like that 46 

found between composites of extreme rainfall events and extremely tall convection events 47 

included in the previous statistical study by Hamada and Takayabu (2018, doi:10.1175/JCLI-48 

D-17-0632.1). Temperature anomalies and specific humidity anomalies from climatological 49 
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values in the 2018 and 2017 cases are several times as large as those in the composites of 50 

the extreme events although the previous study analyzed the uppermost 0.1% of extreme 51 

events. This result means that the 2018 case is an extreme among the extreme rainfall 52 

events and the 2017 case corresponds to an extreme event of the extremely tall convection 53 

events.  54 

 55 

Keywords extreme rainfall event, upper tropospheric trough, Baiu, precipitation system 56 

57 
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1. Introduction 58 

From June 28 to July 8, 2018, heavy rainfall occurred in an extensive area of Japan, 59 

causing disastrous floods and landslides. The heavy rainfall during July 5 –8 caused 60 

particularly disastrous damages in the western part of Japan. This rainfall event was 61 

characterized by an unusually large amount of precipitation within 48 to 72 hours (Shimpo 62 

et al. 2019; Tsuguti et al. 2018). The total precipitation between June 28 and July 8 exceeded 63 

500 mm in an extensive area of western Japan and amassed a maximum of 1800 mm. 64 

Some areas experienced precipitation two to four times the monthly climatology for July 65 

during this event (Shimpo et al. 2019; Tsuguti et al. 2018). Using Global Precipitation 66 

Measurement satellite observation data, Yokoyama et al. (2020) showed that a precipitation 67 

system in this event was characterized by precipitation top heights mostly lower than 10 km. 68 

Lower flash rates were also a characteristic feature of this rainfall event (Kawano et al. 2018). 69 

Some previous studies about this event reported extreme amount of water vapor. Takemura 70 

et al. (2019) showed that vertically integrated water vapor flux and its convergence into 71 

western Japan area recorded the highest value in 60 years. Takemi and Unuma (2019) 72 

pointed out that precipitable water during this event was extremely larger than the 73 

climatological values for warm season quasi-stationary convective clusters in Japan (Unuma 74 

and Takemi 2016).  Hereafter, this rainfall event is referred to as the “2018 case.” 75 

During July 5–6, 2017, a heavy rainfall event occurred in the Northern Kyushu area, 76 

resulting in flash floods and landslides in Fukuoka and Oita prefectures. Unlike the 2018 77 
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case, this rain event was characterized by intense precipitation over a short period. An 78 

Automated Meteorological Data Acquisition System (AMeDAS) Japan Meteorological 79 

Agency (JMA) rain gauge at Asakura city in Fukuoka prefecture recorded 129.5 mm rainfall 80 

over one hour and 261.0 mm over three hours (Kato et al. 2018a). Some AMeDAS stations 81 

measured nearly an entire month’s worth of precipitation within 24 hours (JMA 2017). Kato 82 

et al. (2018b) reported that tall cumulonimbus clouds with cloud tops higher than 15 km were 83 

observed with X-band multiparameter radar. In this rain event, higher flash rates are reported 84 

by Kawano et al. (2018). Hereafter, this rainfall event is referred to as the “2017 case.” 85 

These two cases have several commonalities: a heavy rainfall was observed in an area 86 

including the northern part of Kyushu island; the rainfall occurred in the later stage of Baiu, 87 

a cyclical cloudy and rainy season occurring in the early summer; the rainfall area was 88 

located to the south of the Baiu front; an upper tropospheric trough was observed over the 89 

Korean Peninsula; and a tropical cyclone passed around Kyushu island before the rainfall 90 

event. Despite these similarities, there are several contrasting precipitation characteristics 91 

between the two cases. In this study, we investigate the source of these contrasts.  92 

Many previous studies about heavy rainfall in Japan have emphasized the importance 93 

of mesoscale structures and lower tropospheric characteristics such as a low-level jet, 94 

moisture convergence in the boundary layer, and topographic effects (e.g., Akiyama 1975; 95 

Ninomiya and Yamazaki 1979; Ogura et al. 1985; Nagata and Ogura 1991; Kato et al. 2003; 96 

Tsuguti and Kato 2014). Sekizawa et al. (2019) pointed out the importance of moisture flux 97 
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and latent heat flux at lower levels in the 2018 case. Takemi (2018) demonstrated that the 98 

representation of model terrains is an important factor in simulating the 2017 case 99 

precipitation systems.  100 

The upper tropospheric phenomena and large-scale conditions for precipitation around 101 

Japan are also significant factors for rainfall events. Sampe and Xie (2010) demonstrated 102 

the importance of a subtropical jet for anchoring the Meiyu-Baiu rain band. A subtropical jet 103 

supports an environment favorable for organization of precipitation systems through the 104 

moistening of the mid-troposphere (Yokoyama et al. 2017). Horinouchi (2014) and 105 

Horinouchi and Hayashi (2017) showed that precipitation in mid-summer is enhanced along 106 

with a subtropical jet. Ninomiya and Akiyama (1992) pointed out the importance of multi-107 

scale characteristics on the Baiu fronts. Hirota et al. (2016) investigated a heavy rainfall 108 

event that occurred around Hiroshima, Japan on August 2014 and demonstrated the 109 

importance of free tropospheric moisture and an upper tropospheric disturbance to enhance 110 

the precipitation. The importance was statistically confirmed over the western North Pacific 111 

by Tsuji and Takayabu (2019).  112 

Hamada et al. (2015) demonstrated from observation data that extremely tall convections 113 

do not necessary bring extreme rainfall events. Hamada and Takayabu (2018, hereafter, 114 

HT18) statistically investigated characteristics of the extreme rainfall events and extreme 115 

convection events around Japan in mid-summer and demonstrated their differences. 116 

Findings include that extreme rainfall events have wider rain areas, a higher stratiform area 117 



 6 

ratio, and a lower flash rate than extreme convection events do. The environmental 118 

conditions for extreme rainfall events are relatively more stable and moister than the 119 

climatology, while that in the extreme convection events are more unstable and dryer than 120 

the climatology.  121 

Considering this background information, we investigate the contrasting features of 122 

the two cases by comparing precipitation properties and environments. We also discuss the 123 

correspondence of the contrasting features with the previous statistical study by HT18. We 124 

begin by describing the data used in this study and methodology (section 2). We confirm the 125 

differences of precipitation properties based on JMA radar data in section 3 and then 126 

investigate environmental differences and the roles of an upper tropospheric trough in 127 

section 4. In section 5, our contrasting aspects between the 2018 and 2017 cases are 128 

compared to those in the statistical results found by HT18. The conclusions of this study are 129 

shown in section 6 with discussion. 130 

 131 

2. Data and methodology 132 

2.1 Data 133 

The Japanese 55-year Reanalysis dataset (JRA-55) (Kobayashi et al. 2015; Harada et 134 

al. 2016) is employed to analyze the environments. The JRA-55 provides global 6-hourly 135 

atmospheric variables at a 1.25° × 1.25° spatial resolution. We use the following variables: 136 

potential vorticity (PV), precipitable water, specific humidity, temperature, vertical velocity, 137 

Fig. 1 
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and horizontal winds variables. JMA radiosonde upper-air observation data at Fukuoka (Fig. 138 

1) are also used to confirm vertical profiles obtained from JRA-55 (not shown).  139 

We also use the grid point values of JMA weather radar data, which are made from 20 140 

operational C-band radar observation data corrected with JMA rain gauge data (JMA 141 

observations department 2004). This dataset provides radar-echo intensity converted into 142 

precipitation with a horizontal resolution of 1 km and echo-top height with horizontal 143 

resolution of 2.5 km every ten minutes. Data with echo-top height lower than 2 km are treated 144 

as no echo because these often have values when precipitation is not observed. These data 145 

are used to confirm precipitation characteristics. The synoptic distribution of precipitation is 146 

confirmed by analyzing the Global Satellite Mapping of Precipitation data (GSMaP_MVK 147 

version 7; Kubota et al. 2007; Aonashi et al. 2009). 148 

 149 

2.2 Methodology 150 

a. Anomaly data 151 

  Anomalies from a climatological average are used as temperature and specific humidity 152 

anomalies to analyze synoptic conditions. The climatological average is defined as an 153 

average between 1989—2010 at each JRA55 grid and each JRA55 timestep.  154 

b. Area average 155 

We calculate area-averaged precipitation to confirm precipitation property of the two 156 

rainfall cases. The area average is calculated in a Northern Kyushu area, where heavy 157 
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rainfall occurred in the 2018 and 2017 cases (surrounded by a red rectangle in Fig. 1), and 158 

in a Setouchi area, where record breaking rainfalls are observed in many AMeDAS stations 159 

for the 2018 case (surrounded by a black rectangle in Fig. 1). We also calculate accumulated 160 

precipitation and area-averaged frequency of echo-top heights for the same areas. The 161 

frequency of echo-top heights is normalized by total number of grids which observe 162 

precipitation at each timestep. 163 

 164 

c. Evaluation of quasi-geostrophic forcing for vertical motion 165 

Dynamical forcing for the vertical motion associated with upper tropospheric troughs is 166 

evaluated by calculating the Q-vector (Hoskins et al. 1978). Following Holton (2004), the Q-167 

vector form of the omega equation is defined as  168 

σ𝛁𝟐𝜔 + 𝑓0
2 𝜕2𝜔

𝜕𝑝2 =  −2𝛁 ⋅ 𝐐 + 𝑓0𝛽
𝜕𝑣𝑔

𝜕𝑝
−

𝜅

𝑝
 ∇2𝐽, (1) 169 

where  170 

𝐐 =  (−
𝑅

𝑝

𝜕𝑽𝒈

𝜕𝑥
⋅ 𝜵𝑇, −

𝑅

𝑝

𝜕𝑽𝒈

𝜕𝑦
⋅ 𝜵𝑇),   (2) 171 

σ is a standard atmosphere static stability parameter, 𝜔 is the vertical velocity, 𝑓0 is the 172 

Coriolis parameter, 𝑝 is pressure, 𝑇 is temperature, 𝑅 is the gas constant, 𝑽𝒈 = (𝑢𝑔, 𝑣𝑔) 173 

is a geostrophic wind vector obtained by geopotential height, 𝑥 and 𝑦 are eastward and 174 

northward distances, 𝛽 is the variation in the Coriolis parameter with latitude, 𝜅 is the ratio 175 

of the gas constant to the specific heat at constant pressure, and 𝐽 is the diabatic heating 176 

rate. In this study, we focus on the quasi-geostrophic (QG) forcing term (−2𝛁 ⋅ 𝐐). A positive 177 
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QG forcing indicates ascending forcing.  178 

  Following Yokoyama et al. (2020), the QG forcing term is calculated with procedure as 179 

follows. At first, we convert grid data of geopotential height and temperature from 1.25° to 180 

2.5° resolution by averaging each set of nine 1.25°-resolution grid cells (one central grid cell 181 

and all eight surrounding grid cells) with approximate weights of 1, 0.5, and 0.25 for the 182 

central cell, adjacent four cells, and four corner cells, respectively. Then, we conduct a 183 

smoothing with a 1-2-1 filter in both longitude and latitude directions over a 2.5° x 2.5° grid 184 

to remove variations on a scale smaller than geostrophic motions. Using the smoothed 185 

variables, we calculate the QG forcing term. 186 

 187 

3. Precipitation characteristics 188 

First, we compare the contrast of precipitation characteristics between the 2018 and 189 

2017 cases based on the JMA operational radar observation data. Figure 2 shows the 190 

distributions of accumulated precipitation within 24 hours from 18 UTC, 5 July to 18 UTC, 6 191 

July for the 2018 case and 24 hours from 0 UTC, 5 July to 0 UTC, 6 July for the 2017 case, 192 

around the time when large amount of precipitation is observed in the Northern Kyushu area 193 

(cf. Fig. 3). In the 2018 case, precipitation greater than 100 mm day-1 was distributed to a 194 

wide area, ranging from the Northern Kyushu area to approximately 138°E. In contrast, 195 

precipitation was observed convergently in the Northern Kyushu area in the 2017 case. 196 

Figures 3a-c shows time evolution of area-averaged precipitation. Precipitation related to 197 

Fig. 2 
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the 2018 case was observed during 18 UTC 4 July to 0 UTC 7 July in the Northern Kyushu 198 

area (Fig. 3a). Roughly three peaks of area-averaged precipitation were measured (around 199 

9 UTC 5 July, 18 UTC 5 July, and 6 UTC 6 July, Fig. 3a). A large amount of the area-averaged 200 

precipitation was measured during 15 UTC 5 July to 0 UTC 7 July reaching a maximum at 201 

around 6 UTC 6 July (Fig. 3a). In the Setouchi area, precipitation related to the 2018 case 202 

was observed from 12 UTC 4 July to 12 UTC 7 July. A time-evolution of the area-averaged 203 

precipitation in the Setouchi area also show three peaks (around 0 UTC 5 July, 0 UTC 6 July, 204 

and 18 UTC 6 July, Fig. 3b). In the 2017 case, precipitation related to the rainfall event was 205 

observed from 0 UTC 5 July to 0 UTC 6 July with a maximum at 20 UTC 5 July (Fig. 3c).  206 

Comparing the two cases for the Northern Kyushu area, the maximum area-averaged 207 

precipitation in the 2018 case (Fig. 3a) is about 1.5 times as large as that in the 2017 case 208 

(Fig. 3c). Additionally, the accumulated precipitation related to the rainfall events measured 209 

for the box area of the Northern Kyushu area in the 2018 case (10 × 106 mm grid, Fig. 3a) 210 

is twice as large as that in the 2017 case (5 × 106 mm grid, Fig. 3c). On the other hand, the 211 

maximum precipitation per hour observed in AMeDAS stations in the Northern Kyushu area 212 

in the 2018 case was 84.5 mm (an hour till 7:38 UTC 6 July at Ureshino [Fig. 1], JMA 2018), 213 

while that in the 2017 case was 129.5 mm (an hour till 6:38 UTC 5 July at Asakura [Fig. 1], 214 

JMA 2017). This indicates that in a short period, precipitation intensity in the 2017 case was 215 

large compared with the 2018 case. 216 

Time-evolutions of echo-top height frequencies normalized at each timestep clarifies the 217 

Fig. 3 
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unique precipitation characteristics for each of the two cases (Fig. 3d–f). Precipitation with 218 

echo top heights lower than 10 km was dominant when large precipitation rate was observed 219 

in the 2018 case (Fig. 3d). The precipitation in Setouchi area also showed the same 220 

characteristics (Fig. 3e). These results are consistent with Yokoyama et al. (2020) which 221 

noted that organized precipitation systems with precipitation top heights at 7–9 km are 222 

dominant. In contrast, precipitation with echo top heights higher than 10 km was dominant 223 

in the 2017 case except for the period just around 0 UTC 6 July, after the maximum area-224 

averaged precipitation (Fig. 3f). This result is consistent with Kato et al. (2018b) which 225 

reported extremely tall clouds (echo-top height over 15 km) in this case. 226 

Figure 4 shows time-evolutions of the numbers of grids with lower echo-top heights (less 227 

than 10 km) and higher echo-top heights (more than 10 km) in the Northern Kyushu area for 228 

the two cases. Precipitation with lower echo-top heights was at least two times more frequent 229 

than with higher echo-top heights until 12 UTC on July 6 in the 2018 case. In contrast, 230 

precipitation with higher echo-top heights was dominant until 0 UTC on July 6 in the 2017 231 

case. In particular, precipitation with higher echo-top heights was five times more frequent 232 

than that with lower echo top heights around 18 UTC on July 5.  233 

These results indicate that long-lasting precipitation from lower echo top heights occurred 234 

over a large area in the 2018 case, whereas short-term precipitation with higher echo-top 235 

heights occurred over a smaller area in the 2017 case. In the following analyses, the 2018 236 

case analyses are limited to the Northern Kyushu area because the precipitation 237 

Fig. 4 
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characteristics in the Setouchi area are similar to those analyzed in the Northern Kyushu 238 

area in terms of precipitation amount and echo-top heights. 239 

 240 

4. Contrasts in environment and roles of upper tropospheric troughs 241 

In this section, we investigate contrasts in environment and roles of upper tropospheric 242 

troughs between the two cases by analyzing synoptic conditions and the vertical structure 243 

of environmental variables. 244 

 245 

4.1 Synoptic conditions 246 

Synoptic conditions for the 2018 case are shown in Figs. 5 and 6. An upper tropospheric 247 

trough was analyzed over the Korean Peninsula and Sea of Japan. The maximum value of 248 

PV associated with the trough reached 10 PVU (1 PVU=10-6 K kg-1 m-2 s-1) over the Korean 249 

Peninsula on July 6 (Fig. 5c and 5d). Large gradients of geopotential at 300 hPa were also 250 

analyzed around the trough (Fig. 6). The southward extension of this trough was limited to 251 

the north of 30°N (Figs. 5 and 6). A distinct upper westerly jet was analyzed along with the 252 

trough throughout the period of analysis (Fig. 6). This trough maintained its location until 18 253 

UTC 6 July, and then passed over the Northern Kyushu area. Precipitation occurred over a 254 

wide area along the front side of the trough. A cold anomaly associated with the trough was 255 

analyzed over the Korean Peninsula, whereas a warm anomaly at 300 hPa was distributed 256 

in front of the trough, which covered the Japanese islands (Fig. 6). Distribution of precipitable 257 

Fig. 5 

Fig. 6 
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water was similar to that of the 300 hPa warm anomaly except for formations north of 40°N 258 

(Fig. 5). Precipitable water greater than 60 mm was analyzed over a wide area including the 259 

Northern Kyushu area. The maximum value of precipitable water reached 70 mm.  260 

Synoptic conditions for the 2017 case are shown in Figs. 7 and 8. An upper 261 

tropospheric trough was analyzed over the Korean Peninsula as in the 2018 case. However, 262 

the maximum PV value associated with the trough was less than half of that in the 2018 263 

case (Fig. 7) and the geopotential height contour gradient at 300 hPa around the trough was 264 

smaller (Fig. 8). A 1 PVU contour associated with the trough extended to around 25°N and 265 

the geopotential height contours at 300 hPa bended to southward at around 25°N. An upper 266 

westerly jet was analyzed along with the trough as in the 2018 case, but was weaker and 267 

vague (Fig. 8). This trough passed over the Northern Kyushu area in only one day in contrast 268 

to the 2018 case’s two days. Precipitation occurred over a narrow area around the trough. 269 

A 300 hPa cold anomaly associated with the trough was distributed in a wide area including 270 

the Northern Kyushu area. Precipitable water over 50 mm was analyzed to the south of the 271 

upper westerly jet and over the East China Sea and southeastern China, like in the 2018 272 

case (Fig. 7). However, the quantity of precipitable water was smaller in the 2017 case. The 273 

area with precipitable water over 60 mm was more limited than in the 2018 case. 274 

 275 

4.2 Vertical structures 276 

In this subsection, vertical cross-sections in the 2018 case are compared with those in the 277 

Fig. 8 

Fig. 7 
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2017 case. We use snapshots at 6 UTC 6 July 2018 and 6 UTC 5 July 2017 as 278 

representatives of the 2018 and 2017 cases, respectively. These times are selected as the 279 

nearest time when the maximum area-averaged precipitation was observed in the 2018 case 280 

(Fig. 3a) and when the maximum hourly precipitation was observed at the Asakura AMeDAS 281 

station in the 2017 case. For the 2017 case, we confirm that qualitatively identical results 282 

are obtained from snapshots at 18 UTC 5 July, the nearest time to maximum area-averaged 283 

precipitation (Fig. 3c). The vertical cross-sections are investigated along the green dashed 284 

lines shown in Figs. 5c and 7b. 285 

Based on vertical cross-sections of PV, the trough of the 2018 case looks deeper than 286 

that of the 2017 case. Figure 9 shows vertical cross-sections of PV, vertical velocity, and 287 

pressure on an isentropic coordinate system. In the 2018 case, a 2 PVU contour, 288 

conventionally used as the definition of the dynamical tropopause (e.g., Hoskins et al. 1985, 289 

Holton et al. 1995, Martius et al. 2008), approached 330 K at the trough near 125°E, 290 

indicating a vertically deep trough (Fig. 9a). A 300 hPa isobaric line trended upward along 291 

with PV leading the trough. A similar upward trend occurred for 500 hPa and 700 hPa 292 

isobaric lines, indicating that an effect of the upper tropospheric trough extended to the lower 293 

troposphere. In contrast, in the 2017 case, a 2 PVU contour did not pass across 300 hPa at 294 

the trough around 128°E, indicating a vertically shallow trough (Fig. 9b). A 300 hPa isobaric 295 

line bent slightly upward in front of the trough. However, 500 and 700 hPa isobaric lines did 296 

not bend as they did in the 2018 case. 297 

Fig. 9 
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  Vertical distribution of the QG forcing term (−2𝛁 ⋅ 𝐐) demonstrates a clear difference in 298 

dynamical effects of both cases’ troughs (Fig. 10). Dynamical forcing for ascent was 299 

analyzed throughout the troposphere around the ascending area in front of the trough 300 

(130°E) in the 2018 case (Fig. 10a), indicating the strong influence of the trough on the 301 

ascending motion. Yokoyama et al. (2020) evaluated contribution of dynamically forcing and 302 

diabatic heating to ascending motion in the 2018 case. They showed that vertical moisture 303 

flux convergence associated with the dynamically forced ascent account for about 30% of 304 

total moisture flux convergence associated with the quasi-geostrophic ascent at mid-305 

troposphere, indicating that the dynamical forcing played a non-negligible role for inducing 306 

ascending motion in the 2018 case. Takemura et al. (2019) also pointed out the importance 307 

of dynamical forcing associated with the trough to the ascending motion. In the 2017 case, 308 

dynamical forcing for ascent associated with the trough was analyzed only above 400 hPa 309 

(Fig. 10b). Additionally, the magnitude of the dynamical forcing term in the upper troposphere 310 

was about one fourth of that in the 2018 case, indicating the trough’s weak dynamical effect.  311 

Vertical cross-sections of temperature anomaly also show differences between the two 312 

cases (Fig. 11). In the 2018 case, a warm anomaly was analyzed throughout the free 313 

troposphere around the ascending area with a maximum at 250 hPa (Fig. 11a). This warm 314 

anomaly is probably associated with the warm air advection leading the trough (cf. Fig. 6). 315 

A warm anomaly maximum located in the upper troposphere indicates a stable stratification 316 

in comparison to the climatology. A cold anomaly was analyzed in a boundary layer around 317 

Fig. 10 

Fig. 11 
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the ascending area extending from the northwest. This cold anomaly is associated with 318 

northeasterly lower tropospheric cold advection from the Okhotsk High (Shimpo et al., 2019; 319 

Moteki 2019) which enhances stable stratification. In contrast, a cold anomaly was analyzed 320 

throughout the free troposphere around the ascending area with a maximum at 250 hPa in 321 

the 2017 case (Fig. 11b), indicating unstable stratification in comparison to the climatology. 322 

This cold anomaly is associated with a cold air mass associated with the trough (cf. Fig. 8). 323 

Because the trough extended southward, cold anomaly associated with the trough can also 324 

be analyzed in west—east and southwest—northeast cross sections (not shown). A warm 325 

anomaly was analyzed in the boundary layer which enhanced the unstable stratification.  326 

  Specific humidity anomalies are similarly distributed in the two cases, around the 327 

ascending area (Fig. 12). In the 2018 case, a positive anomaly was analyzed throughout the 328 

troposphere around the ascending area with a maximum value over 5 g kg-1 at 700 hPa, 329 

indicating a very moist environment. Yokoyama et al. (2020) showed that the upper 330 

tropospheric trough plays an important role to produce the moist environment. In the 2017 331 

case, positive anomaly had two peaks at 850 hPa and 700 hPa around the ascending area. 332 

These peak values were only half of the maximum value in the 2018 case, indicating that 333 

although this environment was very moist, it was dryer than the 2018 case.  334 

The different environments and roles of upper tropospheric troughs for the 2018 and 2017 335 

cases are summarized as follows: In the 2018 case, an upper tropospheric trough having a 336 

vertically deep structure induced a dynamical ascent and provided a relatively stable 337 

Fig. 12 
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environment in comparison to the climatology. In contrast, an upper tropospheric trough in 338 

the 2017 case had a vertically shallow structure based on vertical extent of 2 PVU contour, 339 

which provided weak dynamical ascent. Instead, the trough played a role to destabilize the 340 

atmosphere and provided a relatively unstable environment in comparison to the climatology. 341 

Moist anomalies around the ascending area were found in both cases, but the 2017 342 

atmosphere was dryer than the 2018 atmosphere. 343 

Note that about the depth of troughs, if another index, for example, vertical extent of cold 344 

temperature anomaly, is employed, the 2017 case’s trough reaches around 600 hPa (Fig. 345 

11). However, we here discuss the vertical depth with vertical extent of 2 PVU contours to 346 

analyze the structure of troughs in terms of dynamical perspective. 347 

 348 

5. Similarity of contrasts between the two cases to the statistics with the space-borne 349 

precipitation radar observation 350 

The contrast between the 2018 and 2017 cases shown in the previous sections is similar 351 

to that between statistics of the extreme rainfall events and the extreme convection events 352 

studied by HT18. “Extreme rainfall events” were defined as events that maximum near-353 

surface rainfall rates observed by a precipitation radar on board the Tropical Rainfall 354 

Measuring Mission satellite (TRMM/PR) is within uppermost 0.1%. “Extreme convection 355 

events” were defined as events that maximum 40-dBZ heights observed by the TRMM/PR 356 

is within uppermost 0.1%. HT18 demonstrated that extreme rainfall events had wider rain 357 
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areas, higher stratiform area ratios, and lower flash rates than the extreme convection 358 

events did. They also demonstrated that the environmental profiles for the composite of the 359 

extreme rainfall events were relatively stable and wet compared with climatology, whereas 360 

those in the extreme convection events were relatively unstable and dry compared with 361 

climatology.  362 

In this section, we compare vertical profiles of environmental variables in the two cases 363 

with those described by HT18 (in section 5.1). The vertical profiles are calculated from 364 

averages of four JRA55 grids around Fukuoka for 6 UTC 6 July 2018 and 6 UTC 5 July 2017. 365 

Qualitatively identical results were obtained for the other timesteps used in Figs. 5–8 (not 366 

shown) and radiosonde upper-air observation at Fukuoka (not shown). We also compare 367 

horizontal distribution and flux of moisture in both cases with those shown in HT18 (section 368 

5.2). 369 

 370 

5.1 Comparison of vertical profiles 371 

The vertical profile of the temperature anomaly in the 2018 case (Fig. 13a, blue line) is 372 

like that of the composite of extreme rainfall events (Fig. 6e from HT18). In the 2018 case, 373 

a warm temperature anomaly was analyzed between 900 and 175 hPa with a maximum at 374 

225 hPa. The temperature anomaly monotonically decreased downward below 900 hPa. 375 

The warm and cold temperature anomaly maximums from the composite of the extreme 376 

rainfall events are at 200–300 hPa and the lowest level, respectively (Fig. 6e from HT18). 377 

Fig. 13 
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The maximum value of the warm temperature anomaly in the 2018 case was about six times 378 

as large as that in the composite of the extreme rainfall events, indicating that atmosphere 379 

in the 2018 case is more stable than that in the extreme rainfall composite compiled by HT18.  380 

A similar vertical profile of temperature anomaly in the 2017 case (Fig. 13a, red line) is 381 

described by the composite of the extreme convection events (Fig. 6e from HT18). In the 382 

2017 case, a cold temperature anomaly was analyzed above 800 hPa with a maximum at 383 

450 hPa. The maximum of the warm temperature anomaly was located at 875 hPa. A cold 384 

temperature anomaly in the extreme convection events composite is also confirmed at 200–385 

700 hPa with a maximum at 300–400 hPa (Fig. 6e from HT18). The maximum warm 386 

temperature anomaly is located at the lowest level. The maximum value of the cold 387 

temperature anomaly in the 2017 case was four times as large as that in the composite of 388 

the extreme convection events, indicating a more unstable atmospheric condition in the 389 

2017 case compared with the extreme convection composite described by HT18.  390 

The vertical profile of specific humidity anomaly in the 2018 case (Fig. 13b, blue line) is 391 

also like the vertical profile of the composite of the extreme rainfall events (Fig. 6h from 392 

HT18). A positive specific humidity anomaly was analyzed below 200 hPa with a maximum 393 

at 700 hPa in the 2018 case (Fig. 13b). In the composite of extreme rainfall events, a positive 394 

specific humidity anomaly is located below 300 hPa with a maximum at 700–800 hPa (Fig. 395 

6h of HT18). The maximum value of the specific humidity anomaly in the 2018 case was 396 

approximately ten times as large as that in the composite of extreme rainfall events, 397 
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indicating that atmosphere in the 2018 case was more humid than that in the extreme rainfall 398 

composite.  399 

The vertical profile of specific humidity anomaly in the 2017 case (Fig. 13b, red line) was, 400 

however, different from that in the composite of the extreme convection events studied in 401 

HT18 (Fig. 6h of HT18). A positive specific humidity anomaly was analyzed below 500 hPa 402 

with a maximum at 700 hPa in the 2017 case, whereas a negative humidity anomaly is 403 

confirmed below 300 hPa in the composite of the extreme convection events.  404 

These results indicate environmental profile similarities between the 2018 case and the 405 

composite of the extreme rainfall events, and between the 2017 case and the composite of 406 

the extreme convection events except for the specific humidity profiles. Atmosphere in the 407 

2017 case was mostly moister than the climatology but was much dryer than the 2018 case. 408 

Thus, we can conclude that the contrast between the 2018 and 2017 cases is like that of 409 

the composites between the extreme rainfall and extreme convection events.  410 

 411 

5.2 Comparison of horizontal distributions of moisture and its flux 412 

Figure 14 shows composites for the vertically integrated moisture anomaly and its 413 

horizontal fluxes in the free troposphere and in the boundary layer for both 2018 and 2017 414 

cases. The vertical integration for the moisture anomaly <(q)> and its horizontal flux <(qv)> 415 

are calculated following the methods of HT18:  416 

< () >= g−1  ∫ ( )
𝑝1

𝑝2
dp,     417 

Fig. 14 



 21 

where g is gravity, and p1 and p2 are set to 100 hPa and 800 hPa for the free troposphere 418 

and 800 and the surface pressure for the boundary layer, respectively.  419 

Horizontal distribution of moisture for the 2018 case (Figs. 14a and 14c) is like that in the 420 

composite of the extreme rainfall events (Figs. 7a and 7c from HT18). In the 2018 case, a 421 

large moisture anomaly was analyzed over the southern part of the Japanese islands, 422 

prominently in the free troposphere (Fig. 14a). This elongated high anomaly area stretched 423 

from eastern China and the East China Sea to the western North Pacific to the east of Japan, 424 

like an atmospheric river confirmed in the western North Pacific regions (Mundunk et al. 425 

2016; Kamae et al. 2017). In fact, Yatagai et al. (2019) showed that an atmospheric river 426 

was detected during the 2018 case. Southerly and south-westerly fluxes were dominant 427 

around the Northern Kyushu area both in the free troposphere and in the boundary layer.  428 

For the 2017 case, northeasterly fluxes were analyzed around the Northern Kyushu area 429 

both in the free troposphere and in the boundary layer (Figs. 14b and 14d), which is 430 

consistent with the extreme convection events composite (Figs. 7b and 7d from HT18). An 431 

anomalously large moisture belt was analyzed in the free troposphere along the island of 432 

Japan, which corresponds to the track of a tropical cyclone that passed over Japan before 433 

the rainfall event. Except for this large anomalously moist area, the distribution of moisture 434 

was like that in the composite of the extreme convection events described by HT18.  435 

The similarities shown in this section indicate that the 2018 case and 2017 case can 436 

reasonably be considered to correspond to the extreme rainfall events and extreme 437 
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convection events, respectively. Flash rate in the 2018 case was small compared to that in 438 

the 2017 (Kawano et al. 2018), which also supports this correlation. Moreover, the 439 

amplitudes of the anomaly in the 2018 and 2017 cases were several times larger than those 440 

in the composites of extreme events, even though HT18’s composites only included the 441 

uppermost 0.1% of extreme events. Thus, these results indicate that the 2018 case was an 442 

extreme among the extreme rainfall events and the 2017 case was a case corresponding to 443 

an extreme event of the extreme convection events. In fact, the total precipitation observed 444 

by AMeDAS stations for three-day periods during the 2018 case was the highest since 1982 445 

(Shimpo et al. 2019). For the 2017 case, the Asakura AMeDAS station recorded the highest 446 

hourly and three-hourly precipitation for the station (JMA 2017). In particular, the highest 447 

three-hourly precipitation was about twice as large as the second highest three-hourly 448 

precipitation at Asakura.  449 

 450 

6. Conclusion and discussion 451 

  Precipitation characteristics and environment are compared between the July 2018 452 

heavy rainfall event (2018 case) and the 2017 Northern Kyushu rainfall event (2017 case). 453 

Our results indicate that the difference of precipitation characteristics between the two 454 

cases results from difference of balance between roles of troughs and stability of 455 

environment.  456 

Figure 15 illustrates characteristics of environments and precipitation systems for the two 457 

Fig. 15 
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cases. In the 2018 case (Fig. 15a), an upper tropospheric trough was analyzed over the 458 

Korean Peninsula. This trough had a vertically deep structure. Dynamical forcing 459 

associated with the trough reached lower troposphere around the Northern Kyushu area 460 

(Fig. 10a). Warm advection from the south and dynamical effect of the trough provided a 461 

relatively more stable stratification and moister environment than the climatology around 462 

the Northern Kyushu area (Fig. 11a). The Okhotsk High helped to stabilize atmosphere by 463 

northeasterly lower tropospheric cold advection. On the other hand, cold anomaly area 464 

associated with the trough was limited in a narrow area around the Korean Peninsula 465 

because of small southward extension of the trough (Figs. 5 and 6). These factors provided 466 

environment favorable for organized precipitation systems, resulting in long-lasting rainfall 467 

from moderately tall precipitation systems over an extensive area.  468 

In the 2017 case (Fig. 15b), an upper tropospheric trough was also analyzed over the 469 

Korean Peninsula. This trough had a vertically shallower structure compared to the 2018 470 

case based on the vertical extent of 2 PVU contours. The QG forcing associated with this 471 

trough was weaker compared to that associated with the 2018 case’s trough (Fig. 10b). On 472 

the other hand, cold anomaly associated with the trough was distributed over a wide area 473 

(Fig. 8), which provided relatively more unstable environment compared with the 474 

climatology (Fig. 11b) over the northern Kyushu. Although atmosphere was relatively 475 

moister than the climatology by the influence of a tropical cyclone passed before the 2017 476 

case, the atmosphere was relatively dryer than that of the 2018 case (Fig. 13). These 477 
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factors provided environment favorable for tall convections rather than large-scale 478 

organized systems, resulting in short-term rainfalls over smaller areas from extremely tall 479 

precipitation systems.  480 

   The contrast of environments between the two cases corresponds well to that of the 481 

statistical results described by HT18. Moreover, the amplitudes of anomalies in the 2018 482 

and 2017 cases are several times as large as those found in the composites of HT18’s 0.1 483 

percentile-extreme. This indicates that the 2018 case is an extreme event among extreme 484 

rainfall events and the 2017 case is an extreme event among extreme convection events.  485 

  The similarities between the two cases and HT18’s results indicate that extreme rainfall 486 

can occur repeatedly under similar environmental conditions, which is informative for 487 

prediction and disaster prevention. A similar relationship between a case study and a 488 

statistical study is confirmed between a case study by Hirota et al. (2016), which 489 

demonstrated an interplay of an upper tropospheric cut-off low and an atmospheric river to 490 

enhance precipitation in Hiroshima on 19 August 2014, and Tsuji and Takayabu (2019), 491 

which statistically investigated precipitation enhancement related to cut-off lows and 492 

atmospheric rivers.  493 

  Recent studies reveal the importance of upper tropospheric phenomena on rainfalls 494 

over Japan (e.g., Horinouchi 2014; Hirota et al. 2016; Tsuji and Takayabu 2019; Yokoyama 495 

et al. 2020). Similar points are emphasized by some studies about rainfall events in other 496 

regions. For example, Hardy et al. (2017) showed the sensitivity of precipitation in the 497 
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United Kingdom to upper tropospheric PV anomalies. de Vries et al. (2018) demonstrated 498 

the importance of an interaction between upper tropospheric PV feature and integrated 499 

water vapor transport for a rainfall event occurred in the Middle East region. Our results 500 

emphasize the importance of focusing on upper tropospheric phenomena when analyzing 501 

rainfall events around Japan.  502 
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List of Figures 672 

Fig. 1. A map designating the Northern Kyushu area, the Setouchi area, and geographical 673 

locations referred in the text. 674 

 675 

Fig. 2. Accumulated precipitation within (a) 24 hours from 18 UTC 5 July, 2018 to 18 UTC 6 676 

July, 2018 and (b) 24 hours from 00 UTC 5 July, 2017 to 00 UTC 6 July, 2017. Red and 677 
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black rectangles designate the Northern Kyushu area and Setouchi area, respectively. 678 

 679 

Fig. 3. (a–c) Time-evolution of area-averaged hourly precipitation (mm h-1, black line, left 680 

axis) for (a) the Northern Kyushu area in the 2018 case, (b) the Setouchi area in the 2018 681 

case, and (c) the Northern Kyushu area in the 2017 case. Red line indicates accumulated 682 

precipitation (mm grid, right axis) for each area from (a, b) 12 UTC 4 July and (c) 18 UTC 683 

4 July. (d–f) Time-evolution of frequency for echo-top heights normalized by each timestep 684 

for (d) the Northern Kyushu area in the 2018 case, (e) the Setouchi area in the 2018 case, 685 

and (f) the Northern Kyushu area in the 2017 case. The ordinate designates echo-top 686 

height (km). Black dashed lines indicate 10 km. 687 

 688 

Fig. 4. Time-evolution of the number of grids observing echo top height lower than 10 km 689 

(blue lines) and higher than 10 km (red lines) in the Northern Kyushu area in (a) the 2018 690 

case and (b) the 2017 case. 691 

 692 

Fig. 5. GSMaP rainfall rate (color, mm h-1), PV on 350-K isentropic surface (black contours, 693 

2 PVU, 1 PVU contour is also drawn), and precipitable water (red contours, 10 mm, only 694 

for ≧50 mm) at (a) 6 UTC 5 July 2018, (b) 18 UTC 5 July 2018, (c) 6 UTC 6 July 2018, 695 

and (d) 18 UTC 6 July 2018. The bold black contours indicate 2 PVU contour. The 696 

northwest–southeast diagonal dashed line in (c) marks the location of the cross-sectional 697 
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analyses in Figs 9, 10, 11, and 12. 698 

 699 

Fig. 6. Same as in Fig. 5, but showing temperature anomaly (color, K), geopotential height 700 

(contour, gpm), and wind vector (m s-1, only for ≧20 m s-1) at 300 hPa. 701 

 702 

Fig. 7. Same as in Fig. 5, but for the 2017 case at (a) 0 UTC 5 July 2017, (b) 6 UTC 5 July 703 

2017, (c) 12 UTC 5 July 2017, and (d) 18 UTC 5 July 2017. The northwest–southeast 704 

diagonal dashed line in (b) marks the location of the cross-sectional analyses in Figs 9, 705 

10, 11, and 12.  706 

 707 

Fig. 8. Same as in Fig. 6, but for the 2017 case at (a) 0 UTC 5 July 2017, (b) 6 UTC 5 July 708 

2017, (c) 12 UTC 5 July 2017, and (d) 18 UTC 5 July 2017.  709 

 710 

Fig. 9. Vertical cross-sections of PV (color, PVU) and vertical velocity (black contour, Pa s-1) 711 

for (a) the 2018 case and (b) the 2017 case, taken along the diagonal lines from (a) Fig. 712 

5c and (b) Fig. 7b. The vertical velocity contour intervals are 0.5 Pa s-1 in (a) and 0.1 Pa 713 

s-1 in (b). Green contours indicate 2 PVU lines. Red contours indicate 300, 500, and 700 714 

hPa isobars. The abscissa shows longitude, and the ordinate shows potential temperature 715 

(K).  716 

 717 
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Fig. 10. Vertical cross-sections of QG forcing term (−2𝛁 ⋅ 𝐐 , color, 10-18 m s-1 kg-1) and 718 

vertical velocity (contours) for (a) the 2018 case and (b) the 2017 case, taken along the 719 

diagonal lines from (a) Fig. 5c and (b) Fig. 7b. The vertical velocity contour intervals are 720 

0.5 Pa s-1 in (a) and 0.1 Pa s-1 in (b). The abscissa shows longitude, and the ordinate 721 

shows pressure (hPa). 722 

 723 

Fig. 11. As in Fig. 10, but showing temperature anomaly (color, K) and vertical velocity 724 

(contours) for (a) the 2018 case and (b) the 2017 case.  725 

 726 

Fig. 12. As in Fig. 10, but showing specific humidity anomaly (color, g kg-1) and vertical 727 

velocity (contours) for (a) the 2018 case and (b) the 2017 case. 728 

 729 

Fig. 13. Vertical profiles of (a) temperature anomaly (K) and (b) specific humidity anomaly 730 

(g kg-1) for the 2018 case (blue lines) and 2017 case (red lines). These profiles are 731 

averaged over four grids around Fukuoka at 6 UTC 6 July 2018 for the 2018 case and 6 732 

UTC 5 July 2017 for the 2017 case. 733 

 734 

Fig. 14. Vertically integrated moisture anomaly (color, kg m-2) and its horizontal flux (vector, 735 

kg m-1 s-1, only for ≧75 kg m-1 s-1) for (a, c) the 2018 case and (b, d) the 2017 case. (a) 736 

and (b) show the results for the free troposphere (between 100 and 800 hPa), and (c) and 737 



 37 

(d) show the results for the boundary layer (between 800 hPa and the surface).  738 

 739 

Fig. 15. Schematics of rainfall events for (a) the 2018 case and (b) for the 2017 case. 740 

 741 

 742 

 743 

Fig. 1. A map designating the Northern Kyushu area, the Setouchi area, and geographical 744 

locations referred in the text. 745 
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 746 

Fig. 2. Accumulated precipitation within (a) 24 hours from 18 UTC 5 July, 2018 to 18 UTC 6 747 

July, 2018 and (b) 24 hours from 00 UTC 5 July, 2017 to 00 UTC 6 July, 2017. Red and 748 

black rectangles designate the Northern Kyushu area and Setouchi area, respectively. 749 

 750 

 751 
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 752 

Fig. 3. (a–c) Time-evolution of area-averaged hourly precipitation (mm h-1, black line, left 753 

axis) for (a) the Northern Kyushu area in the 2018 case, (b) the Setouchi area in the 2018 754 

case, and (c) the Northern Kyushu area in the 2017 case. Red line indicates accumulated 755 

precipitation (mm grid, right axis) for each area from (a, b) 12 UTC 4 July and (c) 18 UTC 756 

4 July. (d–f) Time-evolution of frequency for echo-top heights normalized by each timestep 757 

for (d) the Northern Kyushu area in the 2018 case, (e) the Setouchi area in the 2018 case, 758 

and (f) the Northern Kyushu area in the 2017 case. The ordinate designates echo-top 759 

height (km). Black dashed lines indicate 10 km. 760 

 761 
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 762 

Fig. 4. Time-evolution of the number of grids observing echo top height lower than 10 km 763 

(blue lines) and higher than 10 km (red lines) in the Northern Kyushu area in (a) the 2018 764 

case and (b) the 2017 case. 765 

 766 

 767 

 768 

 769 
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 770 

Fig. 5. GSMaP rainfall rate (color, mm h-1), PV on 350-K isentropic surface (black contours, 771 

2 PVU, 1 PVU contour is also drawn), and precipitable water (red contours, 10 mm, only 772 

for ≧50 mm) at (a) 6 UTC 5 July 2018, (b) 18 UTC 5 July 2018, (c) 6 UTC 6 July 2018, 773 

and (d) 18 UTC 6 July 2018. The bold black contours indicate 2 PVU contour. The 774 

northwest–southeast diagonal dashed line in (c) marks the location of the cross-sectional 775 

analyses in Figs 9, 10, 11, and 12. 776 

 777 
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 778 

Fig. 6. Same as in Fig. 5, but showing temperature anomaly (color, K), geopotential height 779 

(contour, gpm), and wind vector (m s-1, only for ≧10 m s-1) at 300 hPa. 780 

 781 

 782 
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 783 

Fig. 7. Same as in Fig. 5, but for the 2017 case at (a) 0 UTC 5 July 2017, (b) 6 UTC 5 July 784 

2017, (c) 12 UTC 5 July 2017, and (d) 18 UTC 5 July 2017. The northwest–southeast 785 

diagonal dashed line in (b) marks the location of the cross-sectional analyses in Figs 9, 786 

10, 11, and 12.  787 

 788 
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 789 

Fig. 8. Same as in Fig. 6, but for the 2017 case at (a) 0 UTC 5 July 2017, (b) 6 UTC 5 July 790 

2017, (c) 12 UTC 5 July 2017, and (d) 18 UTC 5 July 2017.  791 

 792 

 793 
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 794 

Fig. 9. Vertical cross-sections of PV (color, PVU) and vertical velocity (black contour, Pa s-1) 795 

for (a) the 2018 case and (b) the 2017 case, taken along the diagonal lines from (a) Fig. 796 

5c and (b) Fig. 7b. The vertical velocity contour intervals are 0.5 Pa s-1 in (a) and 0.1 Pa 797 

s-1 in (b). Green contours indicate 2 PVU lines. Red contours indicate 300, 500, and 700 798 

hPa isobars. The abscissa shows longitude, and the ordinate shows potential temperature 799 

(K).  800 

 801 

 802 
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 803 

Fig. 10. Vertical cross-sections of QG forcing term (−2𝛁 ⋅ 𝐐 , color, 10-18 m s-1 kg-1) and 804 

vertical velocity (contours) for (a) the 2018 case and (b) the 2017 case, taken along the 805 

diagonal lines from (a) Fig. 5c and (b) Fig. 7b. The vertical velocity contour intervals are 806 

0.5 Pa s-1 in (a) and 0.1 Pa s-1 in (b). The abscissa shows longitude, and the ordinate 807 

shows pressure (hPa). 808 

 809 
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 810 

Fig. 11. As in Fig. 10, but showing temperature anomaly (color, K) and vertical velocity 811 

(contours) for (a) the 2018 case and (b) the 2017 case.  812 

 813 
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 814 

Fig. 12. As in Fig. 10, but showing specific humidity anomaly (color, g kg-1) and vertical 815 

velocity (contours) for (a) the 2018 case and (b) the 2017 case. 816 

 817 
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 818 

Fig. 13. Vertical profiles of (a) temperature anomaly (K) and (b) specific humidity anomaly 819 

(g kg-1) for the 2018 case (blue lines) and 2017 case (red lines). These profiles are 820 

averaged over four grids around Fukuoka at 6 UTC 6 July 2018 for the 2018 case and 6 821 

UTC 5 July 2017 for the 2017 case. 822 

 823 

 824 
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 825 

Fig. 14. Vertically integrated moisture anomaly (color, kg m-2) and its horizontal flux (vector, 826 

kg m-1 s-1, only for ≧75 kg m-1 s-1) for (a, c) the 2018 case and (b, d) the 2017 case. (a) 827 

and (b) show the results for the free troposphere (between 100 and 800 hPa), and (c) and 828 

(d) show the results for the boundary layer (between 800 hPa and the surface).  829 

 830 
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 831 

Fig. 15. Schematics of rainfall events for (a) the 2018 case and (b) for the 2017 case. 832 

 833 


