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Abstract 30 

The Okazaki heavy rainfall event, which occurred at midnight on 28 August 2008 around 31 

Okazaki city in Japan, was produced by a quasi-stationary band-shaped precipitation 32 

system. This precipitation system remained quasi-stationary for approximately 5 hours over 33 

Okazaki city and the surrounding area, and produced prolonged intense precipitation. This 34 

study presents sensitivity numerical experiments to examine the impact of surrounding 35 

mountainous topography on the quasi-stationarity of the precipitation system using the 36 

Weather Research and Forecasting (WRF) model with 500 m horizontal resolution. In an 37 

experiment without the mountains to the east of Okazaki city, the quasi-stationary 38 

precipitation system was not reproduced. On the other hand, experiments including eastside 39 

mountains produced a low-level convergence in south of Okazaki city, resulting in the quasi-40 

stationary precipitation system and prolonged precipitation as observed near Okazaki city. The 41 

convergence was formed by sustained easterlies together with northerly winds blowing in 42 

west of Okazaki city. The easterlies were maintained by westward shift of southeasterly 43 

inflow from the Pacific Ocean due to the enhanced pressure gradient on the upstream side 44 

of the eastside mountains in the low-level atmosphere with low Froude numbers (Fr < 45 

0.5). The easterlies also steadily supplied warm and moist air to the quasi-stationary system, 46 

leading to the prolonged intense precipitation observed in the Okazaki heavy rainfall event.   47 

 48 

Keywords: band-shaped precipitation system; mountains; Okazaki heavy rainfall event 49 

50 
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1. Introduction 51 

Many of the heavy rainfall events consist of band-shaped precipitation systems 52 

(Bluestein and Jain 1985, Ogura 1991，2015). As has been indicated by past studies, 53 

topography is considered as one of the contributing factors for formation of band-shaped 54 

precipitation. In the classical work by Houze (1993), heavy rainfall events are classified 55 

according to their relationships with topography. A more recent work by Lin (2007) provides 56 

a summary on impacts of mountainous topography at various scales on precipitation around 57 

the world. In Japan, associations between heavy rainfall events and local topography have 58 

been reported in a number of case studies (Ogura et al. 1985，Kanada et al. 2000，Yoshizaki 59 

et al. 2000，Watanabe 2008，Ninomiya 2011，Morotomi et al. 2012)．Numerical experiments 60 

with modified topography have shown that mountainous topography affects precipitation 61 

intensity but has little impact on spatial distribution (Suzuki et al. 2008，Kurihara et al. 2009，62 

Tsuguti and Seino 2017，the Japan Meteorological Agency: JMA 2017). Similar finding was 63 

made for a heavy rainfall event in Texas (Nielsen et al. 2016). However, numerical 64 

experiments with modified topography are still limited in number. Furthermore, not all heavy 65 

rainfall events are affected by topography (e.g., Kato and Goda 2001). In order to develop a 66 

comprehensive understanding of precipitation-topography relationship for local heavy 67 

rainfall events, it is important to accumulate more cases with various topography and 68 

atmospheric background.  69 

Heavy rainfall events occurred over several areas in Japan during 26–31 August 2008. 70 



 3 

Ogura et al. (2011) showed that most of the events during this period could be classified into 71 

two types. The first type is organized band-shaped mesoscale convective systems (MCSs) 72 

along upper-level moisture fronts, and the second is back-building type systems in which 73 

MCSs successively form towards a windward direction to form an organized band-shaped 74 

precipitation system (Bluestein and Jain, 1985, Kato 1998). Among these, a heavy rainfall 75 

event reaching an hourly precipitation amount of 146.5 mm (the Okazaki heavy rainfall 76 

event), occurred at 1500 UTC and lasted until 2000 UTC on 28th around Okazaki, a city in 77 

central Japan (Fig. 1). Development of the Okazaki heavy rainfall event can be divided into 78 

two stages; in stage 1 (1300-1600 UTC), the precipitation system moved southeastward, 79 

and in stage 2 (1700 UTC and later) the precipitation system became quasi-stationary 80 

around Okazaki city (details shown in Section 2).  81 

Shinoda et al. (2009) examined stage 1 of the Okazaki heavy rainfall event using X-band 82 

polarimetric Doppler radar observations and numerical simulations. They showed that this 83 

event was associated with a band-shaped precipitation system with a back-and side-84 

building type structure (Seko 2001), which is maintained by mid-level winds and lower 85 

inflows blowing from different directions. However, as Shinoda et al. (2009) focused on 86 

stage 1 of the Okazaki event, potential mechanism behind the maintenance of the quasi-87 

stationary precipitation system during stage 2 is still unknown.  88 

Recognizing the mountainous topography around Okazaki city, the present study 89 

examines the impact of topography on the maintenance of the quasi-stationary band-90 
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shaped precipitation system during stage 2 of the Okazaki heavy rainfall event. Section 2 91 

of this paper presents an analysis of synoptic fields and mesoscale features of precipitation 92 

in the Okazaki heavy rainfall event. Section 3 outlines the numerical model used in this 93 

study. Section 4 describes the characteristics of the precipitation system simulated by the 94 

model. Section 5 presents sensitivity experiments to examine the impact of surrounding 95 

mountainous topography. Section 6 presents a discussion on a possible maintenance 96 

mechanism of the quasi-stationary precipitation system using a trajectory analysis and an 97 

evaluation of low-level thermodynamic environment. The paper concludes with a summary 98 

in Section 7.  99 

 100 

2. Synoptic fields and mesoscale features of precipitation in the Okazaki heavy 101 

rainfall event 102 

Figure 1 shows maps of the studied area. Okazaki city is located in the southeastern edge 103 

of plain areas surrounding Nagoya city (Fig. 1a). The northwestern part of this plain areas 104 

is called Nohbi plain, and the southeastern part is called Okazaki plain. Combined, these 105 

two plain areas are hereafter referred to as the Nohbi and Okazaki plain area. The Nohbi 106 

and Okazaki plain area is surrounded by mountains to the west (the Suzuka mountains), 107 

north (the Hida and Ryohaku mountains) and east (the Kiso mountains).  108 

 Figure 2 shows a time series of 10-minute precipitation at Okazaki city, observed by the 109 

Automated Meteorological Data Acquisition System of the Japan Meteorological Agency. 110 
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Heavy rainfall started at 1500 UTC and lasted until 2000 UTC. The accumulated rainfall 111 

during this period totaled 261 mm. 112 

 Figure 3 shows surface weather charts at 1200 UTC on 27, 28, and 29 August 2008, 113 

before and after the Okazaki heavy rainfall event. A nearly stationary synoptic-scale front 114 

was located on the Japan-Sea side of the Japanese archipelago. Synoptic-scale high 115 

pressure was seen far east from the Japan Islands over the Pacific Ocean, while synoptic-116 

scale low pressure slowly moved southeastward over the ocean south of Kyushu Island. As 117 

will be shown later with model simulation results, in the Tokai area, southeasterly winds from 118 

the Pacific Ocean blew to the synoptic-scale front during this period. These winds supplied 119 

warm moist air from the ocean to the Tokai area during the Okazaki heavy rainfall event 120 

(see Fig. 5).  121 

 Figure 4 shows the distributions of observed radar reflectivity for 1300 – 2100 UTC on 122 

28th in the Tokai area. At 1300 UTC, a line of precipitation (indicated by “S” in Fig. 4a) is 123 

located about 60 km northwest of Okazaki city. Another precipitation system (indicated by 124 

“A”) is located on the southeast side of system “S”. By 1400 UTC, while system “S” moved 125 

southeastward to approach system “A”, a new system “B” formed on the southeast side of 126 

system “A” (Fig. 4b). By 1600 UTC, systems “S”, “A” and “B” lined up in north-south direction 127 

around Okazaki city. On the south side of the lined systems, a new system formed (indicated 128 

by “C”, Fig. 4d). By 1700 UTC, system “S” merged with “A”, while system “B” merged with 129 

“C” (Fig. 4e). By 1800 UTC, system “A” dissipated but system “C” remained quasi-stationary 130 
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around Okazaki city until around 2100 UTC (Figs. 4f-i).  131 

The above sequence can be separated into two stages. In stage 1, system “S” moved 132 

southeastward towards system “A”. Then, together with systems “B” and “C”, these systems 133 

lined up in north-south direction around 1600 UTC. In stage 2, the system “C” remained 134 

quasi-stationary around Okazaki city. The subsequent analysis focuses on this quasi-135 

stationary precipitation system during stage 2.   136 

 137 

3. Outline of numerical simulation  138 

We used the Weather Research and Forecasting (WRF) model Version 3.4.1 to 139 

investigate the quasi-stationary precipitation system around the Okazaki area. A horizontal 140 

two-way nesting was utilized with 3 model domains. Horizontal resolution of the model 141 

domain 1 was 12.5 km, with 170 (north-south direction) x 190 (west-east direction) grid 142 

points (Fig. 1b). Similarly, the model domain 2 consisted of 321 x 321 grid points at 2.5 km 143 

resolution, and the model domain 3 consisted of 351 x 421 grid points at 500 m resolution 144 

(Fig. 1a). Vertical coordinate was η coordinate with finer resolutions at lower levels. Top of 145 

atmosphere was 100 hPa with 55 vertical layers underneath. Initial and boundary conditions 146 

for the WRF model were provided by a 3-hourly output of the Japan Meteorological Agency’s 147 

operational mesoscale model (JMA, 2013). Lower boundary condition for sea surface 148 

temperature is provided by the Merged satellite and in situ data Global Daily Sea Surface 149 

Temperatures (MGDSST) data (Kurihara et al. 2006). The model topography is based on 150 



 7 

the United States Geological Survey Global 30 Arc-Second Elevation (USGS GTOPO30) 151 

data. The WRF model simulated for 0000 – 2100 UTC on 28 August 2008 for all 3 model 152 

domains. Thompson microphysics scheme (Thompson et al. 2004), Mlawer longwave 153 

radiation scheme (Mlawer et al. 1997), Dudhia shortwave radiation scheme (Dudhia 1989), 154 

Noah land-surface model (Chen and Dudhia 2001), and Mellow-Yamada-Janjic Level 2.5 155 

planetary boundary layer scheme (Janjic 2002) are used as physics parameterizations. 156 

Kain-Fritch convective parameterization scheme (Kain 2004) was additionally used only for 157 

Domain 1. Further details of the WRF model are in Skamarock et al. (2008). 158 

 159 

4. Characteristics of the quasi-stationary precipitation system simulated by WRF 160 

In Fig. 5, the simulation showed that warm moist air at 500 m above the surface, with 161 

equivalent potential temperature (θe) greater than 355 K and mixing ratio of water vapor (q) 162 

greater than 18 g kg-1, was coming ashore to the Tokai area from the southeast or east-163 

southeast from 1200 UTC until 2100 UTC on 28 August 2008. The Okazaki rainfall event 164 

occurred at 1500 UTC during the period of background warm moist air supply.   165 

Figure 6 shows the distributions of simulated hourly precipitation amounts and 10 m 166 

surface winds for 1300 – 2100 UTC in the model domain 3. General characteristics of the 167 

observed precipitation pattern are well captured. In stage 1, an organized precipitation 168 

system moved southeastward to form a band-shaped precipitation system near Okazaki city 169 

around 1600 UTC (Figs. 6a-d). In stage 2, the system remained quasi-stationary around 170 
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Okazaki city and produced intense prolonged precipitation for 1700 – 2100 UTC (Figs. 6e-171 

i). The simulated precipitation amount in Okazaki city totaled about 250 mm by 2100 UTC. 172 

However, the simulated peak time of precipitation was about one hour later than the 173 

observed (Fig. 2). Throughout stage 2, easterly and east-southeasterly winds are 174 

maintained on the southeastern side of the quasi-stationary system (indicated by thick red 175 

arrows in Fig. 6). Northerly winds developed on the western side of the quasi-stationary 176 

system, and converged with the southeasterly winds to form a low-level convergence line 177 

(indicated by red dash lines in Fig. 6) on the south side of the quasi-stationary system. This 178 

convergence line is limitedly apparent from the surface to 500 m height.  179 

 180 

5．Impact of topography on the quasi-stationary precipitation system 181 

Okazaki city is located at the southeastern edge of the Nohbi and Okazaki plain area, 182 

surrounded by mountains to the west, east and north (Fig. 1a), as described in Section 2. 183 

Considering the above noted geography of Okazaki city, it is likely that the surrounding 184 

mountainous topography had an impact on the quasi-stationarity of Okazaki rainfall. In 185 

particular, mountains to the east of Okazaki city may have an impact in preventing eastward 186 

movement of the precipitation system leading to prolonged quasi-stationarity around 187 

Okazaki city.  188 

With the above discussion in mind, the following sensitivity experiments were performed 189 

with ideal topography as shown in Fig. 7, namely,  190 
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 Control (CTL); with real topography (Fig. 7a),  191 

 Case A; all mountains within ~200 km from Okazaki city are removed (Fig. 7b),  192 

 Case B; similar to Case A, all mountains within ~200 km from Okazaki city are 193 

removed except for the southeastern quadrant (i.e., only mountains directly east 194 

of Okazaki city are remained) (Fig. 7c).  195 

The topography modifications start at the model initial time (0000 UTC); therefore the model 196 

atmosphere is considered to be well adjusted to the modified topography prior to the 197 

formation of the quasi-stationary precipitation system. Topography in model grids between 198 

the original and the modified portions are smoothed by linearly interpolating over 5 model 199 

grid points. Topography interpolation is applied to all model domains.  200 

Figure 8 shows spatial distributions of hourly precipitation amounts and surface winds 201 

from sensitivity experiments at 1300, 1600, and 1900 UTC. In Case A, a precipitation pattern 202 

associated with synoptic-scale front formed during stage 1 (indicated by ovals with dashed 203 

lines in Figs. 8b, e). A convergence line extended southward from this precipitation area. 204 

MCSs successively formed and moved along the convergence line to form a band-shaped 205 

precipitation system (indicated by ovals with solid lines in Figs. 8b, e). These features of 206 

stage 1 precipitation system were similar to those in CTL. However, location of the stage 1 207 

precipitation system was about 50 km east compared to CTL simulation (Figs. 8d, e). 208 

Furthermore, unlike CTL, the precipitation system dissipated by 1900 UTC (Fig. 8h). In 209 

contrast, the Case B experiment reproduced the quasi-stationary precipitation from 1600 210 
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UTC to 1900 UTC around Okazaki city (Figs. 8f, i). Compared to the CTL case, spatial 211 

distribution of precipitation was slightly different but its intensity was well captured.  212 

We also performed additional sensitivity experiments as below (topography configurations 213 

and horizontal distributions of hourly precipitation at 1900 UTC are shown in Supplement 1).  214 

(1) Elevations of all mountains within ~200 km east of Okazaki city were halved 215 

(Supplement 1a). This experiment produced a band-shaped precipitation system near 216 

Okazaki city, but it slowly kept moving eastward (Supplement 1e).  217 

(2) Western half of the all mountains within ~200 km of Okazaki city were removed 218 

(Supplement 1b). Note that this experiment is similar to the Case B (Fig. 7c) except 219 

that mountains to the northeast of Okazaki city are present. Similar to the Case B, a 220 

quasi-stationary precipitation system was produced near Okazaki city (Supplement 221 

1f).  222 

(3) Eastern half of the all mountains within ~200 km of Okazaki city were removed 223 

(Supplement 1c). No quasi-stationary precipitation system was produced near 224 

Okazaki city in this experiment (Supplement 1g).  225 

(4) Mountains over the Kii peninsula were removed (Supplement 1d). A quasi-stationary 226 

precipitation was produced. However, compared to the CTL case, the intensity was 227 

weaker and the orientation of the band-shaped precipitation system was slightly 228 

rotated clockwise (Supplement 1h).  229 

Therefore, mountains to the east of Okazaki city ware essential for the formation and 230 
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maintenance of the quasi-stationary precipitation system during stage 2.  231 

 232 

6．Discussion 233 

We discuss a possible mechanism on how mountains to the east of Okazaki city 234 

contributed to the formation and maintenance of the quasi-stationary precipitation system 235 

during stage 2. Figure 9 shows distributions of winds at 500 m above the surface, and θe 236 

averaged from the surface to 500 m height for CTL, Case A and Case B experiments. In 237 

CTL, easterly and southeasterly winds steadily supplied high θe air (θe > 355K) to Okazaki 238 

city for stages 1 and 2 (Figs. 9a, d, g). A similar pattern was observed in Case B experiment 239 

but less precipitation intensity was simulated owing to the lower θe (Figs. 9c, f, i). On the 240 

other hand, in Case A, easterly winds from the ocean dissipated by 1600 UTC (Figs. 9e, h). 241 

As the result, the high θe inflow during stage 2 was weaker compared to that in CTL and 242 

Case B. Maintenance of the quasi-stationary precipitation system during stage 2 could be 243 

associated with easterly and southeasterly winds blowing to Okazaki city, which provides 244 

steady inflow of high θe to the area.  245 

Figure 10 shows time series of divergence averaged over the coastal area south of 246 

Okazaki city (indicated by black boxes in Figs. 9g, h, i). The CTL and Case B were 247 

associated with sustained low-level convergence. In contrast, for Case A, the low-level 248 

horizontal convergence did not occur. Meanwhile, latent heat flux from the ocean did not 249 

change substantially with or without mountains to the east of Okazaki city (not shown).  250 
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In order to investigate how easterly and southeasterly winds were sustained in CTL and 251 

Case B, we performed forward trajectory analysis (Stoelinga 2009). Parcels were released 252 

from the Pacific Ocean southeast of the Tokai area at the model initial time (0000 UTC on 253 

28 August) at the height of 250 m above the surface. Figure 11 shows the representative 254 

parcel trajectories for 0000 – 1900 UTC. In CTL and Case B, the parcels traveled 255 

northwestward over the Pacific Ocean and gradually shifted westward as they approached 256 

the Tokai area (Figs. 11a, c). This westward shift was caused in the low-level atmosphere 257 

with low Froude numbers (Fr < 0.5), restricting the parcels to cross over the mountains to 258 

the east of Okazaki city. Here, Froude number (Fr = U0 / Nh) was estimated using the 259 

averaged wind speed under the height of the mountains (U0 ~ 8 m s-1), a constant Brunt-260 

Vaisala frequency (N ~ 1.2×10-2 s-1), and height of the mountain (top height : h ~ 2500 m) 261 

(Smolarkiewicz and Rotunno 1989).  262 

However, in Case A, the parcels kept moving northwestward towards the Tokai area and 263 

did not reach Okazaki city (Fig. 11b). In order to qualitatively examine the westward shift of 264 

the parcels’ movements from the Lagrangian perspective, magnitudes and directions of 265 

pressure gradient and Coriolis forces were calculated along each parcel trajectory (shown 266 

as vectors in Fig. 11). With the presence of mountains to the east of Okazaki city, pressure 267 

gradient force worked on the parcels was 6.6×10-4 ~ 11×10-4 m s-2 (in CTL and Case B), but 268 

without the mountains, pressure gradient force reduced to 3.7 ~ 5.0 x 10-4 m s-2 (in Case A). 269 

Meanwhile, Coriolis forces worked on the parcels with and without the mountains were 5.8 270 
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~ 7.4 x 10-4 m s-2 and 4.0×10-4 ~ 5.4×10-4 m s-2, respectively. Therefore, the enhancement 271 

of pressure gradient force due to the presence of mountains to the east of Okazaki city was 272 

greater than the changes in Coriolis force.  273 

Figure 12 shows vertical cross-sections of θe and winds for 1830 UTC (a representative 274 

time for the quasi-stationary precipitation around Okazaki city). The cross-sections are taken 275 

along the white lines in Fig. 11 (denoted by A-A’). In CTL and Case B, a layer of high θe 276 

(>345 K) extended from the surface to 800 – 1000 m height (Figs. 12a, c). However, in Case 277 

A, the layer of high θe became relatively thinner in western half of the cross-section. This 278 

thinning of the high θe layer was caused by the eastward shift of high θe inflow from the 279 

ocean, as illustrated by parcel trajectory shifts shown in Fig. 11b.  280 

The above discussion can be summarized as follows. In the low-level atmosphere with 281 

low Froude numbers (< 0.5), the enhanced pressure gradient force on the upstream side of 282 

the mountains worked on the southeasterly flow from the Pacific Ocean to shift westward, 283 

resulting in the sustained easterly inflow to Okazaki city. Together with northerly winds 284 

blowing from west of Okazaki city (c.f., Fig. 6f), the sustained easterlies formed a low-level 285 

convergence in south of Okazaki city. The sustained easterlies also provided high θe inflow 286 

with ~1 km depth to the convergence zone (Figs. 9, 12) and contributed to the prolonged 287 

maintenance of the quasi-stationary precipitation system. However, a question remains as 288 

to how the northerly winds in west of Okazaki city (c.f., Fig. 6f) was maintained during stage 289 

2. This is left for future studies.  290 
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 291 

7．Summary 292 

Most of heavy rainfall events consist of quasi-stationary precipitation systems. The 293 

Okazaki heavy rainfall event, which occurred at midnight on 28 August 2008 around Okazaki 294 

city in the central part of the Japan Islands, was caused by a quasi-stationary band-shaped 295 

precipitation system. The Okazaki heavy rainfall event started around 1500 UTC on 28th, 296 

and lasted until around 2100 UTC. This event can be divided into two stages. In stage 1 297 

(1300 – 1600 UTC), a band-shaped precipitation system moved southeastward to reach 298 

Okazaki city. In stage 2 (1700 – 2100 UTC), the band-shaped precipitation system merged 299 

with newly formed MCSs around Okazaki city, and became quasi-stationary. The 300 

development of Stage 1 precipitation was previously described by Shinoda et al. (2009). The 301 

present study examined the quasi-stationary precipitation system in stage 2, with a focus on 302 

the impact of surrounding mountainous topography.  303 

In order to examine the impact of mountainous topography on the quasi-stationary 304 

precipitation system, a series of numerical simulations were performed using the WRF 305 

model. The control simulation well reproduced the observed precipitation pattern of the 306 

quasi-stationary precipitation system during stage 2. Analysis of the simulated low-level 307 

equivalent potential temperature (θe) and surface winds showed that the quasi-stationary 308 

precipitation system was sustained by low-level high θe inflow from the east. Next, we 309 

examined the impact of the surrounding mountainous topography to the quasi-stationary 310 
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precipitation system. Results showed that when all mountains within ~200 km from Okazaki 311 

city were removed, no supply of high θe was maintained and thus the precipitation system 312 

dissipated in stage 2. However, experiments with mountains to the east of Okazaki city 313 

produced the quasi-stationary precipitation system even when mountains to the west of 314 

Okazaki city were removed. An additional experiment with eastside mountains halved in 315 

their elevations produced weaker precipitation intensity and less stationarity. These results 316 

indicate that the key topography for the maintenance of the quasi-stationary precipitation 317 

system was the mountains to the east of Okazaki city.  318 

Figure 13 summarizes the factors contributing to formation of the quasi-stationary 319 

precipitation system examined in this study. The results of sensitivity experiments indicated 320 

that the maintenance of quasi-stationary precipitation system was associated with the 321 

mountains east of Okazaki city in the following manner:  322 

(1) Southeasterly winds from the ocean shifted to easterly due to enhanced pressure 323 

gradient associated with presence of the mountains to the east of Okazaki city. 324 

(2) The sustained easterlies continuously supplied warm and moist air to Okazaki city and 325 

formed a low-level convergence to restrict the eastward movement of the precipitation 326 

system. 327 

There remain some issues regarding the formation of the stage 1 precipitation system. In 328 

our sensitivity experiments, a mesoscale band-shaped precipitation system formed during 329 

stage 1 with or without mountains to the east of Okazaki city (Fig. 8). However, without 330 
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mountains to the east of Okazaki city, the stage 1 precipitation system formed 50 km east 331 

of the control case. The intensity was also weaker compared to the control case. These 332 

results indicate that both the location and intensity of the stage 1 precipitation system are 333 

also sensitive to topography. Previous studies showed that topography can affect 334 

precipitation intensity (Suzuki et al. 2008, Kurihara et al. 2009, Nielsen et al. 2016, Tsuguti 335 

and Seino 2017, JMA 2017). Meanwhile, a case study done by Kato and Goda (2001) on a 336 

stationary band-shaped precipitation system in Niigata (the 4 August 1998 heavy rainfall 337 

case) showed little impact by the local topography. Thus, influence of local topography on 338 

heavy rainfall events vary by cases. Further investigations are necessary on why and how 339 

some heavy rainfall events are affected by local topography.  340 

 341 

Supplement 342 

Supplement 1. Topographical maps (panels in top row), and simulated horizontal 343 

distributions of hourly precipitation (mm hr-1) and surface winds at 1900 UTC on 28 August 344 

2008 (panels in bottom row) for (a) and (e) experiment with elevations of all mountains within 345 

~200 km east of Okazaki city are halved, (b) and (f) experiment with western half of all 346 

mountains within ~200 km of Okazaki city are removed，(c) and (g) experiment with eastern 347 

half of the all mountains within ~200 km of Okazaki city are removed，(d) and (h) experiment 348 

without the mountains over the Kii peninsula．Thin solid line contours in panels in bottom 349 

row indicate topography (drawn at 200 m interval). 350 
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List of Figures 444 

Fig. 1. (a) Map of the Tokai area. A box denoted by red dotted lines indicates model domain 445 

3. (b) Map of the Japan Islands showing the model domain 1 with boxes indicating 446 

domains 2 and 3. 447 

Fig. 2. 10-minute precipitation amount (grey bars show observation, and white bars show 448 

simulated results from CTL simulation, respectively) and accumulated precipitation 449 

amounts (since 1500UTC, solid line shows observation, and dotted line shows simulated 450 

results from CTL simulation, respectively) for Okazaki city from 1200 – 2100 UTC on 28 451 

August 2008. Observations are obtained from the Automated Meteorological Data 452 

Acquisition System (AMeDAS). 453 

Fig. 3. Surface weather charts (by the Japan Meteorological Agency) at 1200 UTC on (a) 454 

27, (b) 28, and (c) 29 August 2008. Contour interval is 4 hPa (solid lines); dashed contour 455 

represents 1006, 1010, and 1014 hPa isobars. Areas enclosed by red lines indicate the 456 

Tokai area. 457 

Fig. 4. Radar reflectivity (dBz) observations (by the Japan Meteorological Agency) at (a) 458 

1300, (b) 1400, (c) 1500, (d) 1600, (e) 1700, (f) 1800, (g) 1900, (h) 2000, and (i) 2100 459 

UTC on 28 August 2008. A, B, C, and S are mesoscale precipitation systems. Solid lines 460 

indicate coastlines. 461 

Fig. 5. Simulated horizontal distributions of equivalent potential temperature (color) and 462 

winds (arrows) at a height of 500 m above surface from model domain 2 at (a) 1200, (b) 463 
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1500, (c) 1800, and (d) 2100 UTC on 28 August 2008. Dashed white contours represent 464 

water vapor mixing ratio (g kg–1). Solid lines indicate coastlines. 465 

Fig. 6. Simulated horizontal distributions of hourly precipitation (mm hr-1) and surface winds 466 

from model domain 3 at (a) 1300, (b) 1400, (c) 1500, (d) 1600, (e) 1700, (f) 1800, (g) 1900, 467 

(h) 2000, and (i) 2100 UTC on 28 August 2008. Solid lines indicate coastlines. Red dashed 468 

lines indicate convergence zones. 469 

Fig. 7. Model topography used for sensitivity experiments for (a) CTL, (b) Case A, and (c) 470 

Case B. 471 

Fig. 8. Simulated horizontal distributions of hourly precipitation (mm hr-1) and surface winds 472 

by sensitivity experiments (from model domain 2) at 28 August 2008 at 1300, 1600, and 473 

1900 UTC for (a), (d), (g) CTL, (b), (e), (h), Case A, and (c), (f), (i) Case B. Thin solid line 474 

contours indicate topography (drawn at 200 m interval). Black ovals indicate precipitation 475 

systems (see main texts for the details).  476 

Fig. 9. Same as Fig. 8, but for equivalent potential temperature averaged from the surface 477 

to 500 m height, and winds at 500 m above the surface. Thin solid lines indicate hourly 478 

precipitation (contours drawn for 1, 10, 20, 30, 50, 80, and 100 mm hr-1).  479 

Fig. 10. Time evolutions of low-level divergence (averaged from the surface to 500 m height 480 

over the area enclosed by black boxes in Fig. 9) for CTL, Case A and Case B. 481 

Fig. 11. Results of forward trajectory analysis, and pressure level at 250 m above the surface 482 

extrapolated to the sea level for (a) CTL, (b) Case A, and (c) Case B. Pressure fields are 483 
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time averages for 0000 – 1900 UTC on 28 August. Dots on the trajectories denote parcel 484 

locations for every hour. For panels (a), (b), and (c), directions and magnitudes of parcel 485 

acceleration due to pressure gradient and Coriolis are shown by black and red vectors, 486 

respectively. Grey shading indicates areas with elevation greater than 250 m. 487 

Fig. 12. Vertical cross-sections of equivalent potential temperature and winds along the 488 

cross-section at 1830 UTC for (a) CTL, (b) Case A, and (c) Case B. The cross-sections 489 

are taken along the white lines in Fig. 11.  490 

Fig. 13. A schematic illustration of the quasi-stationary precipitation system described in the 491 

present study.  492 
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 494 

Fig. 1. (a) Map of the Tokai area. A box denoted by red dotted lines indicates model domain 495 

3. (b) Map of the Japan Islands showing the model domain 1 with boxes indicating 496 

domains 2 and 3. 497 

  498 
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 499 

Fig. 2. 10-minute precipitation amount (grey bars show observation, and white bars show 500 

simulated results from CTL simulation, respectively) and accumulated precipitation 501 

amounts (since 1500UTC, solid line shows observation, and dotted line shows simulated 502 

results from CTL simulation, respectively) for Okazaki city from 1200 – 2100 UTC on 28 503 

August 2008. Observations are obtained from the Automated Meteorological Data 504 

Acquisition System (AMeDAS). 505 
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 507 

Fig. 3. Surface weather charts (by the Japan Meteorological Agency) at 1200 UTC on (a) 508 

27, (b) 28, and (c) 29 August 2008. Contour interval is 4 hPa (solid lines); dashed contour 509 

represents 1006, 1010, and 1014 hPa isobars. Areas enclosed by red lines indicate the 510 

Tokai area. 511 
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 513 

Fig. 4. Radar reflectivity (dBz) observations (by the Japan Meteorological Agency) at (a) 514 

1300, (b) 1400, (c) 1500, (d) 1600, (e) 1700, (f) 1800, (g) 1900, (h) 2000, and (i) 2100 515 

UTC on 28 August 2008. A, B, C, and S are mesoscale precipitation systems. Solid lines 516 

indicate coastlines. 517 
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 519 

Fig. 5. Simulated horizontal distributions of equivalent potential temperature (color) and 520 

winds (arrows) at a height of 500 m above surface from model domain 2 at (a) 1200, (b) 521 

1500, (c) 1800, and (d) 2100 UTC on 28 August 2008. Dashed white contours represent 522 

water vapor mixing ratio (g kg–1). Solid lines indicate coastlines. 523 
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 525 

Fig. 6. Simulated horizontal distributions of hourly precipitation (mm hr-1) and surface winds 526 

from model domain 3 at (a) 1300, (b) 1400, (c) 1500, (d) 1600, (e) 1700, (f) 1800, (g) 1900, 527 

(h) 2000, and (i) 2100 UTC on 28 August 2008. Solid lines indicate coastlines. Red dashed 528 

lines indicate convergence zones. 529 
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 531 

Fig. 7. Model topography used for sensitivity experiments for (a) CTL, (b) Case A, and (c) 532 

Case B. 533 
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 535 

Fig. 8. Simulated horizontal distributions of hourly precipitation (mm hr-1) and surface winds 536 

by sensitivity experiments (from model domain 2) at 28 August 2008 at 1300, 1600, and 537 

1900 UTC for (a), (d), (g) CTL, (b), (e), (h), Case A, and (c), (f), (i) Case B. Thin solid line 538 

contours indicate topography (drawn at 200 m interval). Black ovals indicate precipitation 539 

systems (see main texts for the details).   540 
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 542 

Fig. 9. Same as Fig. 8, but for equivalent potential temperature averaged from the surface 543 

to 500 m height, and winds at 500 m above the surface. Thin solid lines indicate hourly 544 

precipitation (contours drawn for 1, 10, 20, 30, 50, 80, and 100 mm hr-1).  545 
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 546 

Fig. 10. Time evolutions of low-level divergence (averaged from the surface to 500 m height 547 

over the area enclosed by black boxes in Fig. 9) for CTL, Case A and Case B. 548 
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 550 

Fig. 11. Results of forward trajectory analysis, and pressure level at 250 m above the surface 551 

extrapolated to the sea level for (a) CTL, (b) Case A, and (c) Case B. Pressure fields are 552 

time averages for 0000 – 1900 UTC on 28 August. Dots on the trajectories denote parcel 553 

locations for every hour. For panels (a), (b), and (c), directions and magnitudes of parcel 554 

acceleration due to pressure gradient and Coriolis are shown by black and red vectors, 555 

respectively. Grey shading indicates areas with elevation greater than 250 m.  556 
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 558 

Fig. 12. Vertical cross-sections of equivalent potential temperature and winds along the 559 

cross-section at 1830 UTC for (a) CTL, (b) Case A, and (c) Case B. The cross-sections 560 

are taken along the white lines in Fig. 11.  561 
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 563 

Fig. 13. A schematic illustration of the quasi-stationary precipitation system described in the 564 

present study.  565 
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