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Abstract 34 

 35 

This paper presents a study of impacts of evaporative cooling from raindrops on 36 

precipitation over western Japan associated with the Baiu front during a heavy rainfall 37 

event from 5 to 8 July 2018. First, we conducted analyses on dynamic and 38 

thermodynamic features of the stationary Baiu front using the Japanese 55-year 39 

Reanalysis (JRA-55). During this period, great amounts of water vapor were transported 40 

continuously to the stationary Baiu front, supporting the record-breaking rainfall. The 299 41 

K isentropic surface was identified as a frontal surface. Along the isentropic surface, warm 42 

moist air adiabatically ascended, became saturated at around an altitude of 500 m, and 43 

initiated active precipitation systems. We found that the diabatic cooling near the tip of 44 

the frontal surface played an important role in keeping the position of the frontal surface 45 

without its northward retreat. Next, numerical sensitivity experiments were conducted to 46 

examine impacts of evaporative cooling and the topography on the heavy rainfall 47 

formation by using a cloud-resolving non-hydrostatic numerical model (The Japan 48 

Meteorological Agency Non-hydrostatic Model: JMA-NHM) with a horizontal resolution of 49 

3 km. A heavy precipitation area extending from the Chugoku region to central Kinki was 50 

simulated regardless of whether the terrain was flattened or not. The precipitation was 51 

formed mainly by updrafts above a frontal surface at a potential temperature of 300 K. 52 

This precipitation area shifted northward by more than 100 km when the raindrop 53 
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evaporation was turned off. The raindrop evaporation suppressed the northward retreat 54 

of the frontal surface by maintaining cold airmass amounts below the frontal surface. 55 

 56 

Keywords Baiu front; extreme event; heavy precipitation; isentropic analysis; raindrop 57 

evaporation 58 

  59 
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1 Introduction 60 

From 28 June to 8 July 2018, a record-breaking heavy rainfall event occurred mainly in 61 

western Japan and the Tokai region (see Fig. 1). The Japan Meteorological Agency (JMA) 62 

designated it as the "Heavy Rain Event of July 2018". During the period, the total amount 63 

of rainfall exceeded 1000 mm in some regions, reaching as much as 2–4 times typical 64 

monthly precipitation amounts for July (JMA 2018). The Baiu front, which is a front normally 65 

extending from west to east in early summer over Japan, remarkably stagnated in western 66 

Japan during 5–8 July. Consequently, accumulated precipitation amounts increased 67 

significantly.  68 

Shimpo et al. (2019) pointed out the main factors of the heavy rainfall during 5–8 July; 69 

two extremely low-level wet streams from the South China Sea and the tropical western 70 

North Pacific merged over western Japan. The continuous updraft over the Baiu front caused 71 

the heavy rainfall. The stationary Baiu front was enhanced considerably between the North 72 

Pacific Subtropical High and the Okhotsk High. Line-shaped heavy precipitation systems 73 

caused heavy mesoscale rainfall in some areas (Tsuguti et al. 2019). Takemura et al. (2019) 74 

demonstrated that the moisture convergence during 5–7 July was the largest in western 75 

Japan since 1958. The strong southerly wind enhanced the evaporation from the 76 

surrounding ocean, especially along the Kuroshio Current, and transported water vapor to 77 

the frontal region (Sekizawa et al. 2019). 78 

Moteki (2019) reported that the typhoon T1807 (PRAPIROON) strongly transferred the 79 
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cold air from the Sea of Okhotsk to the Sea of Japan. Simultaneously, the Okhotsk High 80 

expanded southward rapidly. Both the southward pressure gradient from the Okhotsk High 81 

and the northward pressure gradient from the North Pacific Subtropical High stagnated the 82 

Baiu front in western Japan. He also stated that strong ascending continued above thick 83 

cold air over the Sea of Japan and led to heavy rainfall along the Baiu front. 84 

However, few analyses had been made to separate the upward flow into adiabatic and 85 

diabatic components in this case. Therefore, it is not clear on which isentropic surface warm 86 

moist air ascended dominantly and caused strong condensation. In addition, stagnation 87 

factors of the Baiu front have been studied from a dynamic perspective (Moteki 2019), but 88 

not intensively studied from the viewpoint of diabatic processes. Markowski and Richardson 89 

(2012) reported that the motion of surface fronts is not only dependent upon front-normal 90 

isallobaric gradient, but also influenced by diabatic effects. Therefore, the followings have 91 

been identified as possible factors of the stagnation of fronts; the strength of warm and cold 92 

air advections in the surroundings, the enhancement of convergence corresponding to 93 

rainfall phenomena, and diabatic heating and cooling caused by physical processes such 94 

as cloud microphysical processes, radiative processes, and planetary boundary layer 95 

processes. This study particularly focuses on impacts of evaporative cooling from raindrops. 96 

Using a semigeostrophic frontogenesis model, Huang and Emanuel (1991) reported that 97 

the evaporative cooling forms a strong and concentrated downdraft on the cold side of a 98 

frontal zone. The evaporative cooling of raindrops has been reported to have an impact on 99 
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Baiu front systems in some cases. Ishihara et al. (1995) reported for the Baiu front 100 

environment with a small horizontal temperature gradient that cold air generated in the 101 

downdraft by the evaporative cooling diverged in the lower layer and formed a gust front 102 

between the cold pool and the warm moist southwesterly flow, thereby maintaining 103 

convective activities. Davis and Lee (2012) described in a case that the evaporative cooling 104 

from raindrops contributed to the initiation and intensification of convection through 105 

maintenance of a coastal front by forming a cold pool. Nagata and Ogura (1991) showed in 106 

a sensitivity experiment that the evaporative cooling from stratiform precipitation in the Baiu 107 

front strengthened frontogenesis by forming a cold pool below the front, and that a 108 

convective precipitation area produced in an experiment without the evaporation from 109 

stratiform raindrops moved eastward faster. Moteki et al. (2004) reported from a case study 110 

that a cold pool formed by the evaporative cooling pushed the Baiu front southward about 111 

50 km in 2 hours. Jeong et al. (2016) presented another example in which the evaporative 112 

cooling of raindrops prevented mesoscale convective systems from moving northward. 113 

However, the evaporative cooling does not always contribute to Baiu frontal precipitation. 114 

Sensitivity experiments conducted by Kato and Goda (2001) demonstrated that the 115 

evaporative cooling of raindrops did not affect the formation of a quasi-stationary rainband 116 

observed in the Niigata area, central Japan, on 4 August 1998. Liu and Moncrieff (2017) 117 

showed that a weak cold pool generated by the evaporative cooling negligibly affected 118 

convection initiation in shear-parallel mesoscale convective systems in an idealized low-119 
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inhibition and unidirectional shear environment of the Baiu moisture front. Therefore, it is 120 

necessary to investigate how and in which case the evaporative cooling contributes to Baiu 121 

frontal precipitation system. 122 

This study was conducted to identify the isentropic surface on which warm air ascending 123 

was the most active in the latter period of the heavy rainfall event occurring in western Japan 124 

in July 2018, to clarify the mechanisms of the precipitation formations, and to investigate the 125 

influences of diabatic processes on the position of the isentropic surface. Next, we examined 126 

impacts of evaporative cooling from raindrops in sensitivity experiments using a non-127 

hydrostatic model (JMA-NHM; Saito et al. 2006). 128 

The remainder of this paper is organized as follows. Section 2 describes data, methods 129 

for isentropic and cold airmass analyses, and numerical models used in this study. Section 130 

3 presents analyses using the Japanese 55-year Reanalysis (JRA-55; Kobayashi et al. 131 

2015), the global atmospheric reanalysis conducted by JMA. Section 4 presents the results 132 

of sensitivity experiments conducted using JMA-NHM. In this section, we show and describe 133 

impacts of evaporative cooling on the Baiu frontal precipitation system. Finally, the 134 

conclusions are presented in section 5. 135 

The regions described in this article (East China Sea, Pacific Ocean, Sea of Japan, 136 

Kyushu region, Chugoku region, Shikoku region, Kinki region, Tokai region) are presented 137 

in Fig. 1. The location of the Sea of Okhotsk outside the range of Fig. 1 is depicted in Fig. 3. 138 

Kochi Prefecture, described in section 4.1, is located on the Pacific side of the Shikoku 139 
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region. 140 

 141 

2 Data and Methods 142 

2.1 Data 143 

Large-scale features of the stationary Baiu front are examined using JRA-55. In the JRA-144 

55 reanalysis system, the JMA's Global Spectral Model (JMA-GSM; JMA 2013) is used as 145 

a forecast model for data assimilation. We use six-hourly snapshots of analysis values with 146 

a horizontal resolution of 1.25° × 1.25° at fixed isobaric levels. The JMA radar observation 147 

data with a horizontal resolution of 1 km are used to validate the precipitation reproduced in 148 

numerical experiments using JMA-NHM.  149 

 150 

2.2 Isentropic analysis and cold airmass analysis 151 

In general, an isentropic surface located at the warmer end of a potential temperature 152 

gradient zone is called a frontal surface. An intersection between a frontal surface and the 153 

ground or an isobaric surface is called a front. In this study, based on this definition, the 154 

structure and temporal evolution of the Baiu front were studied using the cold airmass 155 

analysis proposed by Iwasaki et al. (2014). Cold airmass amount 𝐷𝐷𝐷𝐷 and horizontal cold 156 

airmass flux 𝑴𝑴𝑴𝑴 are 157 

𝐷𝐷𝐷𝐷 = 𝑝𝑝𝑠𝑠 − 𝑝𝑝(𝜃𝜃𝑇𝑇), (1) 158 

and 159 
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𝑴𝑴𝑴𝑴 =  � 𝒗𝒗 𝑑𝑑𝑝𝑝
𝑝𝑝𝑠𝑠

𝑝𝑝(𝜃𝜃𝑇𝑇)
, (2) 160 

where 𝑝𝑝𝑠𝑠 , 𝑝𝑝(𝜃𝜃𝑇𝑇), and 𝒗𝒗 respectively denote surface pressure, pressure at the surface of a 161 

threshold potential temperature 𝜃𝜃𝑇𝑇, and the vector of horizontal wind velocity. Therefore, 162 

𝐷𝐷𝐷𝐷 is the atmospheric pressure difference between the ground and 𝜃𝜃𝑇𝑇 surface; 𝑴𝑴𝑴𝑴 is the 163 

horizontal airmass flux vertically integrated from the ground to the 𝜃𝜃𝑇𝑇  surface. By 164 

integrating the mass conservation equation in the potential temperature coordinate system 165 

from 𝜃𝜃𝑠𝑠   (potential temperature at the ground) to 𝜃𝜃𝑇𝑇 , we can derive the following cold 166 

airmass conservation equation; 167 

𝜕𝜕𝐷𝐷𝐷𝐷
𝜕𝜕𝜕𝜕 = −𝛻𝛻 ⋅ 𝑴𝑴𝑴𝑴+

𝜕𝜕𝑝𝑝
𝜕𝜕𝜃𝜃 �̇�𝜃

|𝜃𝜃=𝜃𝜃𝑇𝑇, (3) 168 

where  �̇�𝜃 = 𝑑𝑑𝜃𝜃
𝑑𝑑𝑑𝑑

. This equation shows that the temporal change of the cold airmass amount 169 

is determined from two terms; the convergence or divergence of the horizontal cold airmass 170 

flux (the first term on the right-hand side) and the decrease or increase of the cold airmass 171 

amount by diabatic heating or cooling (the second term). The diabatic change (the second 172 

term on the right-hand side of Eq. (3)) can be indirectly estimated using the conservation 173 

relation of cold airmass amount.  174 

   In this study, we analyze the vertical flow as follows. The vertical 𝑝𝑝 velocity 𝜔𝜔 in the 175 

isentropic coordinate system is given by 176 

𝜔𝜔 =
𝜕𝜕𝑝𝑝
𝜕𝜕𝜕𝜕 + 𝒗𝒗𝜽𝜽 ⋅ 𝛻𝛻𝑝𝑝 +  

𝜕𝜕𝑝𝑝
𝜕𝜕𝜃𝜃 �̇�𝜃, (4) 177 

where 𝑝𝑝 and 𝒗𝒗𝜽𝜽 respectively denote the pressure and wind velocity vector on an isentropic 178 

surface. The first term on the right-hand side represents the temporal change in pressure 179 
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on an isentropic surface. The second term represents the vertical velocity along an inclined 180 

isentropic surface (hereafter referred to as adiabatic vertical velocity). The third term 181 

represents the vertical velocity associated with diabatic heating (diabatic vertical velocity). It 182 

is noteworthy that the diabatic term in Eq. (3) is equal to the diabatic vertical velocity in Eq. 183 

(4). Therefore, the ascending associated with the diabatic heating can be calculated using 184 

Eq. (3) in this study. Consequently, the vertical velocity in the isentropic coordinate system 185 

can be separated into its adiabatic and diabatic components. 186 

 187 

2.3 Numerical experiment by non-hydrostatic mesoscale model 188 

In this study, we also conducted sensitivity experiments to assess impacts of evaporative 189 

cooling from raindrops using JMA-NHM. The initial and lateral boundary conditions were 190 

provided from JMA mesoscale analyses with a horizontal resolution of 5 km at every 3 hours 191 

(JMA 2013). The sea surface temperature (SST) was fixedly given by the merged satellite 192 

and in-situ data Global Daily Sea Surface Temperature (MGDSST; Kurihara et al. 2006) on 193 

5 July 2018. 194 

 In addition to the control experiment CNTL, a sensitivity experiment NOEVAP was 195 

conducted without the raindrop evaporation, i.e., the transformation of raindrops into water 196 

vapor was turned off. It is noteworthy that the evaporation from the other hydrometers, 197 

including cloud water, was not turned off even in NOEVAP. The combined use of a cloud 198 

microphysics scheme and a cumulus parameterization scheme makes it difficult to evaluate 199 



 10 

the impacts of evaporative cooling from raindrops. A high-resolution cloud-resolving model 200 

with grid-spacing of 3 km is, therefore, used to avoid the usage of a cumulus 201 

parameterization scheme. To assess the influences of the terrain, we also conducted ideal 202 

experiments of FLAT and NOEVAP_FLAT in which the terrain over western Japan was 203 

flattened for CNTL and NOEVAP, respectively. The computational domain is colored in Fig. 204 

1. The flattened area in FLAT and NOEVAP_FLAT is surrounded by a square. At the 205 

boundary of this flattened area, the terrain is smoothed so that the slope of the terrain 206 

between adjacent grids is not too steep.  207 

The detailed model settings are as follows. There are 501×501 horizontal grid points 208 

with a 3 km grid spacing and 50 vertical levels (Δ𝑧𝑧 = 40 m at the bottom level, Δ𝑧𝑧 = 540 m 209 

at the top level, and model top is 13.2 km). The time integration period was 96 hours from 210 

15 UTC 3 July to 15 UTC 7 July. NOEVAP and NOEVAP_FLAT were conducted without the 211 

raindrop evaporation from the start to the end of the calculation. For parameterizing cloud 212 

microphysics processes, the model used a two-moment bulk scheme that predicts the 213 

mixing ratios of cloud water, rain, cloud ice, snow, and graupel and the number 214 

concentrations of cloud ice, snow, and graupel (Ikawa and Saito 1991). The Mellor-Yamada 215 

Nakanishi-Niino level 2.5 scheme (Nakanishi and Niino 2004) was used as a planetary 216 

boundary layer (PBL) parameterization scheme. The model terrain was prepared from 217 

GTOPO30 (Global 30 arc-second elevation) with a horizontal resolution of approximately 1 218 

km.  219 
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 220 

   3 Stationary Front Analyzed using JRA-55 221 

3.1 Case overview of the synoptic situation 222 

The target event in this study was characterized by the long stationarity of the Baiu front 223 

with a wide range of active precipitation. For that reason, the heavy precipitation for a long 224 

time caused severe damages in western Japan.  225 

Figure 2 shows geopotential heights and horizontal wind vectors at 975 hPa and 700 226 

hPa during 4-6 July 2018 and portrays the cold airmass amount below the isentropic surface 227 

of 296 K. The 296 K surface was identified as the top of cold air blowing from the northeast, 228 

as described in the next subsection. The extratropical cyclone transformed from Typhoon 229 

T1807 over the Sea of Japan on 4 July traveled east-northeastward, and it reached the 230 

northern Pacific on 6 July. After the passage of this extratropical cyclone over the Sea of 231 

Japan, two distinct high-pressure systems prevailed over the Sea of Okhotsk and the 232 

subtropical northern Pacific Ocean. A low-pressure region over the East China Sea extended 233 

eastward between the two high-pressure systems. 234 

Behind the extratropical cyclone transformed from Typhoon T1807, cold air blew into the 235 

Sea of Japan (see Figs. 2b, c, and the horizontal distribution of potential temperature in Fig. 236 

4a). As pointed out by Moteki (2019), the southwestward cold airflow on the back of the 237 

Typhoon T1807 was enhanced by the southward migration of the Okhotsk High. The 238 

southwestward cold airflow was not found at 700 hPa (Fig. 2d), which means that the cold 239 
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airflow was located limitedly in the lower layer. This cold airflow could effectively push the 240 

Baiu front southward. On 6 July, the cold air prevailed over the whole of the Sea of Japan.  241 

Another important airflow was the subtropical southerlies, which transported warm moist 242 

air toward the Baiu front. This airflow was caused by the large pressure gradient force 243 

between the low-pressure region over the East China Sea and the North Pacific Subtropical 244 

High. Unlike the cold airflow over the Sea of Japan, the warm airflow around the North Pacific 245 

Subtropical High at 700 hPa closely resembled that at 975 hPa. Figure 3 shows that the 246 

subtropical southwesterly wind transported great amounts of water vapor to the Baiu front. 247 

The water vapor flux convergence increased in western Japan, reached the maximum on 6 248 

July, and maintained until 7 July. Takemura et al. (2019) reported that great amounts of water 249 

vapor were brought about toward the convergence area by the confluence of the deeply 250 

moist southwesterly wind and the low-level southerly wind. They also reported that the 251 

successive formation of active convection over the southern part of the East China Sea 252 

generated low-level cyclonic vorticity, and consequently, large northeastward water vapor 253 

transportation was maintained. 254 

As a result, the stationary Baiu front was strongly enhanced over western Japan through 255 

close contact between the strong southwestward cold airflow and the northeastward warm 256 

airflow. The warm moist northeastward airflow rose over the cold southwestward airflow. 257 

Such synoptic situations persisted during 5–8 July and caused the record-breaking 258 

accumulated precipitation amounts. 259 
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 260 

3.2 Ascending motion of warm air near the stationary front 261 

Figure 4 presents the geographical pattern of potential temperature and horizontal winds 262 

averaged over two days during 5–6 July at 975 hPa, and meridional cross-sections (along 263 

with lines A–B and C–D) of the time-averaged potential temperature and (𝑣𝑣,𝜔𝜔) wind vector 264 

(𝑣𝑣, meridional wind). At 975 hPa, cold air flowed out from the Okhotsk High toward western 265 

Japan via the Sea of Japan, as presented in Fig. 2. An area with a large horizontal gradient 266 

of potential temperature extended over western Japan from the Okhotsk High. The 299 K 267 

isentropic surface was located at the southern end of this area. In vertical cross-sections 268 

shown in Figs. 4b and 4c, the southernmost isentropic surface that intersected the ground 269 

was 299 K. Thus, we regard the 299 K isentropic surface as a frontal surface. Unsaturated 270 

warm air ascended northward over the 299 K surface as long as the warm air traveled 271 

adiabatically. A frontal surface often corresponds with a zone of a sharp change in wind 272 

direction. However, a near-surface boundary between the southerly and northerly wind 273 

areas was in the vicinity of the tip of the 296 K isentropic surface, about 200-300 kilometers 274 

north of the 299 K isentropic surface. Therefore, the 296 K isentropic surface was the top of 275 

the cold air blowing from the Okhotsk High.  276 

Next, vertical velocity was examined based on Eq. (4). The temporal change in pressure 277 

on the isentropic surface (the first term on the right-hand side in Eq. (4)) was relatively small 278 

compared to adiabatic and diabatic velocities (can be confirmed in Fig. 6). Figures 5a and 279 
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5b show adiabatic and diabatic vertical velocities averaged longitudinally between lines A–280 

B and C–D shown in Fig. 4a. The maximum adiabatic ascending is found around the 299 K 281 

isentropic surface (Fig. 5a). In fact, the adiabatic ascending area, in which vectors in Fig. 4b 282 

and 4c are parallel to isentropic lines, is remarkably found at 950 hPa around the 299 K 283 

isentropic surface. An adiabatic ascending area extended vertically above the 299 K 284 

isentropic surface. The warm moist air ascending on the 299 K surface was expected to 285 

release large amounts of condensation heating. South of western Japan, the lifting 286 

condensation level (LCL) estimated from the lower layer of 975 hPa was about 500 m (not 287 

shown). After the lower air reached this level, strong diabatic ascending was added to the 288 

adiabatic ascending. A stronger diabatic ascending area also extended vertically but was 289 

located slightly north of the adiabatic ascending area (Fig. 5b). Further lifting the air to the 290 

level of free convection (LFC) initiated active convection.  291 

Figure 6 shows daily averaged the three components on the right-hand side in Eq. (4) 292 

and the total vertical velocity on the 299 K isentropic surface and observed daily 293 

accumulated precipitation amounts on 6 July. Note that the total vertical velocity is the sum 294 

of all the three components, i.e., it is equivalent to the vertical 𝑝𝑝 velocity. There was a weak 295 

ascending due to the temporal change in pressure on the isentropic surface from the 296 

Northern East China Sea to the Kyushu region (Fig. 6a). However, its magnitude was 297 

relatively smaller than those of the other two components (Figs, 6b, c) in a wide range of 298 

western Japan. An adiabatic ascending area predominately extended over the southern 299 
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coast of western Japan (Fig. 6b). A diabatic ascending area was found on the north side of 300 

the adiabatic ascending area (Fig. 6c). This diabatic ascending was weaker than that in the 301 

upper layer because the 299 K surface was located at the lower end of the diabatic 302 

ascending area, as shown in Fig. 5b. A weak diabatic descending area existed over the 303 

south coast of western Japan. In this area, the adiabatic ascending was greater than the 304 

diabatic descending. Therefore, the total vertical velocity showed a wide ascending area 305 

over western Japan (Fig. 6d). The diabatic ascending area corresponded to the precipitation 306 

area, but the adiabatic ascending area was a bit off to the south. This result indicates that 307 

warm air, at first, adiabatically ascended as it traveled northward and then further ascended 308 

as it released condensation heat, bringing about the precipitation. The strong adiabatic 309 

ascending continued along the southern coast of western Japan until 7 July. However, daily 310 

accumulated precipitation amounts on that day were clearly less than those on the previous 311 

two days (not shown). Additionally, we confirmed the weakening of diabatic ascending on 7 312 

July (not shown). This ascertains that the precipitation weakened as a result of the reduction 313 

of the water vapor transport to western Japan (presented in Fig. 3). In other words, a large 314 

amount of moisture transport caused the heavy rainfall on 5 and 6 July, but its reduction 315 

weakened the precipitation on 7 July. 316 

 317 

3.3 Dynamic and thermodynamic balance of the stationary front 318 

This section discusses the stationarity of the Baiu front during 5–6 July, which brought 319 
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about the long-lasting, heavy precipitation over western Japan. Figure 7 illustrates the 299 320 

K isentropic line in the vertical section along 132.5°E longitude every 6 hours from 00 UTC 321 

5 to 00 UTC 7 July. The tip of the 299 K surface (< 925 hPa), where the adiabatic ascending 322 

was active (Figs. 4b, c), fluctuated within 100-200 km in the meridional direction during this 323 

period. Warm moist air continuously uplifted over the 299 K surface and triggered the 324 

initiation of active convection.  325 

Here, vertically integrated cold airmass amounts below the 299 K isentropic surface are 326 

simply quantified by the pressure difference between the 299K isentropic surface and the 327 

surface pressure (Eq. (1)), and they are referred to as "cold airmass amounts" in this section. 328 

Dynamic and thermodynamic effects on the temporal change of cold airmass amounts are 329 

examined based on Eq. (3).  330 

Figure 8 shows the daily averages of horizontal cold airmass fluxes and their 331 

convergence (upper panels) and the diabatic change rates of cold airmass amounts (lower 332 

panels) on 5 and 6 July. The reduction of cold airmass amounts due to their flux divergence 333 

was compensated for by their increase due to diabatic cooling near the southern coast of 334 

western Japan. Here, we introduce the vertical mean cold airmass transport velocity to 335 

identify the detailed dynamical processes (Yamaguchi et al. 2019). 336 

𝒗𝒗𝒎𝒎 ≡
𝑴𝑴𝑴𝑴
𝐷𝐷𝐷𝐷 . (5) 337 

Using 𝒗𝒗𝒎𝒎, the cold airmass flux convergence can be rewritten as 338 

−∇ ⋅𝑴𝑴𝑴𝑴 =  −𝐷𝐷𝐷𝐷 ∇ ⋅ 𝒗𝒗𝒎𝒎 −𝒗𝒗𝒎𝒎 ⋅ ∇𝐷𝐷𝐷𝐷. (6) 339 
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On the right-hand side, the first and second terms respectively represent the mean cold 340 

airmass convergence and cold airmass advection. The first term was almost zero or slightly 341 

negative near the tip of the 299 K surface (Figs. S1a, b). On the other hand, the second term 342 

was clearly negative because of the northward advection by the southerly wind near the tip 343 

of the 299 K surface (Figs. S1c, d). The sum of these two terms was negative (Figs. 8a, b). 344 

Therefore, the northward advection mainly contributed to the decrease in cold airmass 345 

amounts near the tip of the 299 K surface. Nevertheless, the frontal surface was almost 346 

stationary (Fig. 7), and the temporal change in cold airmass amounts were small. Based on 347 

Eq. (3), the decrease in cold airmass amounts due to the northward advection was in 348 

balance with their increase due to the diabatic cooling. This suggests that if the diabatic 349 

cooling never occurred near the tip of the 299 K surface, warm moist air would have reached 350 

further north because of the northward shift of the 299 K isentropic surface. 351 

  352 

4 Impacts of evaporative cooling from raindrops 353 

The previous section implied that some diabatic cooling was necessary to maintain cold 354 

airmass amounts near the frontal surface. Here, we focus on the impacts of evaporative 355 

cooling from raindrops using the numerical experiments by JMA-NHM with 3 km grid spacing 356 

as described in section 2.3. 357 

4.1 Geographical distributions of cold airmass amounts and precipitation 358 

The 24-h accumulated precipitation distributions simulated in CNTL on 5 and 6 July are 359 
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validated with radar observations in Fig. 9. The control experiment well captured observed 360 

precipitation patterns, including heavy rainfall in northern Kyushu (around 33.5°N, 131°E), 361 

Kochi Prefecture (around 33.5°N, 134°E), the Chugoku region (around 34.5°N, 133.5°E), 362 

and central Kinki (around 35°N, 135.5°E). Looking closely, the northward spread of the 363 

precipitation area was slightly smaller in CNTL than that observed on both days. Observed 364 

weak precipitation areas over the southern sea of the Shikoku region were not well 365 

reproduced on 5 July. Except for those differences, the model performance might be 366 

sufficient to examine the impacts of evaporative cooling on the geographical distributions of 367 

precipitation amounts. In addition, we will distinguish between front-induced and orographic 368 

precipitation types. These precipitation types mean precipitation initiated and maintained by 369 

ascending of warm moist air along the frontal surface and mountain surface, respectively. 370 

Note that Baiu frontal precipitation simply refers to precipitation associated with the Baiu 371 

front. The orographic precipitation might not be sensitive to the change in cold airmass 372 

amounts because the updraft along mountain slopes initiates active convection. On the other 373 

hand, the front-induced precipitation might be sensitive to cold airmass amounts below the 374 

frontal surface. Therefore, we examine the impacts of evaporative cooling from raindrops 375 

just only on front-induced precipitation using FLAT and NOEVAP_FLAT to exclude effects of 376 

orographic precipitation. 377 

In the analysis using JRA-55, the frontal surface was identified as the 299 K isentropic 378 

surface. In these mesoscale numerical experiments, the 300 K isentropic surface was more 379 
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appropriate to the threshold potential temperature based on the same definition as in section 380 

3.2 (Fig. S2).  381 

Figure 10 presents the cold airmass amount 𝐷𝐷𝐷𝐷 below the 300 K isentropic surface, 382 

averaged over the period from 12 UTC on 5 July to 00 UTC on 6 July, and differences 383 

between those in the experiments with and without the raindrop evaporation. In this period, 384 

the differences in the cold airmass amounts were significant. Regardless of whether the 385 

terrain is flattened or not, the cold airmass amounts around the Chugoku region and central 386 

Kinki were significantly less in the numerical experiments without evaporation (NOEVAP and 387 

NOEVAP_FLAT). The difference exceeding 60 hPa was found around the Chugoku region. 388 

In addition, an area with a bit less difference in the cold airmass amounts (< 30 hPa) 389 

extended from the Chugoku region to the southwest (see dotted ellipses in Figs. 10c, f). This 390 

could result from the disappearance of evaporative cooling under sporadic convective 391 

clouds traveling northeastward. The sporadic convective clouds can be confirmed as 392 

precipitation areas extending from the southwest to the northeast (see dotted ellipses in Fig. 393 

11). Note that the difference in the cold airmass amounts in the inland areas of the Kyushu 394 

and Shikoku regions found in the experiments with flattened terrain was not found in those 395 

with realistic terrain (Figs. 10c, f). This is because an increase in the cold airmass amounts 396 

due to evaporative cooling in the lower layer occurred in FLAT hardly occurred in CNTL 397 

because of the presence of mountains equal to or higher than the 300 K isentropic surface 398 

in those areas. 399 
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Figure 11 shows 12-h accumulated precipitation amounts until 00 UTC on 6 July in the 400 

numerical experiments. In CNTL, a heavy rainfall area extended in the zonal direction from 401 

the Chugoku region to central Kinki (Fig. 11a). This heavy rainfall area was also simulated 402 

in FLAT, although it was located slightly south of that in CNTL. This result means that the 403 

front-induced precipitation dominated the heavy rainfall in the Chugoku region and central 404 

Kinki. Meanwhile, the rainfall area was significantly shifted northward in the numerical 405 

simulations without the raindrop evaporation (Figs. 11b, d). In contrast, a rainfall area with 406 

the local maximum in the Shikoku region (around 33.5°N, 134.0°E) was simulated in almost 407 

the same place in both CNTL and NOEVAP. Although the rainfall maximum was found in the 408 

experiments with the flattened terrain, the precipitation amounts in the Shikoku region were 409 

less than half those in the experiments with the realistic terrain. Therefore, orographic effects 410 

were more critical than frontal effects for this rainfall maximum. 411 

 412 

4.2 Evaporation-induced shift of the front-induced precipitation  413 

In this subsection, we examine how did the evaporative cooling from raindrops change 414 

the distribution of heavy rainfall. The most distinct change was the northward shift of the 415 

front-induced precipitation in the Chugoku region when the raindrop evaporation was turned 416 

off. This northward shift was similarly simulated, regardless of whether the terrain is flattened 417 

or not. In the experiments with the flattened terrain, the front-induced precipitation dominated 418 

the heavy rainfall in the Chugoku region and central Kinki, as mentioned before. In fact, the 419 
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rainfall peak was located near a steep slope region of the isentropic surface (as shown in 420 

Fig. 12). Therefore, we can examine the impacts of raindrop evaporation on the front-421 

induced precipitation in detail by comparing the results of FLAT with those of NOEVAP_FLAT. 422 

 Figure 12 presents the meridional cross-sections of 12-h accumulated precipitation 423 

amounts and isentropic surfaces averaged for 132°E – 135°E longitude. In NOEVAP_FLAT, 424 

the exclusion of raindrop evaporation significantly reduced the cold airmass amounts below 425 

the 300 K surface between 32°N – 37°N and shifted the location with a steep slope of the 426 

300 K surface northward. Correspondingly, the precipitation peak was displaced by more 427 

than 100 km northward when the raindrop evaporation was turned off. Figure 13 shows the 428 

meridional vertical cross-sections of diabatic heating in cloud microphysics processes, 429 

(𝑣𝑣,𝑤𝑤) vector (𝑤𝑤, vertical wind), and equivalent potential temperature, averaged for 132°E – 430 

135°E from 12 UTC on 5 to 00 UTC on 6 July. We focus on two evaporative cooling areas 431 

that existed in FLAT (Fig. 13a). One was found near the ground surface just below a strong 432 

heating area by condensation around 34°N. Another vertically extended close to the north 433 

of the strong heating area around 35°N. However, those two cooling areas did not exist in 434 

NOEVAP_FLAT (Fig. 13b). The strong heating area associated with strong updrafts was 435 

located in higher latitudes in NOEVAP_FLAT (~35°N) than in FLAT (~34°N). This also 436 

corresponded to the northward retreat of the location with a steep slope of the frontal surface 437 

in NOEVAP_FLAT (Fig. 12b). Therefore, the evaporative cooling from raindrops contributed 438 

to the restraint of the northward shift of the frontal surface. Specifically, the evaporative 439 
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cooling below the strong heating area compensated for the reduction of the cold airmass 440 

amounts due to the northward advection of warm air. Furthermore, the evaporative cooling 441 

area close to the north of the strong heating area might increase the cold airmass below the 442 

frontal surface. Clarifying how much each cooling contributed to the positioning of the frontal 443 

surface is an issue to be addressed in the future.  444 

Next, we focus on the strong heating area. The convection indicated by the strong 445 

heating area was initiated by an ascent of warm air with an equivalent potential temperature 446 

of around 348 K in the lower layer (Fig. 13). However, it is considered that the equivalent 447 

potential temperature of the ascending warm air was not preserved (slightly lowered) 448 

because of mixing with the surrounding air. The bottom height of the heating area was 449 

around 400 m in FLAT and 500 m in NOEVAP_FLAT, respectively (Fig. 13). This is consistent 450 

with the evaluation that the LCL of low-level warm air on the windward side was from 300 m 451 

to 500 m in FLAT and from 400 m to 600 m in NOEVAP_FLAT, respectively (Figs. S3a, b). 452 

After reaching the LCL by ascending along the frontal surface, the warm air released the 453 

condensation heat. After arriving at the LFC of 1000 m to 1500 m (Figs. S3c, d), it formed 454 

the front-induced convective precipitation. Considering this initiation process of the 455 

convection, the raindrop evaporation contributed to maintaining the position of the front-456 

induced precipitation by suppressing the northward retreat of the area where low-level warm 457 

air reached the LCL and LFC. By conducting forward trajectory analysis, it was confirmed 458 

that the ascending area of low-level warm air from the south was located at higher latitudes 459 
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in NOEVAP_FLAT than in FLAT (Fig. S4). 460 

Although not discussed above, a cooling area existed around 500 m high from 38°N to 461 

40°N in both the experiments. This cooling area is probably attributable to cloud water 462 

evaporation. This cooling is beyond the scope, and it is not fully discussed in this paper. The 463 

phenomenon corresponding to this cooling area is briefly described in the supplementary 464 

file (Fig. S5). 465 

 466 

4.3 Environment for evaporative cooling from raindrops 467 

Next, the environmental relative humidity (RH) should be examined because it affects 468 

the evaporation efficiency from raindrops. Figure 14 presents the meridional cross-sections 469 

of vertical velocity, the temporal change of mixing ratio of water vapor, and relative humidity 470 

in FLAT, averaged between 132°E and 135°E from 12 UTC on 5 to 00 UTC on 6 July. A 471 

relatively dry area (RH < 90%) was found on the north side of the large condensation (strong 472 

updraft) area and above 1 km, where an evaporation area extended vertically and weak 473 

downdrafts were dominant. Jeong et al. (2016) also pointed out a similar coincidence 474 

between the evaporative cooling and the downdraft in another case. The downdrafts 475 

contributed not only to the downward advection of the relatively dry air from the mid-layer 476 

on the north of the strong heating area but also to the lowering of the relative humidity by 477 

adiabatically raising the temperature. Therefore, while the raindrop evaporation increased 478 

the mixing ratio of the descending air, the downdrafts increased the saturated mixing ratio 479 



 24 

due to the temperature rise. Another raindrop evaporation area below the condensation area 480 

(altitude < 0.5 km) corresponded to no clear downdraft area (Fig. 14a). Relatively dry air (RH 481 

< 90%) below 0.5 km flowed into this area from the south (Figs. 13a, 14c), which is regarded 482 

as having contributed to the raindrop evaporation in the lower layer. 483 

 484 

5 Conclusion 485 

This study investigated the heavy precipitation mechanisms associated with the 486 

stationary Baiu front over western Japan in July 2018, with a particular interest in the impacts 487 

of evaporative cooling from raindrops on the Baiu frontal precipitation. In the analysis using 488 

JRA-55, the cold airflow from the northeast had the southernmost surface potential 489 

temperature of about 296 K. The warm airflow from the south and/or southwest had the 490 

bottom surface with a potential temperature of 299 K, which was identified as the frontal 491 

surface. Near the tip of the 299 K surface, the diabatic cooling compensated for the decrease 492 

in the cold airmass amounts below the frontal surface due to the northward advection of 493 

warm air. The frontal surface was almost stationary for two days from July 5. Warm moist air 494 

from the south reached the LCL at an altitude of about 500 m by adiabatically ascending 495 

above the frontal surface, and then further ascended with releasing the diabatic heating. 496 

When being lifted up to LFC, the air initiated active convection. As a result, heavy rainfall 497 

was recorded widely over western Japan.  498 

Sensitivity experiments using JMA-NHM were conducted to examine impacts of raindrop 499 
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evaporation and the topography. Regardless of whether the terrain was flattened or not, the 500 

exclusion of raindrop evaporation considerably reduced the cold airmass amounts over 501 

western Japan and resulted in the northward shift of the heavy precipitation area in the 502 

Chugoku region. In the experiments without the raindrop evaporation, the northward shift of 503 

the precipitation area followed that of the frontal surface. The heavy precipitation area 504 

extending from the Chugoku region to central Kinki was more sensitive to the raindrop 505 

evaporation than the terrain effects. The raindrop evaporation maintained the position of the 506 

heavy front-induced precipitation by suppressing the northward retreat of the frontal surface. 507 

On the other hand, the experiments with the flattened terrain suggested that the precipitation 508 

in the Shikoku region was enhanced by the terrain. 509 

Based on the above considerations, we illustrate the front-induced precipitation, as 510 

shown in Fig.15. Low-level warm moist air first ascended adiabatically along the frontal 511 

surface. After saturated at the LCL, it released the condensation heat. Then reaching the 512 

LFC, it initiated moist convection. The evaporative cooling from raindrops maintained the 513 

cold airmass amounts below the frontal surface and prevented the northward retreat of the 514 

frontal surface. As a result, the front-induced precipitation area stagnated in the same region 515 

without retreating northward. Two evaporative cooling areas were found below a 516 

condensation heating area and an area north close to the heating area. However, it has not 517 

been clear how the latter area contributed to the stagnation of the frontal surface. This 518 

problem requires a detailed study of complicated precipitation systems. Clarification of this 519 
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point is a future task. 520 

Although impacts of evaporative cooling from raindrops in the Baiu front environment 521 

have already been reported in some cases, the impacts have depended on the cases. What 522 

controls the cases and the magnitude of the impacts of raindrop evaporation is a significant 523 

problem to be solved. In this case, two relatively dry areas contributed to the occurrence of 524 

raindrop evaporation. One flowed from the south into the lower layer below the strong 525 

condensation heating area. Another area existed closely north to the strong heating area 526 

and accompanied weak downdrafts in which the raindrop evaporation was enhanced by the 527 

increase in saturated mixing ratio. The Baiu front remained almost stationary for a long time. 528 

Therefore, the cold airmass amounts might be maintained effectively by the evaporative 529 

cooling from raindrops and accumulated in the lower layer. In this case, the evaporative 530 

cooling from raindrops significantly controlled the precipitation distribution through the 531 

maintenance of the cold airmass amounts below the frontal surface because the front-532 

induced precipitation was more predominant than the orographic precipitation. The 533 

evaporation rate from falling raindrops must be under the influence of thermodynamic 534 

parameters such as temperature and humidity. A systematic survey of this issue is beyond 535 

the scope of this work. It remains a subject to be examined in future studies. 536 
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 620 

List of Figures 621 

Fig. 1 Computational domain of numerical experiments. The topographic height is shown 622 

with the color scale. Within the domain surrounded by the black square, the topography 623 

is flattened for the experiments FLAT and NOEVAP_ FLAT. 624 

 625 

Fig. 2 Geopotential height (m, contour) and wind velocity (m s-1, vector) at 975 hPa at 00 626 

UTC during 4–6 July 2018 (a), (b), (c), at 700 hPa (d) on 00 UTC 6 July, and cold 627 

airmass amount (hPa, colored) and cold airmass flux (hPa m s-1, vector) below 296 K 628 

isentropic surface at 00 UTC 6 July (e), derived from JRA-55. Contour intervals are 20 m 629 

in (a)–(d). 630 

 631 

Fig. 3 Daily mean of vertically integrated horizontal water vapor flux (kg m−1 s−1, vector) 632 

and its divergence (kg m−2 s−1, colored) derived from JRA-55 during 4–7 July 2018. 633 

 634 

Fig. 4 Potential temperature (K, contour) and horizontal wind (m s-1, vector) at 975 hPa 635 

averaged over two days, 5 and 6 July 2018 (a), and vertical cross-section of potential 636 

temperature (K, contour) and (𝑣𝑣,𝜔𝜔) vector (𝑣𝑣, meridional wind; 𝜔𝜔, vertical 𝑝𝑝 velocity) 637 

averaged for the same period along (b) A–B and (c) C–D shown as blue straight lines in 638 

(a). These were derived from JRA-55. Red and light blue solid lines in each figure 639 
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respectively represent 299 K and 296 K. 640 

 641 

Fig. 5 Meridional cross-section of (a) adiabatic and (b) diabatic vertical velocities (hPa h-1, 642 

colored) averaged over the same period in Fig. 4 and averaged from 131.25°E – 643 

135.00°E (between A–B and C–D in Fig. 4a). Adiabatic and diabatic vertical velocities 644 

were calculated using JRA-55. Contours in the respective figures show geopotential 645 

height (m) averaged similarly. The gray shaded area is the undefined area below ground 646 

level. 647 

 648 

Fig. 6 Daily averaged the three components of the vertical 𝑝𝑝  velocity ((a) the temporal 649 

change in pressure, (b) adiabatic vertical velocity, (c) diabatic vertical velocity) and (d) the 650 

total vertical velocity (hPa h-1) at the 299 K isentropic surface, and (e) the observed daily 651 

accumulated precipitation (mm) on 6 July 2018. The total vertical velocity is the sum of all 652 

the three components on the right-hand side in Eq. (4), i.e., it is equivalent to the vertical 653 

p velocity. The three components and the total vertical velocity were calculated using JRA-654 

55. The gray shaded area is the undefined area below ground level. Similar conditions 655 

continued during 5–7 July 2018. 656 

 657 

Fig. 7 Meridional cross-section of the 299 K isentropic surface (contour) along 132.5°E 658 

every 6 h from 00 UTC 5 to 00 UTC 7 July 2018 derived from JRA-55.  659 
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 660 

Fig. 8 (a), (b) Daily averages of cold airmass flux 𝑴𝑴𝑴𝑴 below 299 K (hPa m s-1, vector) and 661 

its convergence (hPa h-1, colored), and (c), (d) the change rate of the cold airmass 662 

amounts 𝜕𝜕𝑝𝑝
𝜕𝜕𝜃𝜃
�̇�𝜃 (hPa h-1, colored) because of diabatic processes on 5 and 6 July 2018. 663 

These values were calculated using JRA-55. The gray shaded area is the undefined area 664 

below ground level. 665 

 666 

Fig. 9 Distributions of 24-h accumulated precipitation (mm) obtained from the synthetic 667 

radar echo intensity on (a) 5 and (b) 6 July, and from CNTL on (c) 5 and (d) 6 July 2018. 668 

 669 

Fig. 10 Distributions of 12-h averages of the cold airmass amount 𝐷𝐷𝐷𝐷 (hPa) below the 300 670 

K isentropic surface ((a) CNTL, (b) NOEVAP, (d) FLAT, (e) NOEVAP_FLAT) and the 671 

difference (hPa) between experiments with evaporation and experiments without 672 

evaporation ((c) CNTL – NOEVAP, (f) FLAT – NOEVAP_FLAT) from 12 UTC on 5 to 00 673 

UTC on 6 July 2018. 674 

 675 

Fig. 11 Distributions of 12-h accumulated precipitation (mm) until 00 UTC on 6 July 2018: 676 

(a) CNTL, (b) NOEVAP, (c) FLAT, and (d) NOEVAP_FLAT. 677 

 678 

Fig. 12 Meridional cross-section of 12-h accumulated precipitation until 00UTC on 6 July 679 



 34 

2018 averaged for 132°E – 135°E (black, FLAT; blue, NOEVAP_FLAT) and (b) 680 

meridional vertical cross-section of 12-h average of isentropic surfaces averaged for 681 

132°E – 135°E (black solid lines, FLAT; blue broken lines, NOEVAP_FLAT). Black solid 682 

lines and blue broken lines in (b) respectively display 298 K through 302 K at 1 K 683 

intervals. 684 

 685 

Fig. 13 Meridional vertical cross-sections of diabatic heating (K day-1, colored) because of 686 

cloud microphysics process, (𝑣𝑣,𝑤𝑤) vector (𝑣𝑣, meridional wind; 𝑤𝑤, vertical wind) and 687 

equivalent potential temperature (K, black contour) averaged in the same way in Fig. 688 

12b: (a) FLAT and (b) NOEVAP_FLAT. Blue solid line in each figure represents the 300 689 

K isentropic line averaged similarly.  690 

 691 

Fig. 14 Meridional vertical cross-sections of (a) vertical velocity (m s-1; colored), (b) temporal 692 

change of mixing ratio of water vapor (kg kg-1 s-1; colored), and (c) relative humidity (%; 693 

colored) in FLAT, averaged for 132°E – 135°E from 12 UTC on 5 to 00 UTC on 6 July 2018. 694 

 695 

Fig. 15 Schematic illustration of the mechanism of the front-induced precipitation and the 696 

distribution of the diabatic heating and cooling. Light blue solid lines schematically 697 

illustrate isolines of potential temperature. 698 

 699 
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 700 

Fig. 1 Computational domain of numerical experiments. The topographic height is shown 701 

with the color scale. Within the domain surrounded by the black square, the topography 702 

is flattened for the experiments FLAT and NOEVAP_ FLAT. 703 

  704 
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 705 

Fig. 2 Geopotential height (m, contour) and wind velocity (m s−1, vector) at 975 hPa at 00 706 

UTC during 4–6 July 2018 (a), (b), (c), at 700 hPa (d) on 00 UTC 6 July, and cold 707 

airmass amount (hPa, colored) and cold airmass flux (hPa m s−1, vector) below 296 K 708 

isentropic surface at 00 UTC 6 July (e), derived from JRA-55. Contour intervals are 20 m 709 

in (a)–(d). 710 

 711 

 712 

 713 

 714 
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 715 

Fig. 3 Daily mean of vertically integrated horizontal water vapor flux (kg m−1 s−1, vector) 716 

and its divergence (kg m−2 s−1, colored) derived from JRA-55 during 4–7 July 2018. 717 

 718 

 719 

 720 

 721 
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 722 

Fig. 4 Potential temperature (K, contour) and horizontal wind (m s-1, vector) at 975 hPa 723 

averaged over two days, 5 and 6 July 2018 (a), and vertical cross-section of potential 724 

temperature (K, contour) and (𝑣𝑣,𝜔𝜔) vector (𝑣𝑣, meridional wind; 𝜔𝜔, vertical 𝑝𝑝 velocity) 725 

averaged for the same period along (b) A–B and (c) C–D shown as blue straight lines in 726 

(a). These were derived from JRA-55. Red and light blue solid lines in each figure 727 

respectively represent 299 K and 296 K. 728 

  729 
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 730 

Fig. 5 Meridional cross-sections of (a) adiabatic and (b) diabatic vertical velocities (hPa h-1, 731 

colored) averaged over the same period in Fig. 4 and averaged from 131.25°E – 732 

135.00°E (between A–B and C–D in Fig. 4a). Adiabatic and diabatic vertical velocities 733 

were calculated using JRA-55. Contours in the respective figures show geopotential 734 

height (m) averaged similarly. The gray shaded area is the undefined area below ground 735 

level. 736 
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 737 

Fig. 6 Daily averaged the three components of the vertical 𝑝𝑝  velocity ((a) the temporal 738 

change in pressure, (b) adiabatic vertical velocity, (c) diabatic vertical velocity) and (d) the 739 

total vertical velocity (hPa h-1) at the 299 K isentropic surface, and (e) the observed daily 740 

accumulated precipitation (mm) on 6 July 2018. The total vertical velocity is the sum of all 741 

the three components on the right-hand side in Eq. (4), i.e., it is equivalent to the vertical 742 

p velocity. The three components and the total vertical velocity were calculated using JRA-743 

55. The gray shaded area is the undefined area below ground level. Similar conditions 744 

continued during 5–7 July 2018. 745 

  746 
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 747 

Fig. 7 Meridional cross-section of the 299 K isentropic surface (contour) along 132.5°E 748 

every 6 h from 00 UTC 5 to 00 UTC 7 July 2018 derived from JRA-55.  749 

 750 

 751 
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 752 

Fig. 8 (a), (b) Daily averages of cold airmass flux 𝑴𝑴𝑴𝑴 below 299 K (hPa m s-1, vector) and 753 

its convergence (hPa h-1, colored), and (c), (d) the change rate of the cold airmass 754 

amounts 𝜕𝜕𝑝𝑝
𝜕𝜕𝜃𝜃
�̇�𝜃 (hPa h-1, colored) because of diabatic processes on 5 and 6 July 2018. 755 

These values were calculated using JRA-55. The gray shaded area is the undefined area 756 

below ground level. 757 



 43 

 758 

Fig. 9 Distributions of 24-h accumulated precipitation (mm) obtained from the synthetic 759 

radar echo intensity on (a) 5 and (b) 6 July, and from CNTL on (c) 5 and (d) 6 July 2018. 760 

 761 

 762 
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 763 

Fig. 10 Distributions of 12-h averages of the cold airmass amount 𝐷𝐷𝐷𝐷 (hPa) below the 300 764 

K isentropic surface ((a) CNTL, (b) NOEVAP, (d) FLAT, (e) NOEVAP_FLAT) and the 765 

difference (hPa) between experiments with evaporation and experiments without 766 

evaporation ((c) CNTL – NOEVAP, (f) FLAT – NOEVAP_FLAT) from 12 UTC on 5 to 00 767 

UTC on 6 July 2018. 768 

  769 
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 770 

Fig. 11 Distributions of 12-h accumulated precipitation (mm) until 00 UTC on 6 July 2018: 771 

(a) CNTL, (b) NOEVAP, (c) FLAT, and (d) NOEVAP_FLAT. 772 

 773 
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 774 

Fig. 12 Meridional cross-section of 12-h accumulated precipitation until 00UTC on 6 July 775 

2018 averaged for 132°E – 135°E (black, FLAT; blue, NOEVAP_FLAT) and (b) 776 

meridional vertical cross-section of 12-h average of isentropic surfaces averaged for 777 

132°E – 135°E (black solid lines, FLAT; blue broken lines, NOEVAP_FLAT). Black solid 778 

lines and blue broken lines in (b) respectively display 298 K through 302 K at 1 K 779 

intervals. 780 

 781 
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 782 

Fig. 13 Meridional vertical cross-sections of diabatic heating (K day-1, colored) because of 783 

cloud microphysics process, (𝑣𝑣,𝑤𝑤) vector (𝑣𝑣, meridional wind; 𝑤𝑤, vertical wind), and 784 

equivalent potential temperature (K, black contour) averaged in the same way in Fig. 785 

12b: (a) FLAT and (b) NOEVAP_FLAT. Blue solid line in each figure represents the 300 786 

K isentropic line averaged similarly.  787 

788 
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 789 

Fig. 14 Meridional vertical cross-sections of (a) vertical velocity (m s-1; colored), (b) temporal 790 

change of mixing ratio of water vapor (kg kg-1 s-1; colored), and (c) relative humidity (%; 791 

colored) in FLAT, averaged for 132°E – 135°E from 12 UTC on 5 to 00 UTC on 6 July 792 

2018. 793 
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 794 

Fig. 15 Schematic illustration of the mechanism of the front-induced precipitation and the 795 

distribution of the diabatic heating and cooling. Light blue solid lines schematically 796 

illustrate isolines of potential temperature. 797 

 798 
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