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Abstract 29 

 30 

From 9 to 11 September 2015, the Kanto and Tohoku regions of Japan experienced 31 

an extremely heavy rainfall event. The synoptic-scale field was characterized by two 32 

typhoons, Etau (T1518) and Kilo (T1517). After Etau made landfall in the Tokai region and 33 

transformed into an extra-tropical cyclone over the Sea of Japan, meridionally oriented 34 

rain bands persisted over the Kanto region for about 12 hours and caused heavy rainfall, 35 

particularly over the Tochigi prefecture. During this time, Kilo approached the eastern 36 

ocean of the Kanto region. In this study, we examine the role of Kilo in this event by 37 

conducting numerical experiments using a stretched version of the Nonhydrostatic 38 

Icosahedral Atmospheric Model configured with a minimum grid interval of about 5.6 km. 39 

The control experiment reproduced intense rain bands around the same period and place 40 

as the observed event, although they were not reproduced in an experiment with a longer 41 

lead time. Sensitivity experiments were conducted in which Kilo was weakened by 42 

removing moisture in its central region with a longer lead time. In contrast to the 43 

expectation that reduced moisture would lead to a weaker typhoon and hence weaker 44 

rain, the sensitivity experiment reproduced the rain band with realistic location but 5% 45 

less precipitation than the control experiment. Furthermore, this experiment indicated that 46 

precipitation over the outer band of Etau, which covers the Kanto region, increased by 47 

10% compared to the control experiment. We found that a southeasterly wind induced by 48 
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a high-pressure ridge between Kilo and the Kanto region played a greater role in 49 

supplying moisture to the Kanto region than the strong easterly wind produced by the 50 

pressure gradient between Kilo and the Okhotsk high. In this case, weaker Kilo resulted 51 

in enhanced northwestward moisture flux associated with the ridge, thereby inducing 52 

heavier rainfall over the Kanto region. 53 

 54 

Keywords rain band; typhoon; water vapor; numerical simulation; Kanto-Tohoku Heavy 55 

Rainfall Event 56 

57 
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1. Introduction 58 

From 9 to 11 September 2015, an extremely heavy rainfall event occurred in the Tochigi 59 

prefecture, 120 km north of Tokyo, Japan, causing flooding the Kinu River. During this event, 60 

a linear rain band (LRB) formed over the Tochigi prefecture (LRB1; Fig. 1a), in the northern 61 

part of the Kanto region (Fig. 1b); in the Tochigi prefecture, a local observation site measured 62 

total precipitation exceeding 600 mm in 48 hours. In the later stages of this event, another 63 

LRB formed in the northern part of the Tohoku region (LRB2; Fig. 1a, b) and caused heavy 64 

rainfall there. Both LRBs extended hundreds of kilometers in length. According to the Japan 65 

Meteorological Agency (JMA), the observed precipitation of LRB1 was 59.5 mm hr-1 at its 66 

maximum at 15UTC 9 September, and that of LRB2 peaked at 62.0 mm hr-1 at 14UTC 10 67 

September. This heavy rainfall event is now referred to as the September 2015 Kanto-68 

Tohoku heavy rainfall event. 69 

Two typhoons were associated with this event. Typhoon Kilo (T1517) initially formed in 70 

the eastern Pacific and moved westward, approaching Japan on 9 September. Typhoon 71 

Etau (T1518) was generated to the south of Japan on 7 September, made landfall in the 72 

Tokai region on 9 September, and subsequently transformed into an extra-tropical cyclone 73 

on the same day in the Sea of Japan (Fig. 1b). LRBs in this heavy rainfall event were formed 74 

in the outer band region of Etau. 75 

Previous studies have investigated heavy rainfall events associated with LRBs. Kato and 76 

Goda (2001) argued that a heavy rainfall event in Niigata, Japan, on 4 August 1998 was 77 
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caused by strong convective instability due to lower-tropospheric humid air and mid-78 

tropospheric dry air. In contrast, the importance of mid-tropospheric moisture was 79 

acknowledged by Hirota et al. (2016). They showed that a large transient filamentary region 80 

of water vapor reaching the mid-troposphere (known as an atmospheric river) played an 81 

essential role in supplying moisture to an extreme rainfall event in Hiroshima, Japan, on 19 82 

August 2014. Wang et al. (2009) suggested that typhoon Songda (2004), despite being 1200 83 

km away over the western North Pacific, had a dominant role in supplying moisture to a 84 

heavy rainfall event that occurred over southern central Japan from 2 to 4 September 2004. 85 

For the September 2015 Kanto-Tohoku heavy rainfall event, several studies have 86 

proposed mechanisms of LRB formation. Kunii et al. (2016) conducted ensemble data 87 

assimilation using the atmospheric motion vectors from Himawari-8 rapid scan data (Bessho 88 

et al. 2016). They suggested that the LRBs were strongly correlated with low- to mid-level 89 

moisture to the south of the Kanto region and were intensified by low-level moisture 90 

convergence. Section 3 of Fujitani et al. (2016), led by H. Tsuguti, used backward trajectory 91 

analysis to argue that moist warm air was advected from the region around Kilo. Section 5 92 

of Fujitani et al. (2016), led by K. Tsuboki, pointed out the contributions of huge southerly 93 

moisture transport and a high-pressure low-level ridge at the southeast of the Kanto region 94 

(cf. Fig. 1b). He suggested that anti-cyclonic flow around this ridge converged to the south 95 

of the Kanto region with westerly and southwesterly winds related to the upper-tropospheric 96 

trough. Kitabatake et al. (2017) analyzed these synoptic-scale characteristics in further detail. 97 
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They found that the upper-tropospheric trough advected dry air over the Kanto region, 98 

resulting in a convectively unstable condition. In addition, as a high potential vorticity 99 

disturbance was approaching, synoptic upward motion was diagnosed by Trenberth forcing 100 

(Trenberth 1978). This is an approximation to a forcing term of the quasi-geostrophic omega 101 

equation that is calculated from horizontal advection of absolute vorticity by thermal wind. 102 

Adding to these favorable conditions for heavy rainfall, latent heat release by precipitation 103 

to the north of Etau caused negative potential vorticity advection, prohibiting eastward 104 

propagation of the trough. It also generated an upper-tropospheric ridge to the east of the 105 

trough, which intensified the low-level Okhotsk high pressure. Kitabatake et al. (2017) 106 

argued that the Okhotsk high pressure supplied moisture to the Kanto region via the 107 

associated easterly or southeasterly wind. 108 

The typhoons Etau and Kilo are notable characteristics of the September 2015 Kanto-109 

Tohoku heavy rainfall event. Kitabatake et al. (2017) argued that Kilo and the Okhotsk high 110 

cooperatively enhanced the meridional pressure gradient and intensified the easterly. 111 

Fujitani et al. (2016) showed that this low-level easterly brought moist air, while moisture 112 

was also advected from the south, and argued for the importance of the southeasterly 113 

related to the low-level ridge. In summary, it is not clear whether the easterly associated with 114 

Kilo was an essential contributor to the heavy rainfall event or only a secondary contributor. 115 

It is also not clear how Kilo affected the low-level ridge and associated southeasterly wind. 116 

In this paper, we investigate the role of Kilo in the September 2015 Kanto-Tohoku heavy 117 
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rainfall event using non-hydrostatic numerical simulations. We carry out sensitivity 118 

experiments to study the effect of Kilo on synoptic conditions, especially the low-level 119 

easterly and southeasterly winds and the low-level ridge to the east of the Kanto region. 120 

 121 

2. Data and Methodology 122 

2.1 Model description 123 

We used a global stretched version of the Non-hydrostatic Icosahedral Atmospheric 124 

Model (NICAM; Tomita and Satoh 2004; Satoh et al. 2008; 2014) that enhances the 125 

horizontal resolution around a selected target location (Tomita 2008a; Uchida et al. 2016). 126 

Grid intervals were about 5.6 km at the target location (36.7°N, 139.7°E in the Kanto region) 127 

and 560 km at the opposite side of the globe. The model had 40 layers with a top height of 128 

about 38 km. Moist processes were explicitly calculated using a six-category single-moment 129 

bulk cloud microphysics scheme (Tomita 2008b), without any cumulus parameterization. 130 

Unrealistic representation of clouds in the remote regions with coarse grids has minimal 131 

influence on the results near the target region in this study, because of the short integration 132 

period of up to 3 days. More detailed characteristics of the stretched-grid NICAM simulations 133 

are described in Uchida et al. (2016). A modified Mellor-Yamada level 2 scheme (Mellor and 134 

Yamada 1982; Nakanishi and Niino 2004, 2009; Noda et al. 2010) was applied for boundary 135 

layer turbulent processes. Radiation processes were calculated with K-distribution model 136 

(MSTRNX; Sekiguchi and Nakajima 2008). Sea surface temperature was predicted using a 137 
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slab ocean model with 15 m depth and was nudged towards reference data interpolated 138 

from the National Center for Environmental Prediction final analysis dataset at a relaxation 139 

time of 5 days. The MATSIRO scheme (Takata et al. 2003) was applied for land surface 140 

boundary conditions. 141 

We used the Grid Point Value (GPV) dataset, which is used as initial data of JMA Global 142 

Spectrum Model (GSM); the Japanese 55-year Reanalysis dataset (JRA55) produced by 143 

JMA (Kobayashi et al. 2015); and the best track data of Kilo and Etau produced by JMA for 144 

verification. We also used Global Satellite Mapping of Precipitation (GSMaP; Kubota et al. 145 

2007). 146 

 147 

2.2 Experimental set-up 148 

After examining preliminary experiments starting at various initial conditions, we defined 149 

a control experiment with an initiation date of 00UTC 9 September, hereafter referred to as 150 

CTL. CTL reproduced realistic heavy rainfall in terms of location and precipitation amount 151 

(see Section 3.1). 152 

We conducted two sensitivity experiments. The first was identical to CTL except that it 153 

was initialized at 00UTC 8 September (hereafter referred to as EARLY). As shown in detail 154 

in Section 3.1, EARLY reproduced Kilo with lower central pressure and a westward-shifted 155 

track compared to observations but did not reproduce the rainfall over the Kanto region. 156 

The second sensitivity experiment was a moisture-removed experiment initialized at 157 
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00UTC 8 September (hereafter referred to as RH0). In RH0, the relative humidity derived 158 

from the GPV dataset for the Kilo region, where the wind exceeds 30 kt defined by best track 159 

data of JMA, was set to 0% at all levels on the initiation date (cf. Fig. 1c). When the moisture 160 

was removed near the center of Kilo, its central pressure became higher and its cyclonic 161 

circulation became weaker. Our intention was to investigate the effect of Kilo on the easterly 162 

or the southeasterly winds and the contribution of these winds to the moisture supply to the 163 

Kanto region. We chose to initialize RH0 at 00UTC 8 September because the moisture effect 164 

of Kilo is inseparable from that of the environment after 9 September. 165 

We defined the center of the simulated typhoon as the location of minimum sea level 166 

pressure in a 0.5° square around the previous center (1 hour before). 167 

 168 

3. Results 169 

3.1. Simulated profiles of precipitation and typhoons 170 

CTL reproduced a linear rain band between 00UTC 9 September and 00UTC 11 171 

September over the Kanto region (Fig. 2a), and its location corresponded well to the 172 

observed LRB1 (Fig. 1a). CTL also reproduced a rain band in close proximity to the observed 173 

LRB2 but with less precipitation. By contrast, EARLY did not reproduce the rain bands (Fig. 174 

2b). CTL reproduced characteristics of Kilo well in terms of the distribution of the surface 175 

pressure and the track compared with the best track data provided by JMA. In EARLY, Kilo 176 

had about 5 hPa lower central pressure and its track was shifted about 100 km to the west 177 
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(Fig. 3a, b). 178 

The moisture-removed experiment (RH0) was intended to simulate a weakened Kilo. 179 

The sea level pressure at the center of Kilo was more than 1000 hPa at 18UTC 9 September 180 

(Fig. 3b), which is weaker than the 975 hPa in CTL at the same time, and wind speeds near 181 

the center of Kilo in RH0 were much weaker than those of CTL and EARLY (details are 182 

described in later section). Kilo was located up to 200 km further west than the best track 183 

data. As for the Kanto region, a linear rain band was reproduced despite early initiation date, 184 

as in the observed LRB1 but with 5% less rain in the Kanto region than in CTL (Fig. 2c). 185 

However, over the outer band of Etau, the amount of precipitation increased by 10%. This 186 

was unexpected because previous studies (cf. Section 3 of Fujitani et al. 2016) suggested 187 

that Kilo played a role in intensifying the rain band corresponding to LRB1. Conversely, this 188 

result suggests that Kilo weakened the heavy rainfall. The rain band corresponding to LRB2 189 

was not clearly reproduced in RH0 (Fig. 2b, c). 190 

The simulated Etau is stronger than best track data in all three experiments, with 191 

central pressure that is about 10 hPa lower. The variability of its central pressure among the 192 

three experiments is within 5 hPa. Its tracks almost overlapped in the three experiments, 193 

except in the later period (Fig. 3a, c). 194 

 195 

3.2. Synoptic conditions 196 

All three experiments simulated the evolution of the upper-tropospheric fields similarly 197 
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(Fig.4): the upper trough was over the west side of Japan and stagnated, and the upper 198 

ridge was over the northeast of Japan. This behavior is consistent with the analysis by 199 

Kitabatake et al. (2017). 200 

The role of Kilo on synoptic scale conditions is more clearly visible by examining the 201 

low-level structure. The lower-tropospheric fields were significantly different (Fig. 5), 202 

particularly around the Kanto region and its eastern sea. The low-level ridge, represented 203 

by a 1500 m isobar around 35°N 145°E, extended more southward in CTL and RH0, and 204 

the southeasterly wind prevailed near the Kanto region, associated with this low-level ridge. 205 

By contrast, in EARLY, the low-level ridge was not clear, and the easterly wind prevailed. 206 

Comparing the precipitating (CTL and RH0) and non-precipitating (EARLY) cases showed 207 

that southeasterly wind can be important. The time-longitudinal section of geopotential 208 

height around 35°N (Fig. 6a-d) shows that this low-level ridge, which is located at 140°E to 209 

145°E, is formed by two typhoons. This ridge is the relatively high-pressure region between 210 

these two typhoons. In EARLY, the westward-shifted Kilo with lower pressure resulted in a 211 

lower height of the low-level ridge. By contrast, in RH0, the weakened Kilo maintained the 212 

existence of a high geopotential height region. This indicates that extension of the low-level 213 

ridge was sensitive to the strength and track of Kilo. The zonal cross-section averaged over 214 

the mature stage of the low-level ridge (Fig. 6e) shows that the zonal height gradient is 215 

positive (nearly zero) in CTL and RH0 (in EARLY). This suggests that the westward-shifted 216 

Kilo with lower pressure disturbed the southward component of wind at 140°E to 145°E. 217 
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Previous studies argued that the pressure gradient between Kilo and the Okhotsk high 218 

enhanced easterly and southeasterly wind and that these winds supplied moisture. Although 219 

the three experiments described here showed the Okhotsk high with similar intensity, the 220 

simulated precipitation is different. The low-level ridge was independent of the easterly, 221 

which differs from the arguments made by Kitabatake et al. (2017). 222 

 223 

3.3. Moisture flux variabilities 224 

The amount of low-level moisture flux was larger in CTL than in EARLY (Fig. 7). The 225 

southeasterly wind of the low-level ridge supplied moisture more effectively around the 226 

Kanto region, resulting in a more moisture-rich condition in the lower troposphere in the 227 

Kanto region. This result shows that the southward extension of the ridge supported the 228 

supply of moisture. This is consistent with the role of the low-level ridge, which is pointed 229 

out in section 5 of Fujitani et al. (2016). 230 

The differences between EARLY and CTL (Fig. 8a, b) show that a stronger and 231 

westward-shifted Kilo prevented extension of the ridge and significantly reduced the 232 

southerly component of horizontal wind. Around Kilo, the moisture flux was larger due to 233 

strong wind. However, over the Kanto region, the moisture flux decreased. The differences 234 

between RH0 and CTL (Fig. 8c, d) show that the southeasterly flow was maintained, and 235 

the amount of moisture flux increased around the Kanto region. This structure was favorable 236 

for moisture supply. 237 
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 Our results suggest that the southeasterly moisture advection at the lower 238 

troposphere by the low-level ridge was of primary importance. When only easterly winds 239 

existed and the low-level ridge was weaker (EARLY), the low-level moisture supply to the 240 

Kanto region was underestimated, although air parcels of heavy rainfall originated near Kilo 241 

(section 3 of Fujitani et al. 2016). To understand the role of the moisture supply to the Kanto 242 

region, it is necessary to separately evaluate the easterly, which is enhanced by the pressure 243 

gradient between the Okhotsk high pressure and Kilo, and the southeasterly associated with 244 

the low-level ridge. 245 

The southerly moisture-rich air along 140°E longitude is another characteristic 246 

condition (Fig. 5 and cf. Section 5 of Fujitani et al. 2016). All three experiments similarly 247 

reproduced this situation over the Kanto region and its southern sea along 140°E. This 248 

southerly moisture-rich air has high relative humidity in the mid-level atmosphere and is 249 

convectively unstable (Fig. 9). This suggests that Etau and its outer band prepared 250 

conditions that were favorable for convection, and the low-level moisture transport may have 251 

triggered the rainfall. In EARLY, this unstable region was relatively unclear and the middle-252 

level atmosphere was drier. The stronger cyclonic circulation of Kilo in EARLY may oppose 253 

the favorable conditions for heavy rainfall in the outer band of Etau. On the southern sea of 254 

the Kanto region, middle-tropospheric humidity was increased in RH0. This corresponds 255 

well to a large area of precipitation (Fig. 2c), although we cannot determine which is the 256 

cause and which is the result. 257 
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 258 

4. Summary and discussion 259 

The present study examines the cause of the heavy rainfall event that occurred between 260 

9 and 11 September 2015 over the Kanto region, Japan. Numerical experiments employing 261 

the stretched version of NICAM were designed to investigate the effects of Kilo on this event. 262 

We reproduced a linear rain band over the Kanto region, which had a realistic location and 263 

precipitation amount, in a control experiment initialized at 00UTC 9 September (CTL), while 264 

only a weak rain band was produced over the Kanto region in an experiment initialized at 265 

00UTC 8 September (EARLY). These two experiments show the same favorable conditions 266 

for heavy rainfall, such as the same upper tropospheric conditions and middle tropospheric 267 

moisture, and similar convectively unstable conditions. The only exception was the low-level 268 

moisture flux, which increased in CTL to the southeast of the Kanto region (Fig. 7). Our 269 

results suggest that the southeasterly moisture supply associated with the low-level ridge, 270 

pointed out by Fujitani et al. (2016), was essential in supporting the heavy rainfall, while that 271 

of the easterly, pointed out by Kitabatake et al. (2017), was of secondary importance. 272 

In contrast to the expectation that a stronger typhoon would cause heavier rainfall, 273 

rainfall over the Kanto region was enhanced in the sensitivity experiment in which Kilo was 274 

weakened (RH0). Our result suggests that in this particular event, Kilo had a suppressing 275 

effect on the formation of the low-level ridge, which provided the substantial southeasterly 276 

moisture flux and supported the heavy rainfall. Figure 10 schematically illustrates the 277 
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relationship between Kilo, the ridge, and the rain bands. In RH0, despite the reduced 278 

easterly wind, moisture supply was plentiful due to the unsuppressed low-level ridge (yellow 279 

solid line in Fig. 10) and the associated southeasterly flow. The relative anti-cyclonic 280 

circulation of the weakened Kilo supported the low-level ridge and maintained the 281 

southeasterly wind (Fig. 9). In other words, the cyclonic circulation of Kilo disrupted the 282 

southward extension of the low-level ridge. 283 

In this study, EARLY and RH0 did not reproduced a rain band corresponding to LRB2. 284 

The initiation date of these two experiment, 00UTC 8 September, is too early to reproduce 285 

and discuss LRB2, which peaked at 14UTC 10 September. The importance of the low-level 286 

ridge is suitable for LRB1. However, in the period when LRB2 developed, Kilo and Etau 287 

moved and the low-level ridge is vanished. Thus, we need more study to discuss the role of 288 

Kilo on LRB2. 289 

In EARLY, Kilo was reproduced slightly stronger, and its track was shifted westward (Fig. 290 

3), resulting in a weaker ridge and reduced moisture supply (Fig. 6). We note that accurate 291 

forecasting of typhoon track and intensity is important for the prediction of relatively remote 292 

heavy rainfall events. 293 

Although this study clarifies the effect of Kilo on the ridge and the southeasterly water 294 

vapor transport between Kilo and Etau, the simulated track of Kilo depends strongly on the 295 

lead time. A sufficiently large ensemble experiment would enable us to extract more robust 296 

information for this event. 297 
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List of Figures 374 

Fig. 1  Observed synoptic scale conditions. (a) Observed precipitation, integrated over 48 375 

hours from 00UTC 9 September to 00UTC 11 September 2015, obtained from GSMaP. 376 

(b) Geopotential height at 850 hPa, from the GPV dataset produced by JMA GSM, at 377 

18UTC 9 September (contour lines, each 20 m). The blue (green) line shows the track of 378 

Typhoon Kilo (Etau); dots show its location every 6 hours from 00UTC 08 September, 379 

based on best-track data provided by JMA. (c) Relative humidity at the 850 hPa level at 380 

00UTC 08 September 2015, from the JRA55 data. The two yellow semicircles show the 381 

gale-force wind region (wind speed over 15 m/s, detected by the best track data from 382 

JMA) of Typhoon Kilo at that time. 383 

Fig. 2  The 48-hour integrated precipitation level (mm, shading) generated from simulations 384 

from 00UTC 9 September to 00UTC 11 September 2015. (a) CTL, (b) EARLY, and (c) 385 

RH0. The average amount in each area is noted. Area1 (black dashed box) is over the 386 

Kanto region, and Area2 (red dashed box) is over the outer band of Etau.  387 

Fig. 3  Simulated typhoon profiles. Results from best track data (red), CTL (yellow), 388 
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EARLY (green) and RH0 (blue) are shown for the period from 00UTC 08 September to 389 

00UTC 10 September 2015. (a) The tracks of Kilo (right) and Etau (left), (b) the central 390 

pressure (hPa) of Kilo, and (c) the central pressure (hPa) of Etau. 391 

Fig.4  Geopotential height at the 250 hPa level averaged from 00UTC 9 September to 392 

00UTC 11 September 2015. (a) CTL, (b) EARLY and (c) RH0 simulations. Contour lines 393 

each 50 m; arrows show horizontal wind vector. 394 

Fig. 5 Geopotential height and horizontal wind at the 850 hPa level, and precipitable water. 395 

Images show 12UTC 09 September (left column) and 18UTC 09 September (right 396 

column), as simulated in (a), (b) CTL, (c), (d) EARLY and (e), (f) RH0. Contour lines each 397 

10 m; arrows show horizontal wind vector (m s-1); precipitation (mm) in shading. 398 

Fig. 6  Time-longitudinal section of geopotential height at the 850 hPa level averaged over 399 

33N to 37N. Results from (a) GPV dataset, and (b) CTL, (c) EARLY, and (d) RH0 400 

simulations. Geopotential height (m) is shaded. (e) Cross-section of (a) to (d), averaged 401 

from 12UTC 9 September to 00UTC 10 September. 402 

Fig. 7  Geopotential height, horizontal wind, and absolute value of moisture flux at the 925 403 

hPa level. Images show 12UTC 09 September (left column) and 18UTC 09 September 404 

(right column), as simulated in (a), (b) CTL, (c), (d) EARLY and (e), (f) RH0. Contour lines 405 

each 10 m; arrows show horizontal wind vector (m s-1); moisture flux (g·m s-1) is shaded. 406 

Fig. 8 Comparison between simulations at 18UTC 09 September. The left column shows 407 

differences between CTL and either EARLY or RH0 in geopotential height (m; shading) 408 
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and horizontal wind (m s-1; vector) at the 850 hPa level. The right column shows the 409 

amount of moisture flux (g·m s-1; shading) and horizontal wind (m s-1; vector) at the 925 410 

hPa level. Comparisons are between (a), (b) EARLY and CTL, and (c), (d) RH0 and CTL. 411 

Fig. 9  Equivalent potential temperature difference between the 925 hPa and 700 hPa 412 

levels and relative humidity at 500 hPa. Images show 12UTC 09 September (left column) 413 

and 18UTC 09 September (right column), as simulated in (a), (b) CTL, (c,) (d) EARLY and 414 

(e), (f) RH0. Temperature difference (K) is shaded; relative humidity indicated by contour 415 

levels, each 20%, with thick lines indicating 60%. 416 

Fig. 10  Schematic of synoptic-scale characteristics at 18UTC 9 September 2015. The 417 

results of two simulations are shown: CTL (left) and EARLY (right), in which the intensity 418 

of Kilo was overestimated. The blue arrow indicates the direction and volume of moisture 419 

supply; the yellow line indicates the ridge; and solid black contour lines show the 420 

geopotential height at the 850 hPa level in 10 m intervals. 421 

  422 
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 423 

 424 

Fig. 1  Observed synoptic scale conditions. (a) Observed precipitation, integrated over 425 

48 hours from 00UTC 9 September to 00UTC 11 September 2015, obtained from 426 

GSMaP. (b) Geopotential height at 850 hPa, from the GPV dataset produced by JMA 427 

GSM, at 18UTC 9 September (contour lines, each 20 m). The blue (green) line shows 428 

the track of Typhoon Kilo (Etau); dots show its location every 6 hours from 00UTC 08 429 

September, based on best-track data provided by JMA. (c) Relative humidity at the 850 430 
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hPa level at 00UTC 08 September 2015, from the JRA55 data. The two yellow 431 

semicircles show the gale-force wind region (wind speed over 15 m/s, detected by the 432 

best track data from JMA) of Typhoon Kilo at that time.  433 



 24 

 434 

 435 

Fig. 2 The 48-hour integrated precipitation level (mm, shading) generated from simulations 436 

from 00UTC 9 September to 00UTC 11 September 2015. (a) CTL, (b) EARLY, and (c) 437 

RH0. The average amount in each area is noted. Area1 (black dashed box) is over the 438 

Kanto region, and Area2 (red dashed box) is over the outer band of Etau.  439 

 440 

 441 

  442 
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 443 

 444 

Fig. 3 Simulated typhoon profiles. Results from best track data (red), CTL (yellow), EARLY 445 

(green) and RH0 (blue) are shown for the period from 00UTC 08 September to 00UTC 446 

10 September 2015. (a) The tracks of Kilo (right) and Etau (left), (b) the central pressure 447 

(hPa) of Kilo, and (c) the central pressure (hPa) of Etau. 448 

  449 
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 450 

 451 

Fig.4 Geopotential height at the 250 hPa level averaged from 00UTC 9 September to 452 

00UTC 11 September 2015. (a) CTL, (b) EARLY and (c) RH0 simulations. Contour lines 453 

each 50 m; arrows show horizontal wind vector. 454 

 455 

  456 
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 459 

Fig. 5 Geopotential height and horizontal wind at the 850 hPa level, and precipitable water. 460 

Images show 12UTC 09 September (left column) and 18UTC 09 September (right 461 

column), as simulated in (a), (b) CTL, (c), (d) EARLY and (e), (f) RH0. Contour lines 462 

each 10 m; arrows show horizontal wind vector (m s-1); precipitation (mm) in shading. 463 

 464 

  465 
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466 

   467 

Fig. 6 Time-longitudinal section of geopotential height at the 850 hPa level averaged over 468 

33N to 37N. Results from (a) GPV dataset, and (b) CTL, (c) EARLY, and (d) RH0 469 

simulations. Geopotential height (m) is shaded. (e) Cross-section of (a) to (d), averaged 470 

from 12UTC 9 September to 00UTC 10 September.  471 

 472 

  473 
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 474 

Fig. 7 Geopotential height, horizontal wind, and absolute value of moisture flux at the 925 475 

hPa level. Images show 12UTC 09 September (left column) and 18UTC 09 September 476 

(right column), as simulated in (a), (b) CTL, (c), (d) EARLY and (e), (f) RH0. Contour 477 

lines each 10 m; arrows show horizontal wind vector (m s-1); moisture flux (g·m s-1) is 478 

shaded. 479 

  480 
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 483 

Fig. 8 Comparison between simulations at 18UTC 09 September. The left column shows 484 

differences between CTL and either EARLY or RH0 in geopotential height (m; shading) 485 

and horizontal wind (m s-1; vector) at the 850 hPa level. The right column shows the 486 

amount of moisture flux (g·m s-1; shading) and horizontal wind (m s-1; vector) at the 925 487 

hPa level. Comparisons are between (a), (b) EARLY and CTL, and (c), (d) RH0 and CTL. 488 

 489 

 490 
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 492 

Fig. 9 Equivalent potential temperature difference between the 925 hPa and 700 hPa 493 

levels and relative humidity at 500 hPa. Images show 12UTC 09 September (left 494 

column) and 18UTC 09 September (right column), as simulated in (a), (b) CTL, (c), (d) 495 

EARLY and (e), (f) RH0. Temperature difference (K) is shaded; relative humidity 496 

indicated by contour levels, each 20%, with thick lines indicating 60%. 497 

  498 
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 499 

Fig. 10 Schematic of synoptic-scale characteristics at 18UTC 9 September 2015. The 500 

results of two simulations are shown: CTL (left) and EARLY (right), in which the intensity 501 

of Kilo was overestimated. The blue arrow indicates the direction and volume of 502 

moisture supply; the yellow line indicates the ridge; and solid black contour lines show 503 

the geopotential height at the 850 hPa level in 10 m intervals. 504 

 505 
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