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Abstract 14 

This study investigated the representative height of low-level water vapor field 15 

that can be used to examine the occurrence possibility of heavy rainfall in East Asia. 16 

First, cloud base heights (CBHs) of moist convection were statistically examined by 17 

performing simulations with a 1-km-resolution numerical model during April–August 18 

2008, with a focus on Kyushu and Shikoku Islands, western Japan. CBHs of moist 19 

convection with strong updrafts were simulated mainly around 500 and 300 m 20 

heights above sea level over land and over the ocean, respectively. This result 21 

indicates that low-level humid air below a height of 500 m is very important for the 22 

initiation of strong moist convection. Moreover, the equivalent potential temperature 23 

e at the CBHs was examined to clarify e values of lifted air parcels initiating 24 

cumulonimbus development. This result showed that below the CBHs, e was 25 

usually around 355 K.  26 

Next, given these results for the CBHs, e at 500 m height from 10-km-resolution 27 

objective analysis data was statistically compared with e at various heights and 28 

pressure levels over the ocean south of 35 N in East Asia during June–September 29 

2008. These comparisons showed that analyses at the 850-hPa level could not 30 

represent the low-level water vapor field, while the e field at 850 hPa in the Baiu 31 

season was strongly influenced by convective activity over the Baiu frontal zone. The 32 

e field at 925 hPa also could not adequately represent the low-level water vapor 33 

field, but the difference in e between heights of 250 and 500 m was very small. 34 

Because high e layers must have some thickness, data at 500 m height can be 35 

considered representative of the low-level water vapor field in analyses examining 36 

the initiation of moist convection leading to heavy rainfall. 37 
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 38 

1. Introduction 39 

Most heavy rainfall observed in East Asia, especially in the vicinity of the Japan 40 

Islands, is caused by the inflow of low-level humid air from over the ocean (Kato and 41 

Goda 2001; Kato 2006; Tsuguti and Kato 2014; Jeong et al. 2016). This humid air 42 

accumulates in the convective mixed layer, which develops over the ocean at a 43 

height close to 1 km. One of major processes driving the development of the mixed 44 

layer over the ocean is water vapor buoyancy. Over the North Pacific Ocean, where 45 

subsidence is predominant owing to the presence of North Pacific high-pressure 46 

systems, atmospheric layers above the 800-hPa level are notably dry. As a result, 47 

there is a large vertical difference in the mixing ratio of water vapor qv, and this 48 

difference frequently exceeds 10 g kg–1 at low levels. For example, a time–height 49 

cross section of observed qv in the 2015 warm season over Minamidaitojima (Figs. 1 50 

and 2a), a small island (25°50'N, 131°14'E; area 30.57 km2) in the Pacific Ocean 51 

south of Kyushu, shows that qv frequently exceeded 22 g kg–1 near the surface and 52 

was less than 12 g kg–1 at a height of about 1 km; thus, the vertical difference in qv 53 

often exceeded 10 g kg–1. Moreover, a convective mixed layer was roughly estimated 54 

from the virtual potential temperature (see Appendix) to have developed above 500 55 

m height.  56 

A number of numerical studies have successfully reproduced many heavy 57 

rainfall events in the vicinity of the Japan Islands (e.g., Watanabe and Ogura 1987; 58 

Nagata and Ogura 1991; Kato and Goda 2001; Kato 2006; Kawabata et al. 2011; 59 

Tsuguti and Kato 2014; Hirota et al. 2016; Jeong et al. 2016). Some numerical 60 

studies (Kato and Goda 2001; Kato 2006; Tsuguti and Kato 2014) have shown that 61 
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cumulonimbi, which cause heavy rainfall, form by the lifting of air parcels from the 62 

layer below 500 m height to above that height. Others (e.g., Hirota et al. 2016; Jeong 63 

et al. 2016) have examined the effect of vertically integrated water vapor transport on 64 

the formation of heavy rainfall. However, researchers and forecasters in operational 65 

meteorological centers often use the water vapor field at the 850- or 925-hPa level to 66 

characterize environmental conditions when estimating the occurrence possibility of 67 

heavy rainfall (e.g., Ninomiya et al. 1984; Nagata and Ogura 1991). For example, the 68 

Showalter Stability Index, which represents conditional instability, is calculated by 69 

lifting an air parcel from the 850-hPa level and comparing its temperature with that of 70 

the ambient atmosphere at 500 hPa. In addition, the forecasters of the Japan 71 

Meteorological Agency (JMA) usually characterize the Baiu front as a stationary front 72 

in a region with a large meridional gradient of equivalent potential temperature e at 73 

850 hPa. The Baiu season, when the Baiu front often appears around the Japan 74 

Islands, usually lasts from early June to late July. During the Baiu season, large 75 

amounts of rainfall are observed in the Japan Islands, and heavy rainfall events 76 

frequently occur.  77 

One of the most important indices for examining the occurrence possibility of 78 

heavy rainfall is the e of the lifted air parcels that initiate cumulonimbi, because the 79 

conditional instability necessary for the initiation of moist convection is estimated 80 

from the e of lifted air parcels and the vertical profile of saturated e in the ambient 81 

atmosphere. Because e can be treated as a conserved quantity even in the moist 82 

atmosphere when no mixing with ambient air occurs, the e of lifted air parcels 83 

initiating moist convection can be estimated by examining e values at the cloud 84 

base height (CBH). 85 
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The goal of this study is to clarify the low-level water vapor field height that can 86 

be considered representative for examining the initiation of moist convection, which 87 

is the major precursor to heavy rainfall in East Asia. First, to find the originating 88 

height of a lifted low-level humid air parcel initiating cumulonimbus development, the 89 

CBH appearance frequency of cumulonimbi is statistically examined by using the 90 

simulation results of a cloud-resolving model with a horizontal resolution of 1 km 91 

(1km-CRM; detailed in section 2). Second, the characteristic features of the water 92 

vapor fields at the 925- and 850-hPa levels over the ocean during the warm season 93 

are statistically examined and compared with those at 500 m height by the JMA 94 

mesoscale objective analysis data with a horizontal resolution of 10 km (JMA-MA; 95 

JMA 2007). 96 

This paper is organized as follows. Section 2 describes the data and numerical 97 

models used in this study as well as the method used to detect CBHs. In section 3, 98 

statistical results for CBHs simulated by the 1km-CRM are presented, and e at the 99 

CBHs is examined to clarify e values of lifted air parcels initiating cumulonimbi. In 100 

section 4, water vapor fields at different vertical height and pressure levels (i.e., at 101 

200 m height and the 925- and 850-hPa levels) are statistically compared with the 102 

water vapor field at 500 m height. In section 5, the characteristic features of the 850-103 

hPa e field during the Baiu season are examined. The last section includes a 104 

summary and discussion. 105 

 106 

2. Data, numerical models, and the CBH detection method 107 

In this study, two types of the JMA-MA, produced operationally every 3 hours 108 

from 00 UTC (eight times a day), are used to examine the low-level water vapor field 109 



6 

 

and to produce the initial and boundary conditions for the two numerical models 110 

described below. The first type is coordinated with 20 vertical pressure levels (1000, 111 

950, 925, 900, 850, 800, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 112 

and 10 hPa), and the second type has 40 hybrid sigma-pressure (-p) vertical levels, 113 

given as a function of surface pressure. The vertical resolution of the lowest level is 114 

about 5 hPa. The height fields (relative to sea level) examined in this study (i.e., 250 115 

m and 500 m) are interpolated from JMA-MA with 40 hybrid -p vertical levels.  116 

The JMA-MA domain (3610 km  2890 km) covers a large part of East Asia (Fig. 117 

2a); however, the analyses in sections 4 and 5 consider only the part of the domain 118 

over the ocean south of 35 N, which includes part of the western North Pacific 119 

Ocean and the East China Sea. This area was selected because the humid air 120 

leading to heavy rainfall targeted in this study flows mainly from the warm ocean to 121 

the Japan Islands. Upper-air sounding data observed at 11 stations (triangles in Fig. 122 

2a) during the warm seasons of 1989–2016 were also used to characterize 123 

statistically the water vapor field during the 2008 warm season (June–September) 124 

examined by using the JMA-MA. The 2008 warm season was selected for this study 125 

because heavy rainfall was observed more frequently in 2008 than in other recent 126 

years. 127 

This study used two nested models: the JMA nonhydrostatic model (JMANHM; 128 

Saito et al. 2006) with a horizontal resolution of 5 km (5km-NHM) and a domain (bold 129 

rectangle in Fig. 2a; 2500 km  2000 km) covering most of the Japan Islands and the 130 

Korean Peninsula, and the 1km-CRM, nested within the 5km-NHM, with a domain 131 

(Fig. 2b; 600 km  500 km) covering the area around Kyushu and Shikoku Islands. 132 

Both models use 50 vertical levels with variable thicknesses, from 40 m near the 133 
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surface to 886 m at the top of the domain (height 21.8 km) and the same dynamical 134 

and physical processes, except those for precipitation. For precipitation, the 1km-135 

CRM uses only a bulk-type cloud microphysics scheme (Murakami 1990), whereas 136 

the 5km-NHM additionally uses the Kain-Fritsch convection parameterization 137 

scheme (Kain 2004). The bulk-type microphysics scheme predicts both the mixing 138 

ratio and number density of ice hydrometeors (i.e., cloud ice, snow, and graupel) but 139 

only the mixing ratio of liquid hydrometeors (i.e., cloud water and rain). See Saito et 140 

al. (2006, 2007) for details of other model specifications. 141 

The initial and 3-hourly linearly interpolated boundary conditions of the 5km-142 

NHM were obtained from the JMA-MA with hybrid 40 -p vertical levels at initial 143 

times of 00, 06, 12, and 18 UTC every day. The forecast time is 12 hours. The 1km-144 

CRM was one-way nested within hourly output of the 3-hourly forecast of the 5km-145 

NHM. This study used hourly output of the 1km-CRM between the 4-hourly and 9-146 

hourly forecasts; previous forecasts were not used for spin-up data. The statistical 147 

period of each model included 612 numerical integrations (= 153 days  4) covering 148 

the 2008 warm season (April–August). The warm seasons of 2007 and 2009 were 149 

also examined. Note that the warm season was defined differently between the low-150 

level water vapor field (defined as June–September) and CBH examinations. The 151 

period of the CBH examinations include late spring (i.e., April and May) because 152 

heavy rainfall can occur around the Japan Islands during those months and because 153 

low-level e values change greatly between late spring and summer. However, 154 

statistical results on the CBHs changed little when late spring was excluded from the 155 

statistical period. 156 

The method used to detect CBHs from the 1km-CRM simulations is 157 
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schematically displayed in Fig. 3. Previous studies (e.g., Auer and Sand 1966; 158 

LeMone and Zipser 1980; Mecikalski et al. 2016) have shown that in developed 159 

moist convective cells observed by airplanes and satellites, updrafts exceed 4.0 m s–160 

1. In this study, however, so that strong moist convection could be compared with 161 

weak most convection, moist convection was judged to exist when simulated 162 

updrafts exceeded 1.0 m s–1 in each vertical core. It should be noted that stronger 163 

updrafts tend to produce stronger rainfall, owing to larger vertical transport of water 164 

vapor, but updraft speed does not necessarily correspond to rainfall intensity.  165 

Because the vertical profile of moist convection is often slanted, the CBH was 166 

detected by searching upward in the three-dimensional domain from the surface 167 

under the grid point with the maximum updraft in each vertical core, using a 168 

threshold value of simulated specific humidity of cloud water equal to 0.1 g kg–1. The 169 

horizontal displacement between the grid with the maximum updraft (D in Fig. 3) and 170 

that with the detected CBH could be up to 33% of the vertical distance between the 171 

two grids (H in Fig. 3). Thus, the CBH was often detected in a different vertical core 172 

from that with the maximum updraft, as shown in Fig. 3. 173 

 174 

3. Results from the 1km-CRM 175 

3.1 Comparison with observed rainfall 176 

The ability of the 1km-CRM to reproduce observed rainfall during April–August 177 

2008 was confirmed by comparing the simulated rainfall distribution with the 178 

distribution of 5-month accumulated radar/raingauge-analyzed (R-A) precipitation 179 

(horizontal resolution 1 km), which is produced every 30 minutes by JMA (Nagata 180 

2011) (Fig. 4). R-A precipitation is estimated hourly from radar observations and 181 
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calibrated by rain gauge observations. In this study, the hourly data were integrated 182 

over April–August. Large R-A precipitation amounts were observed in the 183 

mountainous areas of Kyushu Island and in coastal regions on the Pacific Ocean 184 

side of Shikoku Island. Over the Pacific Ocean south of Shikoku Island, there was a 185 

clear discontinuity because over areas covered by two radars, the maximum value is 186 

chosen for the R-A dataset, and the radar-estimated precipitation cannot be 187 

calibrated by rain gauge observations. As a result, the accuracy of R-A precipitation 188 

over the ocean is not high. 189 

The characteristic features of the simulated 5-month accumulated rainfall 190 

distribution (Fig. 4b) mostly agree with those of the R-A precipitation distribution (Fig. 191 

4a), although simulated precipitation amounts were slightly underestimated. The 192 

simulated hourly rainfall distribution also showed good agreement with the observed 193 

data, though the model sometimes failed to predict a precipitation event (not shown).  194 

The accumulated probability distribution frequency (PDF) of hourly accumulated 195 

precipitation amounts simulated by the 1km-CRM was also compared with rain 196 

gauge observations of the JMA Automated Meteorological Data Acquisition System 197 

(AMeDAS). The 1km-CRM model domain (Fig. 2b) includes 317 rain gauge 198 

observation sites. Hourly rainfall amounts of less than 0.5 mm simulated by the 1km-199 

CRM were disregarded (treated the same as no rain), because the minimum unit of 200 

AMeDAS observations is 0.5 mm. PDFs simulated by the 1km-CRM at the 317 grid 201 

points nearest AMeDAS sites (thin line in Fig. 5) slightly overestimated the PDFs of 202 

the AMeDAS observations (bold line), and when all terrestrial grid points were used 203 

in the simulation, the result slightly underestimated AMeDAS precipitation amounts  204 

between 10 and 60 mm (broken line). Because these discrepancies are small, the 205 
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1km-CRM simulation results were considered adequate for examining the CBHs of 206 

moist convection. 207 

 208 

3.2 Cloud base heights of moist convection 209 

Some numerical studies (e.g., Kato and Goda 2001; Kato 2006) have reported 210 

that cumulonimbi causing heavy rainfall form when air parcels are lifted from a layer 211 

below 500 m height to above that height; however, the originating height of low-level 212 

humid air parcels lifted during the initiation of cumulonimbus development has been 213 

never examined statistically. Because the height of the lifted low-level air parcel is 214 

necessarily lower than the lifting condensation level (i.e., the CBH), the CBH 215 

appearance frequency of cumulonimbi in the area around Kyushu and Shikoku 216 

Islands (Fig. 2b) was statistically examined by using hourly output of the 1 km-CRM 217 

during April–August 2008 to clarify the height from which most low-level air parcels 218 

that initiated cumulonimbi were lifted. It should be noted that heights over land 219 

examined in this study are relative to sea level. 220 

First, the appearance frequency of maximum updrafts (Wmax) exceeding 1.0 m 221 

s–1 in relation to height in vertical cores, simulated by the 1km-CRM, was examined 222 

over the ocean and over land (Fig. 6). Here, Wmax refers to maximum updrafts (m s–1) 223 

in vertical cores exceeding the values shown on the abscissa of Fig. 6. Over the 224 

ocean, the appearance frequency of Wmax exceeding 1.0 m s–1 was 1.50%, and over 225 

land it was 3.44%. Over both the ocean and land, the appearance frequency of Wmax 226 

exceeding 10.0 m s–1 was more than two orders of magnitude lower than that of 227 

Wmax exceeding 1.0 m s–1 (bold curves in Fig. 6). This result means that few 228 

cumulonimbi with strong updrafts exceeding 10.0 m s–1 were simulated by the 1km-229 
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CRM. Moreover, the appearance frequency of Wmax  4.0 m s–1 was an order of 230 

magnitude lower than that of Wmax  1.0 m s–1; therefore, the features of Wmax  1.0 231 

m s–1 roughly correspond to those of Wmax ranging from 1.0 to 3.0 m s–1. Over the 232 

ocean, the height of the peak appearance frequency of Wmax (Fig. 6a) became 233 

higher as Wmax increased; for Wmax  1.0 m s–1, the peak appearance frequency 234 

height was around 4 km, and for Wmax  10.0 m s–1, it was around 7 km. The trend 235 

was similar over land (Fig. 6b), although the peak appearance frequency height for 236 

Wmax  1.0 m s–1 was only ~2 km over land. This lower peak height may be due to 237 

terrain-forced updrafts. 238 

Next, the upward cumulative appearance frequency of the CBHs from the 239 

surface was examined in relation to Wmax (Fig. 7). The CBHs tended to become 240 

lower as Wmax increased. This tendency was examined by focusing on a cumulative 241 

appearance frequency of 0.8 (CAF0.8), that is, the height below which 80% of the 242 

CBHs are found. CAF0.8 was lower over the ocean than over land; for Wmax  1.0 m 243 

s–1, it was about 1.75 km over the ocean and 1.9 km over land, whereas for Wmax  244 

10.0 m s–1, it was around 500 m over the ocean and 700 m over land. Moreover, for 245 

Wmax  4.0 m s–1, the most frequent appearance height of the CBHs (i.e., the region 246 

of closely spaced contours between 0.2 and 0.4 in Fig. 7) was around 300 m over 247 

the ocean and 500 m over land. These results indicate that most moist convection 248 

causing heavy rainfall was initiated by the lifting of air parcels from below a height of 249 

500 m, particularly considering that most heavy rainfall is likely to be caused by 250 

moist convection associated with stronger updrafts. 251 

Finally, the monthly variation in the CBHs relative to Wmax was examined by 252 

focusing on the variation of CAF0.8 during April–August 2008 (Fig. 8). For Wmax < 3.0 253 
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m s–1, the monthly variation in CAF0.8 could exceed 500 m; however, for Wmax  5.0 254 

m s–1, the monthly variation was small over both the ocean and land. Moreover, 255 

almost the same statistical results were obtained when monthly variation during the 256 

warm seasons of 2007 and 2009 was examined (not shown). These results suggest 257 

that the low-level water vapor field below 500 m height is representative for 258 

examining the initiation of moist convection leading to heavy rainfall, particularly 259 

considering that the most frequent appearance height of the CBHs are 500 m over 260 

land when Wmax  4.0 m s–1 (Fig. 7b).  261 

 262 

3.3 Equivalent potential temperature at cloud base heights 263 

Because e of lifted air parcels is an index of the occurrence possibility of heavy 264 

rainfall (see section 1), the distribution of the appearance frequency of e of lifted air 265 

parcels at the CBHs over the ocean and over land, simulated by the 1km-CRM 266 

during June–August 2008, was examined in relation to Wmax (Fig. 9). The 267 

temperature of the peak appearance frequency of CBH e became higher as Wmax 268 

increased; it was about 355 K over the ocean and 356 K over land for Wmax  10.0 m 269 

s–1. However, the change in the peak temperature was small for Wmax  4.0 m s–1 (~1 270 

K). This result indicates that e of around 355 K occurs most frequently below the 271 

CBHs when judging the low-level water vapor field for the initiation of moist 272 

convection leading to heavy rainfall over Kyushu and Shikoku Islands.  273 

The monthly variation of the CBH e in the vicinity of the Japan Islands strongly 274 

depends on that of sea surface temperature (SST), even over land, because most 275 

humid air initiating cumulonimbi flows from over the ocean. In April and May 2008, 276 

the temperature of the peak CBH e appearance frequency for Wmax  10.0 m s–1 277 
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was less than 340 K and 350 K, respectively (not shown). This result indicates that 278 

the CBH e is strongly influenced by SST, and CBH e values of around 355 K are 279 

observed mainly during months with high SST (i.e., June–September in the study 280 

area of 1km-CRM).  281 

 282 

4. Comparisons of water vapor fields among different vertical levels 283 

To determine the most representative height of the low-level water vapor field for 284 

examining the initiation of moist convection leading to heavy rainfall, the water vapor 285 

fields at 850, 925, and 950 hPa and at 250 m height, depicted from the JMA-MA, 286 

were statistically compared with the water vapor field at 500 m height during June–287 

September 2008. Figure 10 shows the appearance frequency distribution of e at 288 

these pressure levels and heights over the ocean south of 35N in the JMA-MA 289 

domain (Fig.2a). At low heights and pressure levels, the fact that e tended to 290 

decrease as height increased indicates that the low-level atmosphere was 291 

fundamentally in a state of convective instability (e/z < 0). At 850 hPa (~1500 m) 292 

e with the maximum appearance frequency was about 10 K less than e with the 293 

peak appearance frequency at 500 m height or 950 hPa. Moreover, the e variance 294 

became larger as height increased. It is notable that the e appearance frequency 295 

distribution at 500 m height is very close to that at 950 hPa because the 950-hPa 296 

surface is distributed at a height of around 540 m with a standard deviation of 30.8 m. 297 

This deviation is not small relative to the absolute height of the 950-hPa surface 298 

(~540 m) because the 950-hPa level is sometimes absent around developed 299 

depressions and typhoons. Therefore, the absolute height of 500 m above sea level 300 

was adopted for statistical examination in this study.  301 
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Next, the e appearance frequency distributions at 250 m height and at 850 and 302 

925 hPa were compared with the e appearance frequency distribution at 500 m 303 

height (Fig. 11). In particular, to judge the low-level water vapor field for examining 304 

the initiation of moist convection leading to heavy rainfall, the appearance frequency 305 

of e of 355 K at 500 m height was compared with the appearance frequencies of e 306 

at the other height and pressure levels because, as shown in section 3.3, e of 355 K 307 

was distributed most frequently below the CBHs. The 850-hPa e with an 308 

appearance frequency exceeding 0.2 of the maximum value (within the contour 309 

labeled 0.2 in Fig. 11a) was distributed from 338 K to 354 K (along the ordinate) 310 

when the 500-m e was 355 K (on the abscissa). This large variance, which exceeds 311 

15 K, indicates that e at 850 hPa was not necessarily high, even when that at 500 m 312 

was high. Therefore, the 850-hPa level was not representative of the low-level water 313 

vapor field for examining the initiation of moist convection leading to heavy rainfall. 314 

The variance of the 925-hPa e appearance frequency distribution at 355 K on 315 

the abscissa (Fig. 11b) was considerably smaller than that of the 850-hPa e 316 

distribution (Fig. 11a), and the 925-hPa e was relatively high when the 500-m e was 317 

high. However, because the appearance frequency of the 925-hPa e exceeding 0.2 318 

relative to the maximum value varied from 349 to 355 K at 355 K on the abscissa, 319 

the 925-hPa level cannot adequately represent the low-level water vapor field. In 320 

contrast, the variance of the appearance frequency distribution of the 250-m e at 321 

355 K on the abscissa (Fig. 11c) was very small. This result indicates that it is not 322 

necessary to use the low height of 250 m as the representative height for examining 323 

the low-level water vapor field; the height of 500 m can adequately represent the 324 

low-level water vapor field. Moreover, Kato and Goda (2001) and Kato (2006) 325 
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showed that the thickness of the high-e layer must be at least 500 m for heavy 326 

rainfall to occur. Taken together, these results suggest that it is appropriate to use 327 

data from 500 m as representative of the low-level water vapor field in analyses 328 

examining the initiation of moist convection leading to heavy rainfall.  329 

The characteristic features of the above comparisons were confirmed by using 330 

upper-air sounding observations during the 25 warm seasons from 1989 to 2016 331 

(sounding station locations are shown in Fig. 2a). These observations were strongly 332 

influenced by atmospheric conditions over the ocean, because all of the stations are 333 

near the coast or on small islands. Comparison of the e appearance frequency 334 

between 500 m height and 850 hPa (Fig. 12) showed that e with an appearance 335 

frequency exceeding 0.2 of the maximum value at 850 hPa ranged from 338 to 352 336 

K when the 500-m e was equal to 355 K. This variance is slightly smaller than that 337 

estimated from the JMA-MA for the 2008 warm season (Fig. 11a), but it is still too 338 

large for the data at 850 hPa to be considered representative of the low-level water 339 

vapor field. The results of a comparison of the e appearance frequency between 340 

500 m height and 925 hPa (not shown) were also almost the same as those obtained 341 

by the analysis based on the JMA-MA (Fig. 11b). 342 

 343 

5. Comparison over the Baiu frontal zone 344 

The Baiu front is usually identified by JMA forecasters by the presence of a large 345 

meridional e gradient at 850 hPa, as mentioned in section 1. Thus, the analysis of 346 

the Baiu front is not made at the representative height of the low-level water vapor 347 

field for the initiation of moist convection that was determined in this study (i.e., 500 348 

m height). In this section, the distribution of the e appearance frequency in regions 349 
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with clouds was examined to clarify the relationship between e at 500 m height and 350 

that at 850 hPa in the Baiu frontal zone. Regions with clouds were detected by Multi-351 

functional Transport Satellite (MTSAT) as regions where brightness temperatures of 352 

less than 270 K were observed; the 270 K threshold was selected so that developed 353 

moist convective cells with a top higher than 500 hPa and accompanying cirrus 354 

clouds would be detected. It should be noted that, around the Baiu frontal zone, the 355 

temperature of 270 K mostly corresponds to the temperature at 500 hPa. 356 

The cloud appearance frequency, detected by a brightness temperature of less 357 

than 270 K during June-September 2008 around the Japan Islands, was 30–40% 358 

(Fig. 13a), but in June 2008, during the Baiu season (Fig. 13b), the cloud 359 

appearance frequency exceeded 70% at around latitude 32°N, which corresponds to 360 

the Baiu frontal zone. This high frequency reflects the very frequent occurrence of 361 

convective activity in the Baiu frontal zone. 362 

Comparison of the e appearance frequency between 500 m height and 850 363 

hPa in regions with and without clouds during June–September 2008, based on the 364 

analysis with JMA-MA (Fig. 14) showed that the variance of the 850-hPa e where e 365 

at 500 m was equal to 355 K was large in regions both with and without clouds. 366 

However, in regions with clouds, a relatively high appearance frequency was 367 

observed in 850-hPa e where the 850-hPa e was close to the 500-m e (around the 368 

dotted line in Fig. 14a), whereas this was not the case in regions without clouds (Fig. 369 

14b). 370 

Moreover, in regions with clouds during the Baiu season (June 2008), the high 371 

appearance frequency distributions where the 850-hPa e equaled the 500-m e was 372 

more pronounced (Fig. 15). Regions where the 850-hPa e is close to the 500-m e 373 
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are expected to have high convective activity, because where the vertical change of 374 

e is small, such as in the Baiu frontal zone, little mixing with the ambient 375 

atmosphere occurs (Kato et al. 2003); thus, e is mostly conserved in updrafts where 376 

moist convection is occurring. These results indicate that the high 850-hPa e over 377 

the Baiu frontal zone was mainly caused by convective activity; thus, the 850-hPa e 378 

field is not appropriate to use as a standard reference for the initiation of convective 379 

activity.  380 

These characteristic features of the 850-hPa e over the Baiu frontal zone were 381 

demonstrated by a heavy rainfall event that occurred during 19–21 June 2008 on 382 

Kyushu Island. Around the Baiu frontal zone, convective activity produces a humid 383 

region, called a “moist tongue,” in the middle layers of the atmosphere. In the Baiu 384 

season, a moist tongue extending from the Asian continent and the East China Sea 385 

to the Japan Islands can usually be recognized between 700 and 500 hPa (Kato et al. 386 

2003). Therefore, the presence of this moist tongue was examined next. 387 

During 19–21 June 2008, a cloud band extended over the Baiu frontal zone from 388 

the Chinese coast across the Japan Islands (Fig. 16a), and in the area 389 

corresponding to the cloud band, the 700-hPa relative humidity (Fig. 16b) was higher 390 

than it was in surrounding areas. Over Kyushu Island, in particular, it exceeded 80% 391 

as a result of convective activity. This high humidity zone is the moist tongue. The 392 

500-m e distribution (Fig. 16c) shows that southwesterlies with e exceeding 345 K 393 

were blowing from the East China Sea to Kyushu Island. This high e inflow caused 394 

heavy rainfall on Kyushu Island. In addition, an 850-hPa e exceeding 345 K was 395 

observed mainly around Kyushu Island (Fig. 16d), possibly as a result of upward 396 

transport by convective activity. At the 850-hPa level, moreover, westerlies were 397 
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dominant in the area corresponding to the Baiu frontal zone, and a high-e region 398 

extended from the Asian continent to the Japan Islands; this high-e region did not 399 

correspond to the high-e inflow from the East China Sea observed at 500 m height. 400 

These characteristic features observed at the 850-hPa level are similar to those of 401 

the moist tongue produced by convective activity (Fig. 16b).  402 

In the Baiu season, the 850-hPa e distribution, but not the e distribution at 500 403 

m height, is close to the distribution of the moist tongue, and the Baiu front is usually 404 

considered to correspond to the northern edge of the moist tongue, where the 405 

meridional e gradient is large. At the northern edge of the moist tongue, however, 406 

the meridional e gradient is almost the same as the gradient at 500 m height (Fig. 407 

16c). Therefore, use of the 850-hPa e field to analyze the Baiu front does not raise 408 

any difficulties, because the analysis area is almost the same, whether the 500-m e 409 

field or the 850-hPa e field is used. 410 

 411 

6. Summary and discussion 412 

In this study, to identify the representative height of the low-level water vapor 413 

field for examining the initiation of moist convection leading to heavy rainfall in East 414 

Asia, numerical simulations were performed with the 1km-CRM, and statistical 415 

analyses with the JMA-MA were carried out. First, cloud base heights (CBHs) of 416 

moist convection with updrafts exceeding 1.0 m s–1 simulated by the 1km-CRM in the 417 

area around Kyushu and Shikoku Islands, western Japan, during April–August 2008 418 

were statistically examined, because low-level humid air initiating cumulonimbi is 419 

supplied from below the CBHs. Second, based on the statistical CBH results, e 420 

values at various heights and pressure levels depicted from the JMA-MA during 421 
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June–September 2008 over the sea south of 35 N in the JMA-MA domain were 422 

statistically compared. 423 

Simulated CBHs associated with moist convection with strong updrafts occurred 424 

mainly around 500 m height over land and around 300 m height over the ocean 425 

during the 2008 warm season. These CBH features were also characteristic during 426 

the warm seasons of 2007 and 2009, and their monthly variation was small. 427 

Therefore, low-level humid air below a height of 500 m is important for the initiation 428 

of moist convection that may cause heavy rainfall. Moreover, examination of e at 429 

CBH to clarify e values of lifted air parcels initiating cumulonimbi showed that e of 430 

around 355 K was most frequent below a height of 500 m when judging the initiation 431 

of moist convection leading to heavy rainfall. 432 

Comparisons of e at various heights and pressure levels showed that 850-hPa 433 

analyses, although they have been used by many forecasters and researchers, 434 

cannot represent the low-level water vapor field for examination of the initiation of 435 

moist convection leading to heavy rainfall. However, in the Baiu season, the 850-hPa 436 

e field is strongly influenced by convective activity over the Baiu frontal zone, and its 437 

distribution is close to that of the moist tongue found in the 700-hPa relative humidity 438 

field. e at 850 hPa has a variance exceeding 10 K for e equal to 355 K at 500 m 439 

height, which is dominantly associated with the development of moist convection in 440 

East Asia in the summer. Similarly, the variance of the 925-hPa e field was too large 441 

for that field to be able to represent the low-level water vapor field. However, the 442 

difference in e between heights of 250 and 500 m was very small. Considering that 443 

high-e layers must have some thickness, these results suggest that data at 500 m 444 

can be used to represent low-level water vapor fields for examining the initiation of 445 
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moist convection leading to heavy rainfall. 446 

For this reason, the JMA has been operationally using 500-m-height data (Table 447 

1) to forecast the occurrence of heavy rainfall since May 2011. These data are 448 

produced from 84-hour forecasts of the Global Spectral Model, 39-hour forecasts of 449 

the Meso-Scale Model, and 9-hour forecasts of the Local Forecast Model (JMA 450 

2013). The data are also used in many studies performed by forecasters and other 451 

JMA staff members. Special treatments are applied in areas at elevations exceeding 452 

300 m to produce 500-m-height data. Nakano et al. (2012) separately examined 453 

CBHs over coastal (elevation < 100 m) and mountainous areas (elevation > 300 m), 454 

using the same 1km-CRM output as was used in this study, and they showed that 455 

CBHs over mountainous areas are very low, whereas those over coastal areas 456 

agreed with the results of this study. Based on their results, the 500-m height data 457 

shown in Table 1, except pressure, are produced from data at 500 m above sea level 458 

for model terrain elevations lower than or equal to 300 m and from data at model 459 

terrain elevations + 200 m when model terrain elevations are higher than 300 m. 460 

The applicability of the 500 m representative height was also examined for a 461 

region over the ocean south of the Japan Islands (analysis domain, 15–25N, 110–462 

130E), including the South China Sea and the area surrounding Taiwan. As analysis 463 

data, 6-hourly available JMA global analysis data with a horizontal resolution of 464 

about 20 km (JMA 2013) was used instead of the JMA-MA. The JMA global analysis 465 

data yielded almost the same statistical results for the analysis domain in this study 466 

(Fig. 2a) as were obtained with the JMA-MA (not shown). Comparison of the e 467 

appearance frequency distributions between 500 m height and 850 hPa (Fig. 17) 468 

showed little relation between them, because the variation of the 500-m e is small in 469 
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the regions south of the Japan Islands. This result indicates that a 500-m-height 470 

analysis is important in areas of East Asia where southerlies transport the humid air 471 

that causes heavy rainfall. 472 

In this study, the low-level water vapor field was statistically examined only at 473 

the representative height of 500 m. Heavy rainfall is, however, caused by the inflow 474 

of low-level humid air with some depth. Therefore, the depth of humid air should also 475 

be examined statistically in the future. Moreover, other factors that cause heavy 476 

rainfall (e.g., moist advection) should also be examined by future studies.  477 

  478 
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Appendix 479 

 480 

Estimation of the developed height of the convective mixed layer due to the 481 

water vapor buoyancy 482 

 483 

The developed height of the convective mixed layer due to water vapor 484 

buoyancy can be roughly estimated from the virtual potential temperature v  (1 + 485 

0.61qv) , where qv is specific humidity and  is potential temperature.  increases 486 

with altitude at the rate of 3.3 K km–1 in the International Standard Atmosphere with a 487 

lapse rate of 6.5 C km–1, calculated as follows, 488 

 + d,  489 

where d is the dry adiabatic lapse rate (9.8 C km–1) and z is height (km). Because 490 

qv is considerably smaller than 1, at a constant specific humidity qvo, v increases 491 

with altitude at a rate nearly equal to that of  (~ 3.3 K km–1). Hereafter, it is 492 

assumed that qv = qvo, but qv = qvo + qv near the surface. The difference between v 493 

near the surface and that in the upper layer is roughly estimated to be 0.61qv  sfc, 494 

because  does not change greatly with altitude. Here, sfc is  near the surface. 495 

Water vapor buoyancy, therefore, develops a convective mixed layer up to a height 496 

of 0.61qv  sfc / 3.3 K km–1 to remove the unstable layer (qv/z < 0) (Fig. A1). 497 

In the case shown in Fig. 1, where qv ranged from more than 22 g kg–1 near the 498 

surface to less than 12 g kg–1 at a height of around 1 km, the vertical difference of qv 499 

often exceeded 10 g kg–1. From this difference and  = 300 K (the mean observed 500 

near-surface  over Minamidaitojima), the depth of the convective mixed layer can 501 
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be estimated to be about 550 m, which corresponds approximately to the most 502 

frequent top height of large qv in Fig. 1. 503 

 504 
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 574 

Table and Figure captions 575 

Table 1. Five-hundred-meter height data used operationally by JMA. All elements 576 

except pressure are derived from data at 500 m above sea level for model terrain 577 

elevations lower than or equal to 300 m and from data at model terrain elevations 578 

+ 200 m for model terrain elevations higher than 300 m. Pressure is produced 579 

from data at 500 m above sea level; thus, data above a height of 500 m are not 580 

calculated. The equilibrium level (EL) and the level of free convection (LFC) were 581 

estimated by lifting of an air parcel from a height at which 500-m height data are 582 

derived. 583 

 584 

Fig. 1. Time–height cross section of the mixing ratio of water vapor, observed 4 times 585 

a day over the Minamidaitojima upper-air sounding station, between 12 UTC 24 586 

June and 06 UTC 09 July 2015. The location of Minamidaitojima is shown in Fig. 587 

2a. 588 

 589 

Fig. 2. Domain and topography of (a) JMA-MA and (b) 1km-CRM. The domain of 590 

5km-NHM is shown by the bold rectangle in (a). Triangles in (a) denote the 591 

positions of the 11 upper-air sounding stations used in this study.  592 

 593 

Fig. 3. Schematic diagram of the detection of cloud base heights.  594 

 595 

Fig. 4. (a) Distribution of accumulated radar-raingauge analyzed precipitation 596 

amounts during April–August 2008, produced by JMA. (b) Same as (a), but 597 
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simulated by the 1km-CRM.  598 

 599 

Fig. 5. Accumulated probability distribution frequency (PDF) of hourly accumulated 600 

precipitation amounts during April–August 2008, observed by 317 AMeDAS sites 601 

(bold line) and simulated by the 1km-CRM (broken line, 76869 land grid points; 602 

thin line, 317 grid points nearest AMeDAS stations). 603 

 604 

Fig. 6. Height distributions (shading and contours) of the appearance frequency of 605 

maximum updrafts (Wmax) (a) over the ocean and (b) over land during April–606 

August 2008, simulated by the 1km-CRM. Heights are relative to sea level. Wmax 607 

refers to maximum updrafts (m s–1) in vertical cores exceeding the values shown 608 

on the abscissa. The frequencies shown on the left ordinate are normalized by 609 

the maximum frequency in each ordinate. The appearance frequencies of Wmax 610 

are also shown by the bold curves (right ordinate). The overall appearance 611 

frequency of Wmax > 1 m s–1 is shown at the bottom right of each panel.  612 

 613 

Fig. 7. Same as Fig. 6, but for the upward cumulative appearance frequency of the 614 

cloud base heights (CBHs) from the surface, simulated by the 1km-CRM. CBHs 615 

are relative to sea level. For example, 0.8 means that 80% of the CBHs are at or 616 

below the indicated height.  617 

 618 

Fig. 8. Same as Fig. 7, but showing monthly variation during April–August 2008 at 619 

the height below which 80% of the CBHs simulated by the 1km-CRM occur: (a) 620 

over the ocean and (b) over land. CBHs are relative to sea level. 621 
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 622 

Fig. 9. Same as Fig. 6, but for equivalent potential temperature (e) at CBH, 623 

simulated by the 1km-CRM during June to August 2008 over (a) the ocean and 624 

(b) land. For each Wmax increment, the appearance frequency of e (ordinate) is 625 

normalized by the maximum value. 626 

 627 

Fig. 10. Appearance frequency distributions of equivalent potential temperature (K) 628 

at heights of 250 and 500 m and at 950, 925, and 850 hPa over the ocean south 629 

of 35 N in the JMA-MA domain during June–September 2008, statistically 630 

analyzed from the JMA-MA. The amplitudes are normalized by the maximum 631 

value among the bins, which are partitioned at 0.5 K intervals.  632 

 633 

Fig. 11. Appearance frequency distributions of equivalent potential temperature (K) at 634 

(a) 850 hPa and (b) 925 hPa and (c) 250 m height relative to that at 500 m height. 635 

Statistics are based on the JMA-MA over the ocean south of 35 N during June–636 

September 2008. The amplitudes are normalized by the maximum value among 637 

the bins, which are partitioned at 0.5 K intervals.  638 

 639 

Fig. 12. Same as Fig. 11a, but based on upper-air sounding data for June–640 

September during the 25 years from 1989 to 2016. Sounding station locations 641 

are shown in Fig. 2a. 642 

 643 

Fig. 13. Mean appearance frequency distribution of clouds in (a) June–September 644 

2008 and (b) June 2008, detected by a brightness temperature of less than 270 645 
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K observed by MTSAT.  646 

 647 

Fig. 14. Same as Fig. 11c, but for regions (a) with and (b) without clouds, detected 648 

by a brightness temperature of less than 270 K observed by MTSAT.  649 

 650 

Fig. 15. Same as Fig. 14a, but in June 2008.  651 

 652 

Fig. 16. (a) MTSAT cloud image; (b) 700-hPa relative humidity (shading and thin 653 

contours; contour interval, 20%) and 500-hPa height (thick contours; contour 654 

interval, 40 m); (c) equivalent potential temperature (e) at 500 m height (shading 655 

and thin contours; contour interval 5 K) and sea-level pressure (thick contours; 656 

contour interval, 2 hPa); and (d) e at 850 hPa (shading and thin contours; 657 

contour interval, 5 K) and 850-hPa height (thick contours; contour interval, 20 m) 658 

averaged over 19–21 June 2008. Vectors in (b), (c), and (d) denote horizontal 659 

winds at 700 hPa, 500 m height, and 850 hPa, respectively. Data shown in (b)–660 

(d) are depicted from 3-hourly available JMA-MA.  661 

 662 

Fig. 17. Same as Fig. 11a, but over the ocean in the region of 15–25N and 110–663 

130E based on 6-hourly available JMA global analysis data with a horizontal 664 

resolution of about 20 km. 665 

 666 

Fig. A1. Schematic diagram showing the estimation of the developed height of the 667 

convective mixed layer. The thin line shows the vertical profile of potential 668 

temperature , which increases with altitude at a rate of 3.3 K km–1, and the thick 669 
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line shows the vertical profile of virtual potential temperature v at a constant 670 

specific humidity qvo. sfc represents  near the surface, and qv is the difference 671 

in qv between near the surface and the upper layer. 672 

 

 



 

Table 1  Five-hundred-meter height data used operationally by JMA. All elements 
except pressure are derived from data at 500 m above sea level for model terrain 
elevations lower than or equal to 300 m and from data at model terrain elevations + 
200 m for model terrain elevations higher than 300 m. Pressure is produced from 
data at 500 m above sea level; thus, data above a height of 500 m are not calculated. 
The equilibrium level (EL) and the level of free convection (LFC) were estimated by 
lifting of an air parcel from a height at which 500-m height data are derived. 
 

Element Unit Element description 

U m s-1 Zonal wind speed 

V m s-1 Meridional wind speed 

CONV 10-6 s-1 Convergence (positive values), divergence (negative values) 

T K Temperature 

EPT K Equivalent potential temperature 

RH % Relative humidity 

FLWV g m-2 s-1 Water vapor flux amount 

EL m Equilibrium level 

DLFC m Distance between LFC and heights of 500-m height data 

P hPa Pressure 
 

 
 
 
 

 
 

Fig. 1  Time–height cross section of the mixing ratio of water vapor, observed 4 
times a day over the Minamidaitojima upper-air sounding station, between 12 UTC 
24 June and 06 UTC 09 July 2015. The location of Minamidaitojima is shown in Fig. 
2a. 
  



 
 

Fig. 2  Domain and topography of (a) JMA-MA and (b) 1km-CRM. The domain of 
5km-NHM is shown by the bold rectangle in (a). Triangles in (a) denote the 
positions of the 11 upper-air sounding stations used in this study. 
 

 
Fig. 3  Schematic diagram of the detection of cloud base heights. 



  

Fig. 4  (a) Distribution of accumulated radar-raingauge analyzed precipitation 
amounts during April–August 2008, produced by JMA. (b) Same as (a), but 
simulated by the 1km-CRM. 
 

 

Fig. 5  Accumulated probability distribution frequency (PDF) of hourly accumulated 
precipitation amounts during April–August 2008, observed by 317 AMeDAS sites 
(bold line) and simulated by the 1km-CRM (broken line, 76869 land grid points; thin 
line, 317 grid points nearest AMeDAS stations). 



 
 
Fig. 6  Height distributions (shading and contours) of the appearance frequency of 
maximum updrafts (Wmax) (a) over the ocean and (b) over land during April–August 
2008, simulated by the 1km-CRM. Heights are relative to sea level. Wmax refers to 
maximum updrafts (m s–1) in vertical cores exceeding the values shown on the 
abscissa. The frequencies shown on the left ordinate are normalized by the 
maximum frequency in each ordinate. The appearance frequencies of Wmax are also 
shown by the bold curves (right ordinate). The overall appearance frequency of Wmax 
> 1 m s–1 is shown at the bottom right of each panel. 



 
 
Fig. 7  Same as Fig. 6, but for the upward cumulative appearance frequency of the 
cloud base heights (CBHs) from the surface, simulated by the 1km-CRM. CBHs are 
relative to sea level. For example, 0.8 means that 80% of the CBHs are at or below 
the indicated height.  
 



 
 
Fig. 8  Same as Fig. 7, but showing monthly variation during April–August 2008 at 
the height below which 80% of the CBHs simulated by the 1km-CRM occur: (a) over 
the ocean and (b) over land. CBHs are relative to sea level. 
  



 
 

Fig. 9  Same as Fig. 6, but for equivalent potential temperature (e) at CBH, 
simulated by the 1km-CRM during June to August 2008 over (a) the ocean and (b) 
land. For each Wmax increment, the appearance frequency of e (ordinate) is 
normalized by the maximum value. 
 

 

 
 
Fig. 10  Appearance frequency distributions of equivalent potential temperature 
(K) at heights of 250 and 500 m and at 950, 925, and 850 hPa over the ocean 
south of 35 N in the JMA-MA domain during June–September 2008, statistically 
analyzed from the JMA-MA. The amplitudes are normalized by the maximum value 
among the bins, which are partitioned at 0.5 K intervals. 



 
 

Fig. 11  Appearance frequency distributions of equivalent potential temperature 
(K) at (a) 850 hPa and (b) 925 hPa and (c) 250 m height relative to that at 500 m 
height. Statistics are based on the JMA-MA over the ocean south of 35 N during 
June–September 2008. The amplitudes are normalized by the maximum value 
among the bins, which are partitioned at 0.5 K intervals. 



 

Fig. 12 Same as Fig. 11a, but based on upper-air sounding data for June–
September during the 25 years from 1989 to 2016. Sounding station locations are 
shown in Fig. 2a. 
 

 

Fig. 13  Mean appearance frequency distribution of clouds in (a) June–September 
2008 and (b) June 2008, detected by a brightness temperature of less than 270 K 
observed by MTSAT. 



 
 
Fig. 14  Same as Fig. 11c, but for regions (a) with and (b) without clouds, detected 
by a brightness temperature of less than 270 K observed by MTSAT. 
 

  
Fig. 15  Same as Fig. 14a, but in June 2008. 

  



 
 

Fig. 16 (a) MTSAT cloud image; (b) 700-hPa relative humidity (shading and thin 
contours; contour interval, 20%) and 500-hPa height (thick contours; contour interval, 
40 m); (c) equivalent potential temperature (e) at 500 m height (shading and thin 
contours; contour interval 5 K) and sea-level pressure (thick contours; contour 
interval, 2 hPa); and (d) e at 850 hPa (shading and thin contours; contour interval, 5 
K) and 850-hPa height (thick contours; contour interval, 20 m) averaged over 19–21 
June 2008. Vectors in (b), (c), and (d) denote horizontal winds at 700 hPa, 500 m 
height, and 850 hPa, respectively. Data shown in (b)–(d) are depicted from 3-hourly 
available JMA-MA. 
  



 
 

Fig. 17 Same as Fig. 11a, but over the ocean in the region of 15–25N and 110–
130E based on 6-hourly available JMA global analysis data with a horizontal 
resolution of about 20 km. 
 
 

 
 
Fig. A1 Schematic diagram showing the estimation of the developed height of the 
convective mixed layer. The thin line shows the vertical profile of potential 
temperature , which increases with altitude at a rate of 3.3 K km–1, and the thick 
line shows the vertical profile of virtual potential temperature v at a constant specific 
humidity qvo. sfc represents  near the surface, and qv is the difference in qv 
between near the surface and the upper layer. 
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