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Abstract 39 

Ultra-high resolution numerical weather prediction (NWP) experiments over a large 40 

domain have been carried out to investigate impacts of some different factors of an NWP 41 

model in simulating the Hiroshima heavy rain event in August 2014. This is a continuation 42 

of the study in Part 1 in which similar experiments were carried out, however for the Izu 43 

Oshima heavy rain event in October 2013. We have demonstrated the benefit of using a 44 

high-resolution model (500-m grid spacing or less) with a large domain in simulating 45 

torrential rain events. 46 

The simulated location and intensity of the rain band in the Hiroshima case has been 47 

shown to be sensitive to the model resolution. The simulation at 2-km grid spacing could 48 

reproduce the rain band, however with a shift to the northeast. This displacement error was 49 

reduced when the grid spacing was further reduced to 500 m and 250 m. The best simulation 50 

both in the location and intensity was obtained at 250-m grid spacing. The planetary 51 

boundary layer schemes had a smaller impact in this case, which is different from the Izu 52 

Oshima case. 53 

This study also investigates the dependency of simulated convective cores (CCs) on 54 

model resolutions. The local rate of change of the number of CCs with respect to the model 55 

resolution has been found to start decreasing at very high resolutions which are around 500-56 

m grid spacing. This implies the number of CCs tends to converge when the resolution goes 57 

higher beyond 500 m. 58 
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1. Introduction 62 

In recent years, disasters related to heavy rainfalls become more frequent in Japan. 63 

Typical examples are the heavy rainfall events that caused debris flows in Izu Oshima on 64 

October 15 -16, 2013 and Hiroshima City on August 19 - 20, 2014. An investigation by the 65 

Japan Meteorological Agency (JMA) on the trend of heavy rainfall events with hourly 66 

precipitation greater than 80 mm from 1976 to 2015 has assessed a near-certain increase 67 

in the number of these events (JMA 2016). Ogura (1991) found that most heavy rainfalls in 68 

Japan were associated with the back-building pattern in which new convective cells are 69 

generated in the flow upstream and form a line-shaped rain band. This back-building 70 

mechanism has also been observed in recent heavy rainfall events (Meteorological 71 

Research Institute 2011; 2012; 2014; 2016; 2017).  72 

To mitigate potential damages caused by heavy rainfalls, a reliable numerical weather 73 

prediction (NWP) system is vital. The forecast performance of an NWP system is determined 74 

by the initial and boundary conditions digested into its numerical model and of course the 75 

model itself. Initial conditions can be improved by using more sophisticated data assimilation 76 

methods and introducing more observations into the assimilation process (Kalnay 2003; 77 

Lahoz et al. 2010). In this study, we only focus on the impact of different aspects of an NWP 78 
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model on its forecast quality assuming ideal initial and boundary conditions which is 79 

employed by using analyses as initial and boundary conditions. 80 

The forecast quality of an NWP model is affected by many factors including its dynamic 81 

core, the physical processes parameterized inside, the integration domain and the resolution. 82 

For examples, fine grid spacings can resolve deep moist convection, reduce discretization 83 

errors, and make terrain more realistic (Bryan et al. 2003; Roberts and Lean 2008; Roberts 84 

et al 2009; Oku et al. 2010; Bryan and Morrison 2012; Nunalee et ail. 2015, Takemi 2018). 85 

Another example is the choice of planetary boundary layer (PBL) schemes when the model 86 

is run at the "gray zone" where turbulence length scales are comparable to horizontal 87 

resolutions (Wyngaard 2004).  88 

In Part 1 (Oizumi et al. 2018), we have examined the impact of some of these factors in 89 

forecasting the Izu Oshima heavy rain event with a regional NWP model named the JMA 90 

nonhydrostatic model (JMA-NHM, hereafter simply mentioned as' NHM', Saito et al. 2006, 91 

2007; Saito 2012) running in the Japanese supercomputer "K" (Miyazawa et al. 2012). We 92 

have shown that the location of the rain band in this case was very sensitive to the PBL 93 

schemes and the domain sizes. Also as expected, fine grid spacings combined with fine 94 

terrain data improved the prediction of intense rain considerably. 95 

This part (Part 2) continues the work in Part 1 for another heavy rainfall event which 96 

occurred in Hiroshima on August 19 – 20, 2014 to see whether the findings in Part 1 hold 97 

for another case whose spatial scales and mechanism that caused heavy rain are very 98 
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different from those of the case considered in Part 1. Kita et al. (2016) simulated this event 99 

using the Weather Research and Forecasting model with a 1-km grid spacing. Although the 100 

rainfall distribution was reproduced, the intense rain area was shifted to the northeast 101 

compared to the observation. It is interesting to know whether we will see the same 102 

displacement with NHM and determine which factors lead to such displacement. Moreover, 103 

we will examine in details the dependency of deep moist convection on grid spacings due 104 

to the crucial role of deep convection in simulating heavy rain. This work has not yet been 105 

done in Part 1 for the Izu Oshima case. 106 

This paper is organized as follows. A detailed description of the Hiroshima heavy rain 107 

event is given in Section 2. Experimental settings to simulate this event with NHM are 108 

described in Section 3. The resulting simulations are presented in Section 4 where impacts 109 

of model resolutions and PBL schemes are examined. Section 5 is devoted to sensitivity 110 

tests on model domain sizes and terrain data. Section 6 investigates dependency of 111 

convective simulations on model resolutions in details. Finally, Section 7 summarizes the 112 

results obtained in the study. 113 

 114 

2. Hiroshima heavy rainfall event on August 19 – 20, 2014 115 

Between July 30 and August 26, 2014, heavy rainfalls occurred in many locations in 116 

Japan (JMA 2014a). Figure 1 shows the synoptic weather chart at 03 JST (Japan Standard 117 

Time, +9 UTC) on August 20, 2014 where a stationary front from the south of China to the 118 
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west of Hokkaido can be identified. The main island of Japan and Kyushu were in the warm 119 

sector of the front.  120 

Figure 2a shows the accumulated precipitation in this peak period over the western Japan 121 

estimated by the JMA’s precipitation analysis system where several intense rain bands from 122 

the southwestern to northwestern Kyushu can be observed. In particular, near the Hiroshima 123 

city, an intense line-shaped rain band occurred with the approximated length and width of 124 

100 km and 20–30 km, respectively (see Fig. 2b). This rain band was formed when the warm 125 

moist air flowed through the Bungo channel into the southeastern part of Yamaguchi and 126 

induced the development of back-building convective systems around the border of 127 

Yamaguchi and Hiroshima (JMA 2014b). The maximum precipitation of 246 mm was 128 

registered over this period. 129 

A terrain map of the Hiroshima prefecture derived from a digital map with a 10-m grid 130 

spacing is shown in Fig. 3. According to the map, the Hiroshima city is in a narrow plain 131 

surrounded by mountains with its south side facing the bay of Hiroshima. The back-building 132 

convective systems occurred at the mountainous areas which are marked by the white circle 133 

in Fig. 3a (JMA 2014b). The debris flows occurred on the southeastern slope of the 134 

mountainous areas which are marked by the hatched circles in Fig. 3b. Figure 4 shows the 135 

10-minute precipitations and the accumulated precipitations at the two rain gauges Miiri and 136 

Kasugano which are marked by the two black points in Fig. 3b. At the both sites, intense 137 

rain started around 01 JST on August 20, and the accumulated precipitation exceeded 200 138 
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mm after three hours.  139 

 140 

3. Experimental settings  141 

  As in Part 1, the optimized version of NHM for the K computer (Oizumi et al. 2015) was 142 

used in this study. NHM was run over a domain that covered the Japan mainland (the largest 143 

domain in Fig. 5), which was identical to the former domain used by the JMA’s Local Forecast 144 

Model (JMA 2013). Figure 5 also shows several smaller domains that will be described when 145 

we encounter them later. As described in Introduction, since we do not examine the impact 146 

of initial and boundary conditions, those fields in all experiments were interpolated from the 147 

JMA’s mesoscale analyses (MA) (JMA 2013). The update frequency for the boundary 148 

conditions was set to three hours. All of the simulations were started at 21 JST on August 149 

19 and run until 06 JST on August 20. 150 

    To examine the impact of resolutions on the simulations, NHM run at four different grid 151 

spacings of 5 km, 2 km, 500 m, and 250 m. The number of horizontal grid points and the 152 

number of vertical levels varied depending on the grid spacing used in each experiment. 153 

The terrains at those resolutions were derived from the Global 30 arc-second elevation 154 

dataset (GTOPO30) (https://lta.cr.usgs.gov/GTOPO30), which originally has grid spacing of 155 

approximately 1 km. The topographical slopes between adjacent grid points were limited to 156 

15 % in the preprocessing. 157 

  Similarly, to examine the impact of the PBL schemes, two PBL schemes were considered, 158 
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i.e. the Mellor-Yamada-Nakanishi-Niino level 3 scheme (MY) (Nakanishi and Niino 2004, 159 

2006) and the Deardorff scheme (DD) (Deardorff 1980). Due to the natures of these 160 

schemes, we only applied the MY scheme at 5-km grid spacing, and the DD scheme at 250-161 

m grid spacing. However, for intermediate grid spacings between 2 km and 500 m, we 162 

applied the both schemes to infer which PBL scheme is more appropriate at such grid 163 

spacing. At 5-km grid spacing, the impact of cumulus parameterization was investigated by 164 

running two simulations: one with the modified Kain-Fritsch (KF) scheme and another 165 

without cumulus parameterization (CM). However, for all the experiments with grid spacings 166 

finer than 5 km we did not employ cumulus parameterization. All other parameterization 167 

schemes were set the same among all experiments. 168 

  In summary, each experiment was determined by the three factors: the cumulus 169 

parameterization scheme, the grid spacing, and the PBL scheme. Therefore, each 170 

experiment was assigned a name formed by concatenating the short name of the cumulus 171 

parameterization scheme (KF or CM), the grid spacing (5km, 2km, 500m, or 250m), and the 172 

short name of the PBL scheme (MY or DD). These experiments are listed and explained in 173 

Table 1.  174 

 175 

4. Results 176 

4.1. Verification 177 

Figure 6 shows the three-hour accumulated precipitations simulated by the six 178 
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experiments KF5kmMY, CM2kmMY, CM2kmDD, CM500mMY, CM500mDD, and  179 

CM250mDD valid at the same time as the observation in Fig. 2a. It is more appropriate to 180 

use CM5kmMY to have a fair comparison. However, without cumulus parameterization the 181 

simulation at 5-km grid spacing could not produce intense rain and as a result was worse 182 

than KF5kmMY (not shown here). Clearly, there is a distinct difference between KF5kmMY 183 

and the others where KF5kmMY underestimated all precipitation areas except the rain band 184 

in the northwest of Kyushu. It is interesting to see that the remaining experiments somehow 185 

yielded the same precipitation distributions despite of the differences in the resolutions and 186 

the PBL schemes. 187 

To see the significant differences in the simulations we focus on the three-hour 188 

accumulated precipitations around the Hiroshima city as depicted in Fig. 7 of which the 189 

corresponding observation is given in Fig. 2b. A distinct line-shaped rain band can be easily 190 

identified in all the experiments except KF5kmMY. It becomes very clear that the 191 

experiments with 2-km grid spacing had displacement errors in simulating this rain band in 192 

which its location was shifted to the northeast compared with the observation. These biases 193 

were reduced when decreasing the grid spacing to 500 m and 250 m. At 500-m grid spacing, 194 

CM500mDD simulated the intense rain area better than CM500mMY, showing the more 195 

important role of the DD scheme at such resolution. 196 

To further assess those models' performance, the precipitation intensity, distribution, and 197 

time lag were evaluated by using the Fractions Skill Score (FSS) (Robert and Lean, 2008; 198 
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Duc et al. 2013). The verification was performed for the one-hour precipitations from 23 JST 199 

August 19 to 05 JST on August 20 over the domain C shown in Fig. 5. The FSS intensity-200 

scale diagrams for KF5kmMY, CM2kmMY, CM500mDD, and CM250mDD are presented in 201 

Figs. 8a–8d, respectively, while the FSS differences among them are presented in Figs. 8e–202 

8g. 203 

For KF5kmMY (Fig. 8a), the FSSs for the thresholds ≥ 10 mm hr−1 are 0.0, indicating that 204 

KF5kmMY was only capable of reproducing light and moderate rain. In contrast, for 205 

CM2kmMY (Fig. 8b), the FSSs for the same thresholds are between 0.05 and 0.24. This 206 

difference shows that CM2kmMY yielded better simulations than KF5kmMY at intense 207 

rainfall thresholds. Moreover, this tendency holds for other rainfall thresholds as well. If we 208 

continue to increase the resolution, CM500mDD (Fig. 8c) further improved rainfall forecast 209 

especially for intense rain (Fig. 8f). At the highest resolution, CM250mDD (Fig. 8d) 210 

outperformed CM500mDD for thresholds ≥ 40 mm hr−1 (Fig. 8g).  211 

 212 

4.2. Simulated back-building convective systems 213 

 Since the verification has pointed out that the other experiments were significantly more 214 

skillful than KF5kmMY, we will examine the performances of CM2kmMY and CM500mDD in 215 

simulating the back-building convective systems. The reason for choosing these two 216 

experiments is due to the fact that they were the best simulations at their grid spacings. 217 

Figure 9a shows the vertical velocities w at the height z = 1 km simulated by CM500mDD at 218 
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three consecutive times 01h10’, 01h20’, and 01h30’ JST on August 20. Here the lines AB 219 

indicate the main lines along which the intense rain occurred (Fig. 7e). Along these lines the 220 

updrafts are 2 - 4 m s−1 at the prefectural border where convective clouds started to develop 221 

and increase to 3 - 6 m s−1 at the Hiroshima city (the arrows in Fig. 9a).  222 

 Figure 9b shows the vertical cross sections of the cloud and rain mixing ratios (qc and qr) 223 

through the lines AB. It can be seen that cumulonimbus clouds developed around the 224 

Hiroshima city and could reach as high as 11 km. As a result, the large qr areas in the leeside 225 

of these cumulonimbus clouds brought intense rain as well as graupel and snow (not shown 226 

here). The evolutions of some typical convective cells are marked by the red and orange 227 

arrows. These evolutions illustrate clearly the work of back-building convective systems in 228 

which convective cells are continuously formed in the flow upstream and maintained an 229 

intense rain band in the flow downstream. Figure 9c shows the vertical cross sections of the 230 

potential temperatures θ along the lines AB. The cold air with θ smaller than 298 K existed 231 

near the surface of the windward side of the Hiroshima city where the cumulonimbus clouds 232 

developed. 233 

Similarly, CM2kmMY could also reproduce the back-building convective systems as seen 234 

in Fig. 10, however with a shift of the rain band to the northeast. Here we use the lines CD 235 

to indicate the lines along which the intense rain concentrated, which are of course not 236 

identical to the lines AB in Fig. 9. Note that the times in Fig. 10a (02h25’, 02h35’, and 02h45’ 237 

JST) are not the same as those in Fig. 9a. Since CM2kmMY had a resolution coarser than 238 
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CM500mDD, the number of simulated convective cells as identified in Fig. 10b is much less 239 

than those in Fig. 9b. The cloud tops simulated by CM2kmMY are also lower than those 240 

simulated by CM500mDD. These differences are the easiest to be observed in the three-241 

dimensional visualizations of the back-building convective systems simulated by 242 

CM500mDD and CM2kmMY in Fig. 11. Compared with the JMA’s high-243 

resolution precipitation nowcast (JMA 2014b), the sizes of convective cells in CM2kmMY are 244 

much larger, which are less realistic. 245 

 246 

4.3. Impact of PBL schemes 247 

The verification shows that the simulation was improved when we increased the resolution 248 

and switched the PBL scheme to the DD scheme. To know which factor is more important 249 

in this case, we compared the averaged vertical profiles of different variables over the area 250 

A in Fig. 5 and the interval 00-01 JST on August 20 as simulated by CM500mMY and 251 

CM500mDD in Fig. 12. In general, the averaged vertical profiles of CM500mMY for θ, 252 

specific humidities qv, equivalent potential temperatures θe, and horizontal wind speeds uv 253 

were slightly higher than those of CM500mDD, implying that CM500mMY yielded larger 254 

vertical mixing in the boundary layer. This tendency is consistent with the result in Part 1, 255 

but the differences in this case are much smaller than those in the Izu Oshima case. 256 

This result implies that to improve the simulation, the resolution plays the crucial role in 257 

the Hiroshima case. This is different from the Izu Oshima case in Part 1. One of the reasons 258 
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may be attributed to the differences in the formation of the rain bands. In the Izu Oshima 259 

case, the rain band was formed along a stationary front over the sea when a strong typhoon 260 

was approaching. Consequently, the PBL schemes strongly influenced the up/down-draft 261 

pairs in the windward/lee sides of the front and the formation of cold pools. In contrast, in 262 

the Hiroshima case, the rain band was developed in a humid warm air region approximately 263 

300 km away from the south of the synoptic-scale front. The difference between the sizes 264 

of the rain bands in the two cases may also play an important role here. In fact, the length 265 

and width of the rain band in the Izu Oshima case were approximately three times larger 266 

than those of the Hiroshima case. Therefore, to simulate the formation of the rain band 267 

accurately, a higher resolution is needed.  268 

 269 

5. Sensitivity tests 270 

5.1. Impact of domain sizes 271 

All conclusions in Section 4 so far are drawn from the NHM runs with a very large domain. 272 

To check whether the conclusions would still hold if NHM used a smaller domain, the two 273 

experiments CM2kmMY and CM500mDD were rerun with the small domain in Fig.5 which 274 

covered a 200 km square region around the Hiroshima city. These experiments could use 275 

either the MA or the simulations provided by the NHM runs with the large domain as their 276 

initial and boundary conditions. If the latter was adopted, the nested simulations were started 277 

at 22 JST on August 19 with 8-hour simulations to mitigate the impact of spin-up problems 278 
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from the nesting simulations. To differentiate those experiments with the original ones, 279 

suffixes were added to the names CM2kmMY and CM500mDD which indicate the ways 280 

initial and boundary conditions were digested into the simulations. These suffixes are listed 281 

and explained in Table 2. 282 

Similar to Fig. 7, Fig. 13 shows the three-hour accumulated precipitations from those 283 

additional experiments. At 2-km grid spacing, all the experiments with the small domain 284 

shifted the location of the rain band to the northeast compared to CM2kmMY. The maximum 285 

rain intensity was also weaker than that of CM2kmMY. However, at 500-m grid spacing, 286 

these experiments reproduced the rain band at the similar location as CM500mDD, although 287 

the simulated intensity was still weaker than that of CM500mDD. When we increased the 288 

resolution from 2 km to 500 m, the rain intensity became weaker significantly especially if 289 

the nesting procedure was applied (Figs. 13b–13d compared with Figs. 13f–13h). One of 290 

the reasons was that the outer model of the former, i.e. KF5kmMY, was not capable of 291 

reproducing the intense rain band (Fig. 7a). Again, we see that the rain band was simulated 292 

more accurately both in location and intensity when we refined the grid spacing from 2 km 293 

to 500 m. This highlights the important role of the horizontal resolution over the model 294 

domain size in this case.  295 

 296 

5.2. Impact of terrain data 297 

  In Part 1, when the grid spacing was the same, the precipitation distribution was improved 298 
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with a more realistic topography. In the present case, the convective clouds associated with 299 

the rain band were generated in the mountainous area. Thus, it is interesting to check again 300 

whether finer terrain data can improve the simulated precipitation distribution or not. 301 

First, with the same settings as CM500mDD we examined the role of terrain in the 302 

formation of the rain band by removing terrain in the area B (in Fig. 5) around the Hiroshima 303 

city (Fig.14a). Figure 14b shows the three-hour accumulated precipitations given by this 304 

experiment which we called CM500mDD_no_topo. Compared with the original simulation in 305 

Fig. 7e, the location of the rain band was shifted leeward (to the northeast) and the maximum 306 

rainfall intensity was lower. This was likely caused by the late formation of convective clouds 307 

triggered by the terrain in the Yamaguchi prefecture. Therefore, the terrain around the 308 

Hiroshima city seemed to contribute to the rapid development of the observed convective 309 

clouds. 310 

Second, instead of the dataset GTOPO30, we derive the terrain data at grid spacings of 311 

500 m and 250 m from the digital elevation data with 50-m grid spacing provided by the 312 

Geospatial Information Authority of Japan (KTOPO). Then we rerun the two experiments 313 

CM500mDD and CM250mDD with the new terrain data and called them CM500mDD_K and 314 

CM250mDD_K, respectively. The three-hour accumulated precipitations resulted from these 315 

additional experiments are shown in Figs. 14c and 14d. In the both cases, the locations of 316 

the rain band were very similar to those simulated by the original experiments, though the 317 

maximum rain intensities were slightly different. Therefore, to quantify the impact of the 318 
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terrain data on the precipitations, we used the FSS and the verification result is shown in 319 

Fig. 14e. The FSS reveals that KTOPO slightly improved the rainfall simulations in this case. 320 

 321 

6. Dependency of simulated convective cores on model resolutions 322 

6.1 Analysis method 323 

The methodology used for detection and analysis of the simulated convection was 324 

adapted from Miyamoto et al. (2013) with some modifications and is illustrated in Fig. 15. In 325 

Step 1, the liquid water path (LWP) field was estimated by integrating liquid water content 326 

vertically from 2 to 6 km. The resulting LWP field is shown in Step 2, where the colored 327 

boxes represent convective grids (CG). Here a model grid point was considered as a CG if 328 

its LWP was greater than 0.1 kg m-2. Based on CGs, convective cores (CC) were defined as 329 

all local maxima of the averaged vertical velocities �̅� over CGs with the maximum values 330 

greater than a threshold. The same definition was used in the Algorithm 1 in Sueki et al. 331 

(2019). For consistency with the use of LWP, �̅� was averaged from 2 km to 6 km and the 332 

threshold of 0.5 m s−1 was selected. The local maxima of �̅� are highlighted in red over the 333 

CG points in Step 3. Note that all neighboring grids of a CC must be CGs in order to be 334 

considered as a valid CC. 335 

After CCs were detected, their statistical features could be derived from the vertical 336 

velocities w around these cores. Thus, Step 4 depicts a three-dimensional w field 337 

surrounding the CCs detected in Step 3. Note that w need not be confined into the heights 338 
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between 2 km and 6 km. The composite field of w was calculated by averaging w around all 339 

individual CCs. At each vertical level, the contours of the composite field tended to form 340 

concentric circles. This suggested that the composite field can be described more compactly 341 

by averaging the composited w along each circle. This calculation is illustrated in Step 5. 342 

Finally, the resulting radius-height composite map of w is obtained in Step 6, where the 343 

vertical axis indicates the height z and the horizontal axis indicates the radius r, which is a 344 

multiply of grid points. All features of the simulated convection were drawn from such kind 345 

of composite maps. 346 

To illustrate the work of the algorithm we shows in Figs. 16a-c the simulated w fields at 347 

z=4.2 km, and the detected CGs and CCs from CM2kmMY, CM500mDD, and CM250mDD 348 

at 0200 JST on August 20. The result given by KF5kmMY is not shown since no CCs were 349 

detected at this time. 350 

 351 

6.2 Characteristics of convective cores 352 

Figure 17 shows the dependency of the number of CCs on the resolution in the logarithm 353 

scales for the two groups of the simulations: those using the MY scheme and those using 354 

the DD scheme. Here the numbers of CCs were taken average over the period from 22 JST 355 

on August 19 to 06 JST on August 20 with a time step of one hour. As expected, the number 356 

of CCs increases with increasing of the model resolution. It is also interesting to see that the 357 

numbers of CCs are not so different between the two PBL schemes. In the case of the MY 358 
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scheme, we also plot the number of CCs simulated by CM5kmMY to check the impact of 359 

convective parameterization. It is clear that convective parameterization decreased the 360 

numbers of CCs considerably.  361 

Figure 17 enables us to answer the question: what is the increasing rate of the number of 362 

CCs with respect to the model resolution? Using the logarithm scale, this local rate of change 363 

at each resolution Δx is given by α=-dlog(N)/dlog(Δx) where N is the number of CCs. When 364 

increasing the resolution from 5 km (KF5kmMY) to 2 km (CM2kmMY), the number of CCs 365 

increases about 8.3 times, implying the approximated α=2.3. However, if we consider 366 

CM5kmMY instead of KF5kmMY, the number of CCs only increases 5.5 times and α drops 367 

to 1.9. This increasing rate in the number of CCs is about 15 times if we go further from the 368 

resolution of 2 km to 500m, leading to the same value α=1.9. Finally, if Δx changes from 500 369 

m to 250 m, the α now reduces to 1.2. It means that α is around 2.0 for resolutions coarser 370 

than 500 m and becomes smaller for finer resolutions. This result is somewhat different from 371 

Miyamoto et al. (2013) in which α is about 2.0 with grid spacings greater than 3.5 km and 372 

slightly decreases with decreasing of grid spacings from 3.5 km to 1.7 m. 373 

Figure 18 shows the histograms of the numbers of CCs classified against the intensities 374 

of updraft represented by �̅� for the four experiments KF5kmMY, CM2kmMY, CM500mDD 375 

and CM250mDD. In KF5kmMY (Fig. 18a), the relative ratio of number of CCs at the bin 2.0–376 

3.0 m s−1 is the largest (about 36%); no CCs appear when �̅� > 5.0 m s−1. However, this 377 

largest ratio is 27% at the bin 0.5–1.0 m s−1 for CM2kmMY (Fig. 18b) and CCs were detected 378 
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even at �̅� > 5.0 m s−1. Like CM2kmMY, the numbers of CCs in CM500mDD (Fig. 18c) and 379 

CM250mDD (Fig. 18d) tend to decrease as �̅� increase with the peak on the left-most bin 380 

0.5–1.0 m s−1. 381 

The radius-height composite maps of w for the CCs simulated by the four experiments 382 

are shown in Fig. 19a. In all cases, the w fields around the CCs have spindle shapes which 383 

attain the maximum around the heights z=4.2 to 4.5 km. The top heights of w > 0.5 m/s 384 

decrease from 8.4 km to 7.2 km with increasing of the resolution. The spindle shape tends 385 

to expand horizontally in the upper part when the resolution becomes higher. This is likely 386 

because convective updrafts as expressed in the composited map of w are more influenced 387 

by horizontal winds and tilting of convective cells at very high resolutions.  388 

Figure 19b shows the magnitude of w against the distance from the center of a CC at the 389 

height where w attain its maximum. In the experiments without cumulus parameterization, 390 

the maximum w decreases with increasing the resolution. This can be attributed to the fact 391 

that many weak CCs are detected when the resolution is increased. In CM500mDD and 392 

CM250mDD, the magnitudes of w away from the center of the CC were nearly flat around 393 

0.4–0.5 m s−1. As seen in Figs. 16b and 16c, many CCs were detected at these resolutions 394 

and the average values of w away from the CC center were contaminated by other near-by 395 

convection cells. Further investigation on CC’s characteristics is necessary in future with a 396 

more sophisticated method for defining CCs. 397 

 398 



 20 

7. Summary and conclusion 399 

In this study, ultra-high resolution NWP experiments over a large domain have been 400 

carried out to investigate impacts of some different factors of the NWP model NHM in 401 

simulating the Hiroshima heavy rain event in August 2014. This is a continuation of the study 402 

in Part 1 in which similar experiments were carried out, however for the Izu Oshima heavy 403 

rain event in October 2013. The two events are different both in the mechanisms that caused 404 

the heavy precipitations and the spatial scales of the rain bands. It is important to know 405 

which factors should be taken into account in each event since this can contribute 406 

significantly to improve forecast in future. In addition, this part also investigates dependency 407 

of simulated convective cells on model resolutions, a topic has not been addressed in Part 408 

1. 409 

The resolution has been shown to play the crucial role if we want to have an accurate 410 

simulation in the Hiroshima case. Whereas the simulation at 5-km grid spacing could not 411 

reproduce the rain band, the simulation at 2-km grid spacing could reproduce the rain band, 412 

however with a shift to the northeast. This displacement error was reduced when the grid 413 

spacing was further reduced to 500 m. At 250-m grid spacing, the model well simulated the 414 

rain band in both the location and intensity. The PBL schemes had a smaller impact in this 415 

case than in the Izu Oshima case, which can be explained by two facts: (1) the rain band 416 

was far from the synoptic front; and (2) the rain band had a quite small size of approximately 417 

100 km. 418 
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Sensitivity tests on model domain sizes have pointed out that all conclusions still hold if 419 

the model domain becomes smaller. Of course, if the nesting procedure was employed, the 420 

nesting models should also have fine enough resolutions. Other sensitivity tests on terrain 421 

data showed that the rapid development of the observed convective cells was likely triggered 422 

by the terrain at the windward side around the Hiroshima city. Also, as in Part 1 the terrain 423 

data derived from KTOPO could slightly improve precipitation simulations if compared with 424 

those derived from GTOPO. 425 

Dependency of simulated CCs on model resolutions was investigated by modifying the 426 

method introduced by Miyamoto et al. (2013). The local rate of change of the number of CCs 427 

with respect to the model resolution has been found to start decreasing at very high 428 

resolutions which are around 500-m grid spacing. This implies the number of CCs tends to 429 

converge when the resolution goes higher beyond 500 m. On the other hand, the relative 430 

frequencies of CCs in the experiments at grid spacings of 5 km and 2 km have been found 431 

to have unrealistic maxima at the bins of 2.0–3.0 m s−1 and 3.0–4.0 m s−1, however these 432 

maxima were eliminated in the experiments at higher resolutions. 433 

In summary, this study has demonstrated the benefit of using a high-resolution model 434 

(500-m grid spacing or less) with a large domain in simulating torrential rain events. The 435 

same work can be applied for more heavy rain events to obtain more robust conclusions. 436 

Whereas at 2-km grid spacing the MY scheme was shown to be better than the DD scheme, 437 

at 500-m grid spacing the conclusion is reversed. Therefore, it is desirable if we can find an 438 
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appropriate PBL scheme at the gray zone such as the scheme proposed by Ito et al. (2015) 439 

which needs to be verified. A more accurate method for detecting CCs is also another 440 

important work. 441 
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Table 1. List of experiments with the large domain. 461 
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Table 2. List of experiments with the small domain. 464 
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List of figures 565 

 566 

 567 

Fig. 1. Synoptic weather chart at 03 JST on August 20, 2014. 568 

 569 
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 570 

Fig. 2. (a) Three-hour accumulated precipitations (mm) observed from 01 to 04 JST on 571 

August 20 and (b) the same field when zoomed in for the Hiroshima city. 572 

 573 

 574 

Fig. 3. (a) Terrain around the Hiroshima prefecture. The white circle indicates the area where 575 

back-building convective cells were generated. (b) the same field when zoomed in for 576 

the Hiroshima city. The hatched circles indicate the area where the debris flows 577 

occurred. 578 

 579 
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 580 

Fig. 4. Time series of the 10-minute precipitations and accumulated precipitations observed 581 

at Miiri and Kasugano. 582 

 583 

 584 

Fig. 5. Integration domain used by all experiments. In this figure, we also plot: (1) the small 585 

domain used in the sensitivity tests on domain sizes; (2) the area A over which the 586 

vertical profiles of different variables were taken average in the comparison between 587 

the PBL schemes; (3) the area B of which terrain was removed in the sensitivity tests 588 

on terrain data; and (4) the area C which was the verification domain with the FSS. 589 
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 590 

 591 

Fig. 6. Three-hour accumulated precipitations (mm 3h-1) from 01 to 04 JST on August 20 592 

simulated by: (a) KF5kmMY, (b) CM2kmMY, (c) CM2kmDD, (d) CM500mMY, (e) 593 

CM500mDD, and (f) CM250mDD.  594 

 595 
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 596 

Fig. 7. The same fields as in Fig. 6 when zoomed in for the Hiroshima city. 597 

 598 
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 599 

Fig. 8. FFSs calculated from hourly precipitation simulations by: (a) KF5kmMY, (b) 600 

CM2kmMY, (c) CM500mDD, and (d) CM250mDD; and FSS differences between: (e) 601 

KF5kmMY and CM2kmMY, (f) CM2kmMY and CM500mDD, and (g) CM500mDD and 602 

CM250mDD. The vertical axes display spatial scales, which are diameters of circular 603 

neighborhoods centered at each verification grid point. The bottom horizontal axes 604 

represent rainfall thresholds. The top horizontal axes indicate temporal scales in hours, 605 

e.g., 01 indicates no time lag, and 03 indicates a one-hour time lag. 606 
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 607 

 608 

Fig. 9. Back-building convective systems simulated by CM500mDD at three consecutive 609 

times 0110’, 0120’, and 0130’ JST on August 20. (a) Vertical velocities w (m s-1) at the 610 

height z=1 km, (b) Vertical cross sections of the cloud mixing ratio qc (grey shaded; g 611 

kg-1) and the rain mixing ratio qr (color shaded; g kg-1) through the lines AB. The red 612 

and orange arrows trace the developments of convective cells. (c) Vertical cross 613 

sections of the potential temperatures θ (K) through the lines AB. Here the lines AB 614 

display the lines along which the intense rain occurred. 615 

 616 
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 617 

Fig. 10. As in Fig. 9 but for CM2kmMY at three consecutive times 0225’, 0235’, and 0245’. 618 

 619 
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 620 

Fig.11. Three-dimensional visualizations of the back-building convective systems simulated 621 

by CM500mDD and CM2kmMY where qc are rendered in grey and qr are rendered in 622 

blue. 623 

 624 
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 625 

Fig. 12. Vertical profiles averaged over the area A in Fig. 5 and the period from 00 to 01 JST 626 

on August 20 of: (a) Potential temperature θ, (b) Specific humidity qv, (c) Equivalent 627 

potential temperature θe, and (d) Horizontal wind speed uv. The arrow indicates θ at 628 

the sea surface.  629 

 630 

 631 

Fig. 13. As Fig. 7 but for the experiments with the small domain: (a) CM2kmMY_small, (b) 632 

CM2kmMY_nest, (c) CM2kmMY_nest_noBND, (d) CM2kmMY_nest_3hr, (e) 633 

CM500mDD_small, (f) CM500mDD_nest, (g) CM500mDD_nest_noBND, and (h) 634 

CM2kmMY_nest_3hr. 635 
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 636 

 637 

Fig. 14. As Fig. 7 but for the experiments using different terrain data. (a) the terrain after 638 

removing the topography around the Hiroshima city, (b) CM500mDD_no_topo, (c) 639 

CM500mDD_K, and (d) CM250mDD_K. (e) FSS differences between CM250mDD and 640 

CM250mDD_K. 641 
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 642 

 643 

Fig. 15. Illustration for the process that detects CCs and calculates their characteristics. 644 

Details are given in the text. 645 

 646 

 647 

Fig. 16. Examples of CGs and CCs detected by the algorithm from the simulations of: (a) 648 

CM2kmMY, (b) CM500mDD, and (c) CM250mDD. The upper panels display vertical 649 

velocities w (m s-1) at z=4.2 km and the lower panels displays CCs (red points) over 650 

CGs (green areas). 651 
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 652 

 653 

Fig. 17. Dependency of the number of CCs on the model resolution in the logarithm scales. 654 

While the solid line connects the average numbers of CCs simulated by CM5kmMY, 655 

CM2kmMY, and CM500mMY, the dashed line connects those simulated by CM2kmDD, 656 

CM500mDD, and CM250mDD. The separate diamond symbol indicates that simulated 657 

by KF5kmMY. The dotted gray line indicates an increase of CCs against the model grid 658 

spacing crossing at the point of CM5kmMY as reference. 659 

 660 

 661 

Fig. 18. Histograms of the numbers of CCs classified against the intensities of updraft �̅� as 662 

detected from the simulations of: (a) KF5kmMY, (b) CM2kmMY, (c) CM500mDD, and 663 

(d) CM250mDD. 664 
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 665 

 666 

Fig. 19. (a) Radius-height composite maps of w. Here the dashed vertical lines present the 667 

centers of the CC and the dashed horizontal lines present the heights of the maximum 668 

of w.  (b) The horizontal cross sections at the centers of the CC in the panel (a). 669 

 670 


