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Abstract 28 

The usefulness of Clausius–Clapeyron (CC) scaling in explaining extremely heavy 29 

precipitations is explored in the present-day climate and in pseudo-global-warming (PGW) 30 

conditions. This is analyzed by conducting regional-scale numerical simulations at 1-km grid 31 

resolution for two recent extreme rainfall events that occurred in Japan: the case in northern 32 

Kyushu during 5–6 July 2017 and the case in Shikoku Island during 5–8 July 2018. The 33 

Weather Research and Forecasting (WRF) model was used for the simulation, and the data 34 

samples were collected at each grid point individually for each hour over the two regions. 35 

We found that the frequency and intensity of extremely heavy precipitation associated with 36 

the two events are increased under PGW conditions. The extremely heavy precipitations 37 

(>50 mm h-1) followed CC scaling for the temperatures up to 22°C in the present-day climate, 38 

while those under the PGW conditions followed CC-scaling up to 24°C. The peak intensity 39 

of the extremely heavy precipitations in the precipitation-temperature relationship is found 40 

as ~140 mm h-1 at 25°C in the present-day climate, while the same with PGW conditions is 41 

projected as ~160 mm h-1 at 27°C. The increasing rate of the extremely heavy precipitations 42 

in the present-climate condition is noticed as ~3% °C-1 and that under the PGW conditions 43 

is anticipated as ~3.5% °C-1. The increase in peak precipitation intensity and the rate of 44 

precipitation increase against temperature in future warming climate are attributed to the 45 

decrease in temperature lapse rate and increase in atmospheric water vapor and convective 46 
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available potential energy. To our knowledge, this is one of the first quantitative 47 

investigations of CC scaling of extremely heavy precipitations based on case studies. 48 

 49 

Keywords Torrential rainfall events, Future projection, Pseudo global warming, Clausius-50 

Clapeyron equation, WRF 51 

52 
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1. Introduction 53 

The Clausius–Clapeyron (CC) equation states that the moisture-holding capacity in the 54 

atmosphere increases at a rate of ~7% °C-1 (Trenberth et al., 2003). According to this 55 

equation, it is expected that the heavy rainfall events should scale with temperature when a 56 

constant relative humidity is assumed (Trenberth, 2011; O’Gorman 2015). Recent studies 57 

on heavy rainfall events indicated that higher-percentile precipitation intensities mostly 58 

increase with temperature (Lenderink and Meijgaard, 2008, 2010; Lenderink et al., 2011; 59 

Muller, 2013; Berg et al., 2013; Nayak and Dairaku, 2016; Taylor et al., 2017; Nayak et al., 60 

2018; Nayak, 2018; Nayak and Takemi 2019a). 61 

 62 

According to previous studies (Haerter and Berg, 2009; Singleton and Toumi, 2013; Moseley 63 

et al., 2016), the hourly heavy rainfall events are often a result of the self-aggregation of 64 

local convective clouds into larger cloud clusters. When such organized convective cloud 65 

clusters remain over a place for a long time, it produces extremely large amount of rainfall 66 

(Schumacher, 2009; Schumacher and Johnson, 2009; Ricard et al., 2012; Unuma and 67 

Takemi, 2016a, 2016b; Takemi 2018) and therefore the risks of floods increase (Coumou 68 

and Rahmstorf, 2012). 69 

 70 

Recently, two extremely heavy rainfall events occurred during 5-6 July 2017 and 5-8 July 71 
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2018 in western parts of Japan and caused severe damages. These two events brought 72 

record-breaking torrential rainfall amounts of over 500 mm d-1 to Kyushu and Shikoku 73 

Islands of Japan (http://www.dpri.kyoto-u.ac.jp/disaster_report/#9491). Previous studies 74 

pointed out that the stationary convective systems over an identical location for a long time 75 

are the main causes of these extreme rainfall events (Takemi, 2018; Kato et al., 2018; 76 

Tsuguti et al., 2019) although such flood events depend on many other factors such as 77 

moisture content, favorable synoptic situations, terrain, and hydrological basin size 78 

(Ranalkar et al., 2016; Takemi, 2018; Huang et al., 2019). However, many studies have 79 

revealed that a change in temperature certainly influences the local convective systems and 80 

therefore regulates the memory of past rainfall and inter-cloud dynamics, because the self-81 

organization of precipitation at any given time is controlled by the atmospheric conditions 82 

resulting from past processes (Singleton and Toumi, 2013; Moseley et al., 2016). Thus, by 83 

assuming that the extreme precipitations are controlled by the moisture already available in 84 

the atmosphere and its change due to temperature, it is reasonable to expect that the 85 

extreme precipitations during individual events will scale with temperature in roughly 86 

proportion with CC-scaling (Hardwick et al., 2010; Romps, 2011; Singleton and Toumi, 2013). 87 

CC-scaling refers to the scaling anticipated from the CC equation, which is roughly 7% °C-88 

1. 89 

 90 

http://www.dpri.kyoto-u.ac.jp/disaster_report/#9491
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The relationship between precipitation and temperature have been explored for several 91 

cases over some regions in Japan from multi-decadal observational data and/or climate 92 

simulations (e.g., Utsumi et al., 2011; Yamada et al., 2014; Fujibe 2016; Nayak et al., 2018). 93 

Such studies examined the rainfall amounts as a daily basis. According to these studies, the 94 

daily precipitation in extreme ranges increases with temperature up to a certain degree 95 

(roughly 20-25°C) and decreases at higher temperatures. Nayak et al. (2018) analyzed 96 

multi-model ensemble datasets at 20-km spatial resolution and highlighted that daily 97 

precipitation extremes over Japan follow super-CC scaling (>7% °C-1) for temperatures 98 

below ~10°C and sub-CC scaling (<7% °C-1) for temperatures above ~10 °C. On the other 99 

hand, Utsumi et al. (2011) analyzed the hourly and 10‐min meteorological station 100 

observation data over North Island, Kyushu, and Southern Islands of Japan and found that 101 

the precipitation extremes in a sub-daily time-scale exhibit CC scaling and monotonically 102 

increases even at high temperatures, implying that higher temperatures will enhance the 103 

potential for precipitation extremes on shorter timescales, corresponding to extremely heavy 104 

precipitations in local areas. 105 

 106 

An inherent weakness of using long-term rainfall dataset is that they are of coarse resolution 107 

and do not resolve the life cycle of individual extreme heavy rainfall events and do not also 108 

explicitly resolve the convective processes. Since temperature conditions play a crucial role 109 
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in driving the convection processes within an individual heavy rainfall event itself by 110 

regulating the saturation vapor pressure and hence the amount of water vapor according to 111 

the CC equation. A few studies (e.g., Hardwick et al., 2010; Singleton and Toumi, 2013; 112 

Attema et al., 2017) highlighted that CC scaling exists even in individual heavy rainfall events 113 

and the associated extreme precipitations also follow CC scaling when the temperature is 114 

below 24-26°C. Now, the question is whether extremely heavy precipitations induced by 115 

individual heavy rainfall events evaluated in short time-periods, e.g., an hourly time-scale, 116 

can be explained using the CC equation? Since extreme precipitations occur in Japan and 117 

the East Asian regions during the monsoon and summer seasons, it is scientifically 118 

interesting how CC scaling appears in the extreme precipitations during those warm 119 

seasons. In this sense, the two torrential rainfall events that occurred in western Japan 120 

during 5-6 July 2017 and 5-8 July 2018 (hereafter July 2017 and July 2018 events) are 121 

considered appropriate examples to investigate how in the extreme cases the precipitation-122 

temperature relationship is compared with CC scaling. 123 

 124 

In addition, it is anticipated that extremely heavy precipitations will intensify in the global 125 

warming climate. A recent study on the July 2018 event by Kawase et al. (2020) suggested 126 

that the total precipitation during this heavy rainfall event was increased by about 7% owing 127 

to recent warming around Japan. Therefore, our question is further extended to an issue 128 
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whether the response of CC scaling of extreme precipitations to future warming climate 129 

appears. As stated above, only a few studies investigated CC scaling of extreme 130 

precipitations, but evaluated in a daily timescale over Japan by taking into account all wet 131 

events (particularly defined as >0.5-1 mm d-1) in present and future climates (e.g., Yamada 132 

et al., 2014; Nayak and Dairaku, 2016; Nayak et al., 2018). However, CC scaling of 133 

extremely heavy precipitations, evaluated in a shorter timescale (e.g., >50 mm h-1), are not 134 

well explored. Typically, neither models nor observational data have yet been analyzed for 135 

extremely heavy precipitations in an hourly timescale, although a few studies (e.g., Hardwick 136 

et al., 2010; Romps, 2011; Singleton and Toumi, 2013) highlighted about these concepts. 137 

According to Hardwick et al. (2010), CC-scaling exists between the surface temperatures 138 

up to between 20°C and 26°C and precipitation durations up to 30 minutes which implies 139 

possible existence of CC scaling in short time storm systems. Because CC scaling is derived 140 

from a thermodynamic law, the scaling should be a guide to quantify the increase in extreme 141 

precipitation amounts from a climatological aspect. From an impact assessment point of 142 

view, e.g., flash flooding, inundations, landslides, etc., with extreme precipitations in a 143 

shorter timescale, such as an hourly time scale should be considered. Therefore, CC scaling 144 

of extreme precipitations in an hourly time scale is important. 145 

 146 

This study intends to understand the usefulness of CC scaling in explaining the extremely 147 
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heavy precipitations (>50 mm h-1) in the framework of the two above-mentioned torrential 148 

rainfall events. A regional meteorological model is used to reproduce the two heavy rainfall 149 

events. We also simulate those rainfall events under a future warmed climate condition. The 150 

warmed climate condition is generated by a pseudo-global-warming (PGW) approach. Here 151 

PGW conditions refer to a future warming scenario which is prepared by adding the warming 152 

increments of climatic variables to that in present reanalysis fields (Sato et al., 2007). 153 

 154 

2. Experimental design and analysis method 155 

2.1. Numerical model and experimental design 156 

The Weather Research and Forecasting model version 4.0 (WRF V4.0, Skamarock et al. 157 

2008) was configured in two-ways, i.e., two nested domains with grid spacings of 5 km 158 

(parent domain: d01) and 1 km (inner domain: d02) (Fig. 1). Four numerical experiments 159 

(two experiments for the July 2017 event in the present-day and future climates and two 160 

experiments for the July 2018 event in the present and future climates) are conducted for 161 

16 days each, starting from the 25th June to 10th July of each year. For present-day climate 162 

simulations, the model was forced by 1.25° resolution Japanese 55-year Reanalysis 163 

(JRA55) data at 6-hour interval (Kobayashi et al. 2015). For future climate simulations, the 164 

warming increments of sea surface temperature (SST), geopotential height, and 165 

temperature were added to the present-day reanalysis fields of JRA55 which is referred as 166 
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PGW conditions. The choice of the variables added to the JRA55 fields is based on the idea 167 

that thermodynamic fields play an important role in quantifying the convective response to 168 

the warmed conditions (Ito et al. 2016; Takemi 2016a; Takemi 2016b; Nayak and Takemi 169 

2019b, 2019c; Takemi 2019). The warming increments were taken from MRI-AGCM3.2 170 

climate simulations performed for the present-climate (1979–2003) and future climates 171 

under the RCP8.5 scenario (2075–2099) (Mizuta et al., 2012, 2014). The mean difference 172 

between present (1975-2003) and future climate (2075-2099) are computed for temperature 173 

including SST and geopotential height at each grid point and added to JRA55 reanalysis 174 

data at each grid point. A brief overview of the model setup and configuration is given in 175 

Table 1. To validate the model results, we compared precipitation amounts and temperatures 176 

from the model simulations with Automated Meteorological Data Acquisition System 177 

(AMeDAS) station observations. We also compared the model simulated precipitation 178 

distributions with Radar-AMeDAS analyzed precipitation datasets.  179 

 180 

2.2. Analysis method 181 

We sampled the precipitations at each grid points individually for each hour over the two 182 

boxed regions in d02 (Fig. 1). The box over Kyushu Island (box 1) contains 168 x 68 grid 183 

points and the box over Shikoku Island (box 2) contains 277 x 189 grid points. Previous 184 

studies (e.g., Berg et al., 2009 and Attema et al., 2017) also collected the samples in the 185 
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same way. We identified the precipitations with different thresholds of intensities (1, 10, and 186 

50 mm h-1) at each grid point and categorized them into light, moderate and extremely heavy 187 

precipitation types according to their intensities exceeding 1, 10 and 50 mm h-1 respectively 188 

and analyzed each type separately. It is noted that various studies have used various 189 

precipitation thresholds and there is no standard threshold. In our study, we used three 190 

different thresholds (1, 10 and 50 mm h-1), while we did not consider the precipitations with 191 

intensities below 1 mm h-1 in the CC analysis. It is also noted that 1, 10 and 50 mm h-1 192 

precipitation intensities roughly correspond to 50th, 85th and 99th percentile of precipitation 193 

distribution respectively (see Section 3 and 4). We then paired the precipitation intensity (P), 194 

separately for each threshold, with the corresponding hour’s temperature (T) at each grid 195 

point (P, T) for all hourly time steps from 0000UTC to 2300UTC 5 July 2017 and from 196 

0000UTC 5 July 2018 to 2300UTC 7 July 2018. We combined all the (P, T) pairs obtained 197 

from the two events (the July 2017 and July 2018 cases) and analyzed precipitation-198 

temperature characteristics from the total (P, T) pairs. The total number of the (P, T) pairs 199 

are about 4,050,000 (168 x 68 grid points for July 2017 event for 24 hours and 277 x 189 200 

grid points for July 2018 event for 72 hours). We stratified the precipitation intensities into 201 

different temperature bins of 1°C interval and computed the 99th percentile in each 202 

temperature bin for each categorized precipitation type (light, moderate and extremely 203 

heavy). We set the lowest sample size in each bin to 400 (~0.01% of total sample size) to 204 
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minimize the sampling error. So the bins with less than 400 samples are not included in the 205 

analysis. Finally, we applied a least squared linear regression to the logarithm of 206 

precipitations (considering the temperature values up to peak precipitation intensities), 207 

separately for each categorized precipitation type, which will be similar to the following 208 

equation:  209 

 210 

 211 

 212 

where P1 and P2 are precipitation amounts at two different temperatures, ∆T=T2-T1 is the 213 

change in temperature (T1 and T2 are the temperatures at P1 and P2 respectively), and α is 214 

the rate of change of precipitation with respect to temperature (in % °C-1). α becomes around 215 

7% °C-1 in the case of CC scaling.  216 

This equation is computed from August-Roche-Magnus approximation for saturated vapor 217 

pressure, es: 218 

 219 

 220 

 221 

where T is temperature in °C. A derivation for Eq(1) is described in Nayak et al. (2018).  222 

 223 

2 1(1 ) (1)TP P Eq  

17.62
6.11 exp (2)

243.04
s

T
e Eq

T

 
   

 



12 

 

3. Comparison with observations 224 

We first compared the model simulated precipitation and temperature with observations by 225 

analyzing the frequency distributions and different percentiles of precipitation intensities and 226 

temperature in the framework in the torrential rainfall events (July 2017 and July 2018). 227 

  228 

3.1. Frequency distribution 229 

Figure 2a represents the frequency distribution of the precipitation intensities from 114 230 

AMeDAS station observations and that from the model simulation at the grid points 231 

corresponding to the 114 AMeDAS stations. The precipitation intensities from the 1 km grid 232 

Radar_AMeDAS observation and that from the model simulation at 1 km grid is shown in 233 

Figure 2b. The shape of frequency distributions of precipitation intensities looks different 234 

between AMeDAS (Fig. 2a) and Radar_AMeDAS (Fig. 2b), probably because of different 235 

sample points. It is noted that the total sample points in the station observation case are 236 

about 5000 (37 stations for July 2017 event for 24 hours and 77 stations for July 2018 events 237 

for 72 hours), while the total number of sample points for the simulation case is about 4 238 

million because we considered all hourly time steps at each grid point (1 km resolution) over 239 

the two boxed regions in d02. We found that the distribution of precipitation intensities in the 240 

model simulation agrees well with that of in the observations in both cases (station and grid). 241 

The stronger precipitations have intensities above 100 mm h-1 (160 mm h-1) in AMeDAS 242 
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station (Radar_AMeDAS) observations although their frequencies of occurrences are less. 243 

The difference in the precipitation intensities in AMeDAS and Radar_AMeDAS could be due 244 

to the limited number of AMeDAS stations compared with the large number of grids in 245 

Radar_AMeDAS. The frequency distribution of temperature is well represented in the model 246 

simulation for the temperatures below above 25°C while it is slightly overestimated for 247 

temperatures below 22°C and underestimated for the temperature 23-24°C (Fig. 2c). The 248 

underestimation of temperature frequency for 23-24°C is perhaps due to the cold bias of 249 

WRF model for summer-days simulation (García-Díez et al., 2013). We also compared the 250 

model simulated precipitable water with the 50-km hourly data from Modern-Era 251 

Retrospective Analysis for Research and Applications (MERRA-2) and found a good 252 

agreement between them (Fig. 2d). 253 

 254 

3.2. Extremes 255 

The extremes are examined at different percentiles of precipitation intensities and 256 

precipitable water starting from 50th to 99th from the model simulation and the observation 257 

(Figure 3). The percentiles of precipitations are separately calculated with consideration of 258 

all intensities at all grid points (Fig. 3a-b) and the precipitations only with different thresholds 259 

(Fig. 3c-d). We found that the precipitations at higher percentiles (>80%) are overestimated 260 

by the model when all intensities are considered (Fig. 3a-b), while this overestimation is 261 
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reduced when the intensities are considered with some thresholds (Fig. 3c-d). The 262 

overestimation at 99th percentile of the precipitations in the model corresponds up to ~20 263 

mm h-1 for all intensities, while it corresponds up to ~15 mm h-1 in the case of 1 mm h-1 264 

intensity threshold and up to ~5 mm h-1 in the case of a 50 mm h-1 intensity threshold. 265 

However, in general all percentiles of extremely heavy precipitations (>50 mm h-1) are well 266 

captured by the model. The 50th percentile corresponds to ~60 mm h-1 precipitation intensity; 267 

however, the 90th and higher percentiles correspond to ~100 mm h-1 or more. The 268 

correspondence of the simulated results both with Radar_AMeDAS gridded observation and 269 

AMeDAS station observation shows similar results. This indicates that the model reproduced 270 

the intensities of extremely heavy precipitations reasonably well. 271 

 272 

We also compared the model simulated precipitable water with MERRA-2 data at different 273 

percentiles and noticed a good agreement between them (Fig. 3e). The precipitable water 274 

refers to the amount of atmospheric water vapor in a column of the atmosphere. The 275 

absolute amount of water dissolved in the atmosphere is known as atmospheric water vapor. 276 

In general, extreme precipitations require large amounts of precipitable water which is 277 

determined from the atmospheric water vapor and the precipitable water has a positive 278 

correlation with precipitation (Lu et al., 2009). So in the following section, we will further 279 

examine the amount of precipitable water as well as other atmospheric factors during the 280 
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extreme precipitations. 281 

 282 

4. Analysis on the simulated results 283 

In this section, we first analyzed the spatial distribution of daily precipitation intensities and 284 

temperatures during the July 2017 and July 2018 events in the present-day climate condition 285 

and in the PGW climate. We then examined the occurrence of extremely heavy rainfall 286 

events and the associated temperatures. Subsequently we investigated the relationship 287 

between extreme precipitations and temperature during the two events and their connection 288 

with the CC equation. 289 

 290 

4.1. Precipitation and temperature distribution 291 

The spatial distributions of daily precipitation intensities and temperatures during the two 292 

events are shown in Figure 4. We found that the two events under PGW climate produce 293 

more precipitations over the target regions with an exception for 07 July 2018 (Fig. 4a-b). 294 

The precipitation intensities on 7 July 2018 do not show significant changes in future climate, 295 

perhaps due to quick intermittent removal of atmospheric moisture by the extreme 296 

precipitations on previous two days in the future condition. Much intense precipitation implies 297 

more release of latent heat which may further supply more moisture and make the 298 

precipitating cycle more rapid although what happens to the duration is less clear. Closer 299 
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looks on precipitation intensity during 6-7 July 2018 also indicates very intense precipitation 300 

over Shikoku Island on 6 July 2018 in future climate, which may drain away all the moisture 301 

in future condition. Previous studies (e.g., Trenberth et al., 2003) also reported that the 302 

intensity rate of extreme events may be strengthened and duration of extreme events may 303 

be shortened under global warming. Daily mean temperatures during these two events show 304 

an increase in future warming climate over almost all areas of the target region (Fig. 4c-d). 305 

   306 

4.2. Extremely heavy precipitations and associated temperature 307 

Figure 5a represents the frequency distribution of precipitation intensities in the present-day 308 

climate and under the PGW condition. Figure 5b illustrates different percentiles of 309 

precipitations with 50 mm h-1 intensity threshold in the present and future climates. We found 310 

that the strongest precipitation intensity under PGW reaches about 200 mm h-1, higher than 311 

the strongest intensity of around 180 mm h-1 in the present climate (Fig. 5a). All percentiles 312 

of the extremely heavy precipitations under PGW conditions correspond to an increase of 313 

~20 mm h-1 intensity compared with present day climate (Fig. 5b). The normal probability 314 

distribution of extremely heavy precipitations (>50 mm h-1) and the associated temperatures 315 

in the present-day climate condition and the same with the PGW condition are shown in 316 

Figure 6. The normal probability distribution, f (x) was defined as: 317 

 318 

𝑓 𝑥 =
1

𝜎 2𝜋
 𝑒−

1
2 

𝑥−𝜇
𝜎  

2

                𝐸𝑞(3) 
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 319 

where x (-∞ < x < ∞) is the random variable (the precipitation type with intensity >50 mm h-320 

1), μ (-∞ < μ < ∞) is the mean of the distribution, σ (σ > 0) is the standard deviation of the 321 

distribution. 322 

 323 

The results indicated that the occurrence of extremely heavy precipitations with intensity 324 

exceeding ~80 mm h-1 are increased and the precipitations with intensity below ~80 mm h-1 325 

are decreased under PGW conditions (Fig. 6a). We noticed that during extremely heavy 326 

precipitations, the probability of temperatures above ~23°C is increased and that of 327 

temperatures below ~23°C is decreased under PGW condition (Fig. 6b). The intensity of 328 

some extremely heavy precipitations in future warming climate are expected to increase by 329 

~20 mm h-1 and the temperature associated with such precipitations under PGW conditions 330 

are expected to increase by ~4°C (Fig. 6b). This indicates that future changes in the 331 

occurrences of extremely heavy precipitations are someway connected to the temperatures.   332 

 333 

4.3. Relationship between extremely heavy precipitations and temperature 334 

We first analyzed the precipitation-temperature relationship at the AMeDAS observation 335 

stations and compared it with model simulated precipitation-temperature relationship at the 336 

grid points corresponding to the AMeDAS observation stations (Fig. 7a). Results indicated 337 
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that the intensities of the extreme precipitations linked to temperature are overestimated for 338 

all precipitation types (light, moderate and extremely heavy) and show a relatively weaker 339 

peak compared with that of observation. However, both model and observation extreme 340 

precipitations linked to temperature have relatively similar peaks for light and moderate 341 

precipitation types. Extremely heavy precipitation type in the observation shows 342 

monotonically increasing characteristics with temperature compared with the light and 343 

moderate precipitation types, while shows similar behavior with slower rate compared with 344 

direct observation. It is worth mentioning that the relationship between extreme 345 

precipitations and temperature obtained from the samples of two torrential rainfall events 346 

does not look like the idealized relationship. This could be due to the less variability in 347 

temperature within the events and the topographic effect.  348 

 349 

Figure 7b represents the relationship between 99th percentile of three categorized 350 

precipitation types (light, moderate and extremely heavy) and temperature in present day 351 

climate and future warming climate. The 99th percentile of light and moderate precipitations 352 

(i.e., >1 and 10 mm h-1) does not show any significant change in intensities with 353 

temperatures below 23°C in present day climate, while that of the extremely heavy 354 

precipitations (>50 mm h-1) shows increase in intensity with temperature up to 25°C (Fig. 355 

7b). Overall, we found a negative relationship between the extreme precipitations and 356 
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temperature for light to moderate precipitation cases during July 2017 and July 2018 events. 357 

 358 

In a study on extreme precipitations over Europe, Berg et al. (2009) also reported a negative 359 

relationship between extreme precipitation intensities during June, July, and August. 360 

Specifically, they found that the intensity of all categorized precipitation cases in future 361 

warming climate increases with temperature up to a certain temperature and then starts 362 

decreasing. We found that the peak intensity of the extremely heavy precipitations is ~140 363 

mm h-1 at 25°C in the present climate, while the same in future climate is ~160 mm h-1 at 364 

27°C. Nevertheless, the intensities of all categorized precipitation types are increased by 365 

~20 mm h-1 at higher temperatures in future warming climate. 366 

 367 

Figure 7c shows the 99th percentile of precipitable water as a function of temperature during 368 

the precipitation cases. The 99th percentile of precipitable water during these rainfall events 369 

shows a sharp increase with temperature up to certain temperature in both climates (Fig. 370 

7c). The results indicated that during extreme precipitations the dependence curves of the 371 

atmospheric water vapor on temperature are almost the same up to the peak intensity 372 

among all the thresholds of precipitations. In all the precipitation intensity categories, the 373 

peak amount of the precipitable water for the extreme precipitations is noticed as about 75 374 

mm at 26°C in present day climate, while that in future climate is expected as ~95 mm at 375 
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~28°C. This implies an increase of ~20 mm of precipitable water in future warmer 376 

atmosphere with an increase of ~2°C temperature which is consistent with the future 377 

changes in the intensities of extremely heavy precipitations.  378 

 379 

4.4. CC-scaling of extremely heavy rainfall events 380 

Figure 8 shows the rate (i.e., α in Eq.1) of change of the 99th percentile of the light to 381 

extremely heavy precipitation cases in present day climate and future warming climate. We 382 

computed the rates with the consideration up to peak intensities of each categorized 383 

precipitation type. We found that the heavier precipitations have higher increasing rates of 384 

intensities. The increasing rates of the light and moderate precipitations in the present-day 385 

climate are found as ~0.5% °C-1 and those in the future warming climate are projected as 386 

~1% °C-1. On the other hand, the increasing rate of extremely heavy precipitations in the 387 

present climate was observed to be ~3% °C-1 and that in the future warming climate model 388 

was anticipated as ~3.5% °C-1. These results indicated that the rate of change of all the 389 

categorized precipitation cases in the future warming climate are expected to increase by 390 

~0.5% °C-1 in addition to the rate in the present-day climate.  391 

 392 

Overall, the increasing rate of light and moderate precipitation cases linked to temperature 393 

is less significant compared with CC scaling (~7% °C-1). This is different from the results 394 
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shown in the previous studies (Utsumi et al., 2011; Yamada et al., 2014; Nayak et al., 2018) 395 

over Japan which highlighted the increasing rate of 3-6%. The reason could be due to the 396 

consideration of different time periods. For instance, the previous studies over Japan looked 397 

at the whole year when temperatures are largely different depending on the seasons, while 398 

we looked at only a few days in July, corresponding to the warm season. So much more 399 

similar events with less variability in temperature occurred in our study domain and can be 400 

possibly explained with the seasonal analysis (e.g., Berg et al., 2009). However, we found 401 

that the 99th percentile of extremely heavy precipitations follows CC scaling for the 402 

temperatures up to 22°C in present day climate. On the other hand, our result is slightly 403 

different from that of the previous study of Singleton and Toumi (2013) who reported a CC 404 

scaling of extreme precipitations up to 24°C. This difference could be associated with the 405 

regionality and type of torrential rainfall events. The difference in the environmental 406 

conditions for the occurrence of precipitations may play a role in producing different 407 

responses of the extreme precipitation intensity to the increase in temperature in each 408 

climate condition, because the environmental conditions will strongly control the structure 409 

and intensity of precipitating cloud systems (e.g., Unuma and Takemi 2016a) and hence 410 

affect the extreme precipitation intensity. The environmental conditions will be examined in 411 

the next section, but detailed analysis is beyond the scope of this study.  412 

 413 



22 

 

All precipitations irrespective of intensity thresholds in future warming climate follow CC 414 

scaling up to 24°C (Fig. 7b). This indicates that the extremely heavy precipitations 415 

associated with the two torrential rainfall events in future warming climate will be more 416 

intense, probably due to the dynamic and thermodynamic effects on the moisture content 417 

(Dairaku and Emori, 2006). Previous studies (e.g., Yamada et al., 2014; Nayak and Dairaku, 418 

2016) also documented an increase in precipitation intensities in future climate over Japan. 419 

Nayak and Dairaku (2016) reported an increase of extreme precipitation intensities 5–15 420 

mm d–1 for temperatures above ~21°C over Japan in the future climate. It should be pointed 421 

out that our analysis is a first step to explore CC scaling of extremely heavy precipitations 422 

by choosing two torrential rainfall events as a case study. However, to understand the 423 

robustness of CC scaling of extremely heavy precipitations in torrential rainfall events, 424 

additional investigation that considers a larger number of torrential rainfall events is required. 425 

 426 

5. Discussion 427 

Our results indicated that the extremely heavy precipitations (>50 mm/h) shows an increase 428 

in intensity with temperature up to certain degree, which was not found for the light to 429 

moderate precipitation cases. Previous studies mostly consider the light precipitations cases 430 

(> 0.1 mm). Further we found that the rate of change of extreme precipitations with 431 

temperature is higher together with higher moisture availability in future climate, implying 432 
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more intensified rainfall. So our discussion is twofold: (1) Why CC scaling is not prominent 433 

with light precipitation cases, and (2) Why the rate of change of extreme precipitations is 434 

higher in future climate. 435 

 436 

5.1. CC scaling is not prominent with light precipitation cases 437 

We found that the intensities of the extremes (99th percentile) of light to moderate 438 

precipitations do not vary significantly for the temperatures below 23°C, but decrease with 439 

higher temperatures in the present climate. Previous studies over Japan and other regions 440 

with a threshold of 0.5-1 mm d-1 also show a decrease in precipitation intensity at higher 441 

temperatures (Hardwick et al., 2010; Utsumi et al., 2011; Nayak and Dairaku, 2016; Prein et 442 

al., 2017; Nayak et al., 2018; Nayak, 2018). A decrease in precipitation at higher 443 

temperatures during June-August was also reported over Europe (Berg et al., 2009). 444 

 445 

However, we found that the amount of extremely heavy precipitations during July 2017 and 446 

July 2018 events increases with temperature in both climates (present day and future). We 447 

have shown that our result can be explained in terms of the CC equation, which states that 448 

with the increase in temperature the water vapor content is increased. This response seems 449 

to be different from the findings in light to moderate precipitation cases. For example, the 450 

previous studies such as Berg et al. (2009) examined precipitation intensity of greater than 451 
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0.5 to 1 mm d-1, while we have focused on extreme precipitation intensity of greater than 50 452 

mm h-1. We consider that the difference is due to the difference in the environmental 453 

conditions. Specifically, the cases chosen here are the extremely heavy rainfall events that 454 

occurred in the wettest season in Japan, i.e., the Baiu season. Under such moist conditions, 455 

water vapor content is generally large. Therefore, the reason for the increase in the 456 

extremely heavy precipitation amount with temperate is considered to be associated with 457 

the availability of water vapor which is sufficiently higher during the extremely heavy 458 

precipitations (Dairaku and Emori, 2006; Lenderink and Meijgaard, 2008, 2010). 459 

 460 

On the other hand, the water vapor availability during light and moderate rainfall events does 461 

not sufficiently increase with temperature (Berg et al., 2009). Moreover, the moisture will not 462 

increase endlessly with temperature if there is less moisture available in the atmosphere 463 

(Westra et al., 2014). These could be some possible reasons for decreasing the precipitation 464 

intensities at higher temperatures. The results of precipitation analysis, which is linked to the 465 

atmospheric water vapor, also show a decreasing tendency at higher temperatures (Fig. 7b). 466 

To understand the underlying mechanisms, we analyzed the specific humidity and relative 467 

humidity at the surface (2-m level) (Fig. 9a-b), mean relative humidity averaged at the levels 468 

of 850 hPa and 500 hPa (Fig. 9c), temperature lapse rate (TLR) between 850 hPa and 500 469 

hPa (Fig. 10), and convective available potential energy (CAPE) (Fig. 11) for all the 470 
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categorized rainfall cases during July 2017 and July 2018 events. TLR here is one of the 471 

environmental parameters useful to diagnose the intensity of convection (Takemi 2007, 472 

2010). We found that both specific humidity and relative humidity at the surface are declined 473 

at higher temperatures during the light precipitation cases (Fig. 9). This indicates less 474 

moisture supply for saturation at higher temperatures for the light precipitations. From Fig. 475 

10, it is seen that in the present climate the TLR between 850 hPa and 500 hPa slightly 476 

decreases with temperature up to ~21°C but shows an increasing tendency at higher 477 

temperatures. This tendency can also be seen for the PGW climate, but the magnitude of 478 

TLR in the PGW climate is lower than that in the present climate case, and therefore the 479 

impact of the lower TLR (which indicates that the atmosphere is more stable) appears more 480 

clearly in the PGW climate (Takemi 2007, 2010). 481 

 482 

The change in CAPE with temperature is shown in Fig. 11. Although there is no significant 483 

change in CAPE at higher temperatures for the light precipitations in the present climate, 484 

the CAPE values increase with temperature, reaching the highest range for all the rainfall 485 

categories in the PGW climate. Because CAPE is an integrated quantity in the vertical, the 486 

value of CAPE becomes larger when the temperature and water vapor at the surface are 487 

higher. In the present case, because of the very high temperature in the PGW climate, CAPE 488 

does generally become larger. Atlarger. However, the extreme precipitations at the higher 489 
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temperatures decrease, despite CAPE is larger and TLR is higher. At the higher 490 

temperatures, precipitable water vapor content decreases (Fig. 7b). Therefore, because of 491 

the less availability of moisture in the troposphere, precipitation intensity decreases at the 492 

higher temperatures. 493 

 494 

In this way, generally low TLR with insufficient moisture at higher temperature will lead to 495 

suppress convection development and hence decrease the precipitation intensities at higher 496 

temperatures. Conversely, the specific humidity, precipitable water, and CAPE during 497 

moderate and extremely heavy rainfall events continued to increase with temperature, and 498 

keep on relative humidity 100%, they cause heavy precipitations.  499 

 500 

5.2.  The rate of change of extreme precipitations is higher in future climate 501 

We further found that the extremely heavy precipitations (>50 mm h-1) follow CC scaling up 502 

to a certain temperature and then exhibit sub-CC scaling in present climate as well as future 503 

climate. The sub-CC scaling behavior of precipitation extremes are also highlighted in 504 

multitude of studies over different regions across the globe (e.g., Lenderink and Meijgaard, 505 

2010; Mishra et al., 2012; Westra et al., 2014; Nayak and Takemi, 2019a). However, we 506 

found that the rate of change of precipitation is higher for heavier precipitations in present 507 

climate and projected to further increase in future warming climate. In addition to this, the 508 
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intensities of extreme precipitations are increased by ~20 mm h-1 in future warming climate. 509 

This indicates that the extremely heavy precipitations in future warming climate will be more 510 

intense and may cause local flooding and landslides. This may cause major challenges for 511 

the societal livelihood systems in future warming climate. The rate of change of extreme 512 

precipitations and intensity of the extremely heavy precipitations in future climate could be 513 

attributed to the increase in atmospheric water vapor under warmer climate (Fig. 7b). It is 514 

also noticed that the specific humidity at surface during the extremely heavy precipitations 515 

is increased in future warming climate (Fig. 9a) and the temperature during these 516 

precipitation cases is increased by 4°C (Fig. 6b). This may lead to increase the moisture 517 

availability in future warming climate and keep on saturating the moisture for another 4°C. 518 

Our results of relative humidity justify this (Fig. 9b). Mean relative humidity between 850 hPa 519 

and 500 hPa also shows a higher moisture saturation tendency in the troposphere in future 520 

warming climate (Fig. 9c). Similarly, the CAPE during the extreme precipitations is 521 

significantly increased in future warming climate, indicating more potential energy available 522 

for convection to form intense precipitation. Agard and Emanuel (2017) also highlighted 523 

higher CAPE linked to temperature may increase severe continental convection in warmer 524 

climates. 525 

 526 

6. Conclusions 527 
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This study explores CC scaling of extremely heavy precipitations associated with the 528 

torrential rainfall events occurred during July 5-6, 2017 and July 5-8, 2018 over Kyushu and 529 

Shikoku Islands of Japan, respectively in present day climate and with pseudo global 530 

warming (PGW) conditions by use WRF model at 1-km grid resolution. We found that the 531 

frequency and intensity of extremely heavy precipitations associated with the two events are 532 

increased in future warming climate which may cause major challenges for the society. The 533 

peak intensity of the extremely heavy precipitations corresponds to ~140 mm h-1 at 25°C in 534 

present climate, which is projected to be ~160 mm h-1 at 27°C in future warming climate. 535 

The 99th percentile of extremely heavy precipitations follow CC scaling for the temperatures 536 

up to 22°C in present day climate, and up to 24°C in future warming climate. The rate of 537 

change of all extremely heavy precipitations in future warming climate are expected to 538 

increase by ~0.5% °C-1 plus that of in present day climate (~3% °C-1 in present climate and 539 

~3.5% °C-1 in future). Overall analysis suggests that the extremely heavy precipitations in 540 

future warming climate will be more intense and may cause local flooding and landslides 541 

and CC scaling of extreme precipitations exists up to certain temperature over western parts 542 

of Japan. It should be pointed out that our analysis is a first step to explore CC scaling on 543 

two torrential rainfall events as a case study. We would like to further consider more number 544 

of similar torrential rainfall events to provide more precise results. 545 

 546 
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List of Figures 717 

Fig. 1. Model domain (d01) and the location map of the study region. The inset red (blue) 718 

boxes corresponds to the inner model domain (d02) for July 2017 (July 2018) event. 719 

The purple (green) boxes (box 1 and box 2) corresponds to the study region of July 720 

2017 (July 2018) event. The inset map in the model domain shows the location of 114 721 

AMeDAS observation stations. 722 

Fig. 2. Frequency distribution of precipitation intensities (a) from WRF and AMeDAS station 723 

observations, and (b) from WRF and Radar-AMeDAS grid observations. (c) Frequency 724 

distribution of temperature from WRF and AMeDAS station observations. (d) 725 

Frequency distribution of precipitable water from WRF and MERRA-2 reanalysis. P(x) 726 

indicates the probability of (a-b) precipitation intensity, (c) temperature, and (d) 727 

precipitable water. 728 

Fig. 3. Different percentiles of precipitations (a) from WRF and AMeDAS station 729 

observations, and (b) from WRF and Radar-AMeDAS grid observations considering all 730 

intensities. The results in (c) and (d) are the same as (a) and (b) respectively, but with 731 

1 and 50 mm h-1 intensity thresholds. (e) Different percentiles of precipitable water from 732 

WRF and MERRA-2 reanalysis.  733 

Fig. 4. 24-hours (00-23 UTC) accumulated precipitation of each day over the target boxed 734 

region (box 1 and box 2) of d02 in Figure 1 in (a) present climate and (b) future climate; 735 
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and 24-hours (00-23 UTC) mean temperature of each day over the target boxed region 736 

(box 1 and box 2) of d02 in Figure 1 in (c) present climate and (d) future climate. 737 

Fig. 5. (a) Frequency distribution of precipitation in present climate and future climate; and 738 

(b) Different percentiles of precipitation intensities with 50 mm h-1 precipitation 739 

threshold in present climate and future climate. P(x) indicates the probability of 740 

precipitation intensity. 741 

Fig. 6. Probability distribution function (PDF) of (a) the extremely heavy precipitations with 742 

threshold of 50 mm h-1 intensity and (b) the temperature during the heavy precipitations. 743 

The values in each figure correspond to the mean (μ) and standard deviation (σ).  744 

Fig. 7. The 99th percentile of precipitations with different intensity thresholds as a function of 745 

temperature from (a) observation and model simulation in present climate, and (b) 746 

model simulation in present and future climate. (c) The 99th percentile of precipitable 747 

water as a function of temperature during the extreme precipitations. The dashed lines 748 

are obtained from the CC equation and used as reference.  749 

Fig. 8. The rate of change of precipitations with 1, 10 and 50 mm h-1 thresholds of intensities.  750 

Fig. 9. The 99th percentile of (a) specific humidity at a height of 2 m, (b) relative humidity at 751 

a height of 2 m and (c) mean relative humidity (RH) with 850 hPa and 500 hPa as a 752 

function of temperature during the extreme precipitations. 753 

Fig. 10. The 99th percentile of TLR between 850 hPa and 500 hPa as a function of 754 
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temperature during the extreme precipitations. 755 

Fig. 11. The 99th percentile of CAPE as a function of temperature during the extreme 756 

precipitations. 757 
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Fig. 1. Model domain (d01) and the location map of the study region. The inset red (blue) 770 

boxes corresponds to the inner model domain (d02) for July 2017 (July 2018) event. The 771 

purple (green) boxes (box 1 and box 2) corresponds to the study region of July 2017 772 

(July 2018) event. The inset map in the model domain shows the location of 114 AMeDAS 773 

observation stations. 774 
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 780 

 781 
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 784 

 785 
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 787 

 788 

 789 

Fig. 2. Frequency distribution of precipitation intensities (a) from WRF and AMeDAS station 790 

observations, and (b) from WRF and Radar-AMeDAS grid observations. (c) Frequency 791 

distribution of temperature from WRF and AMeDAS station observations. (d) Frequency 792 

distribution of precipitable water from WRF and MERRA-2 reanalysis. P(x) indicates the 793 

probability of (a-b) precipitation intensity, (c) temperature, and (d) precipitable water. 794 
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 823 

Fig. 3. Different percentiles of precipitations (a) from WRF and AMeDAS station 824 

observations, and (b) from WRF and Radar-AMeDAS grid observations considering all 825 

intensities. The results in (c) and (d) are the same as (a) and (b) respectively, but with 1 826 

and 50 mm h-1 intensity thresholds. (e) Different percentiles of precipitable water from 827 

WRF and MERRA-2 reanalysis.  828 
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 855 

Fig. 4. 24-hours (00-23 UTC) accumulated precipitation of each day over the target boxed 856 

region (box 1 and box 2) of d02 in Figure 1 in (a) present climate and (b) future climate; 857 

and 24-hours (00-23 UTC) mean temperature of each day over the target boxed region 858 

(box 1 and box 2) of d02 in Figure 1 in (c) present climate and (d) future climate. 859 
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 874 

Fig. 5. (a) Frequency distribution of precipitation in present climate and future climate; and 875 

(b) Different percentiles of precipitation intensities with 50 mm h-1 precipitation threshold 876 

in present climate and future climate. P(x) indicates the probability of precipitation 877 

intensity. 878 

 879 

 880 

 881 

 882 

 883 

 884 

 885 

 886 

 887 

 888 

  889 

(a) (b) 



46 

 

 890 

 891 

 892 

 893 

 894 

 895 

 896 

 897 

 898 

 899 

 900 

 901 

 902 

 903 

 904 

 905 

 906 

 907 

 908 

 909 

 910 

 911 

 912 

 913 

 914 

 915 

Fig. 6. Probability distribution function (PDF) of (a) the extremely heavy precipitations with 916 

threshold of 50 mm h-1 intensity and (b) the temperature during the heavy precipitations. 917 

The values in each figure correspond to the mean (μ) and standard deviation (σ).  918 
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Fig. 7. The 99th percentile of precipitations with different intensity thresholds as a function of 958 

temperature from (a) observation and model simulation in present climate, and (b) model 959 

simulation in present and future climate. (c) The 99th percentile of precipitable water as a 960 

function of temperature during the extreme precipitations. The dashed lines are obtained 961 

from the CC equation and used as reference. 962 
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Fig. 8. The rate of change of precipitations with 1, 10 and 50 mm h-1 thresholds of intensities.  980 

 981 

 982 

 983 

 984 

 985 

 986 

 987 

 988 

 989 

 990 

 991 

 992 

 993 

 994 

 995 

 996 

 997 

 998 

 999 

  1000 



49 

 

 1001 

 1002 

 1003 

 1004 

 1005 

 1006 

 1007 

 1008 

 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

 1023 

 1024 

 1025 

 1026 

 1027 

 1028 

 1029 

 1030 

 1031 

 1032 

Fig. 9. The 99th percentile of (a) specific humidity at a height of 2 m, (b) relative humidity at 1033 

a height of 2 m and (c) mean relative humidity (RH) with 850 hPa and 500 hPa as a 1034 

function of temperature during the extreme precipitations. 1035 
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Fig. 10. The 99th percentile of TLR between 850 hPa and 500 hPa as a function of 1049 

temperature during the extreme precipitations. 1050 
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Fig. 11. The 99th percentile of CAPE as a function of temperature during the extreme 1084 

precipitations. 1085 
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Table 1: Overview of the model setup and configuration. 1110 

Domain size 

120-138E & 25-40N (d01), 

128.9-132.4E & 31.5-34.5N (d02) 

: July 2017 event 

120-138E & 25-40N (d01), 

131.3-134.8E & 32.3-35.3N (d02) 

: July 2018 event 

Simulation period 

00 UTC 25 JUN 2017–00 UTC 10 JUL 2017 : July 2017 event 

00 UTC 25 JUN 2018–00 UTC 10 JUL 2018 : July 2018 event 

Dynamics Non-hydrostatics 

Grid resolution 5 km (d01), 1 km (d02, 301 x 301 grid points) 

Map projection Lambert 

Vertical level 56 

Model top 10 hPa 

spectral nudging  

5 in x direction, 5 in y direction 

(used for d01 to include the synoptic-scale influences) 

Microphysics  WRF Single Moment 6-class (WSM6) scheme (Hong and Lim 2006)  

Cumulus scheme  Kain-Fritsch new Eta scheme (used for d01) (Kain and Fritsch 1993) 

PBL scheme Yonsei University planetary boundary (YSU) scheme (Hong et al. 2006) 

Radiation scheme Rapid Radiative Transfer Model (RRTM) scheme (Mlawer et al., 1997) 

 1111 
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