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per mean change in air temperature over Japan is found to 
be 2.4%/°C. Extreme precipitation intensity increases with 
temperatures up to 22 °C in future climate scenarios, while 
the peak is 20 °C for the current climate. Extreme precipita-
tion intensities at higher percentiles are projected to have 
larger rates of increase (3–5%/°C in the current climate 
and 4–6%/°C in the future climate scenarios). A decrease 
of precipitation intensity at higher temperatures relates to 
water vapor availability. An insufficient water vapor supply 
for saturation at higher temperatures can lead to a decrease 
in cloud formation and extreme precipitation.

Keywords Extreme Precipitation · Multi-model 
ensemble downscaling · Clausius–Clapeyron relationship · 
Precipitation–temperature relationship

1 Introduction

According to recent reports from the Intergovernmental 
Panel on Climate Change (e.g., IPCC 2007, 2012), surface 
air temperature is projected to rise due to an increase in the 
concentration of greenhouse gases in the atmosphere. There-
fore, more evaporation is expected to occur at the Earth’s 
surface due to warming and, subsequently, more water vapor 
is likely to become available in the atmosphere. Thus, an 
increase in the intensity as well as the frequency of extreme 
precipitation events is anticipated (O’Groisman et al. 2005; 
Dairaku and Emori 2006; Pall et al. 2007; Gorman and Sch-
neider 2009; IPCC 2012). This may lead to an increase in the 
frequency of natural disasters such as floods, soil erosion, 
and water hazards (IPCC 2012).

Several studies (Lenderink and van Meijgaard 2008, 
2010; Berg et al. 2009; Hardwick et al. 2010; Shaw et al. 
2011; Mishra et al. 2012; Utsumi et al. 2011; Westra et al. 
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2014) have investigated the dependence of extreme pre-
cipitation events on surface air temperature over different 
regions and examined their connection to the Clausius–Clap-
eyron (CC) relationship. The reason for linking the precipita-
tion dependence on temperature with the CC relationship is 
based on the principle of the CC equation, which states that 
the moisture-holding capacity in the atmosphere increases 
by ~7% per degree rise in temperature (Trenberth et al. 
2003). Recently, Nayak and Dairaku (2016) obtained that 
the extreme precipitation intensities exhibits super-CC scal-
ing (i.e., higher than 7%/°C) over Japan for the temperatures 
below ~10 °C and sub-CC scaling (i.e., less than 7%/°C) 
for temperatures roughly above 10 °C. Lenderink and van 
Meijgaard (2008, 2010) observed CC scaling behavior (i.e., 
~7%/°C) of extreme hourly precipitation for temperatures 
below 8–10 °C and super-CC scaling behavior for temper-
atures above 10 °C at De Bilt (Netherlands), Ukkel (Bel-
gium), Barn (Basel), and Zurich (Switzerland). In another 
study, Mishra et al. (2012) observed sub-CC scaling of 
extreme hourly precipitation over the western coastal United 
States and super-CC scaling over the eastern and northern 
parts of the United States. Hardwick et al. (2010) studied 
the relationship between precipitation and temperature over 
Australia. Their results suggest that extreme daily precipita-
tion over Australia follows CC scaling up to 20–26 °C and 
a further increase in temperature decreases precipitation. A 
similar behavior in daily extreme precipitation has also been 
observed over the islands of Japan (Utsumi et al. 2011). The 
extreme precipitation intensity over Europe increases with 
temperature in wintertime and decreases in summertime 
(Berg et al. 2009). However, the CC scaling behavior of 
sub-daily and daily precipitation is observed at a similar 
rate over the islands of Japan and Australia (Hardwick et al. 
2010; Utsumi et al. 2011), while this behavior differs at 
De Bilt, Netherlands (Lenderink and van Meijgaard 2008). 
These studies clearly indicate that the CC scaling behavior 
(i.e., the rate of change of extreme precipitation intensities) 
of sub-daily and daily precipitation varies from region to 
region (e.g., Shaw et al. 2011), season to season (e.g., Berg 
et al. 2009), and are mostly dependent on temperature (e.g., 
Lenderink and van Meijgaard 2008).

Most of the aforementioned studies have been based on 
observation datasets (e.g., Hardwick et al. 2010; Utsumi 

et al. 2011; Shaw et al. 2011; Mishra et al. 2012) to examine 
the CC scaling behavior, while few studies are conducted 
with GCM (e.g., Pall et al. 2007) and RCM experiments 
(e.g., Lenderink and van Meijgaard 2008; Berg et al. 2009; 
Nayak and Dairaku 2016). In our study, we have analyzed 
the CC scaling behavior by using multi-GCMs x multi-
RCMs experiments as well as observation datasets to address 
the following questions: (1) How robust the relationship of 
extreme precipitation events, simulated by multi-model 
ensemble experiments, with temperature over Japan and 
does the relationship follow an observed CC relationship? 
(2) What are the influences of RCM/GCM differences on the 
relationship? (3) What are the projected future changes in 
the relationship due to global/regional climate change under 
RCP4.5 scenario?

The dataset and methods used in this study are discussed 
in Sect. 2. The results are presented in subsequent sections 
(Study Question-1, and Question-2 in Sect. 3 and Study 
Question-2 in Sect. 4). Related discussions occur in Sect. 5 
and conclusions drawn from the study are provided in the 
conclusion, Sect. 6.

2  Data and methods

Twenty-one ensemble experiments (see Table 1) using three 
RCMs [NHRCM (Saito et al. 2006; Ishizaki and Takayabu 
2009; Ishizaki et al. 2012), NRAMS (Pielke et al. 1992; 
Dairaku et al. 2008a, b; Iizuka et al. 2012; Tunematsu et al. 
2013), and WRF (Skamarock et al. 2008; Kusaka et al. 
2012a, b)] were conducted. Three of the experiments were 
driven by Japanese 25-year Reanalysis [JRA25 (Onogi 
et al. 2007)] and 18 experiments (nine for the current cli-
mate and nine for the future climate) were conducted by 
three GCMs (CCSM4, MIROC5, and MRI-GCM3). These 
GCMs were selected based on research conducted by Mizuta 
et al. (2014). The experiments were conducted over Japan 
with a 20 km horizontal grid spacing for two climate periods 
(the current and the future) with an RCP4.5 scenario. The 
multi-model downscaling experiments forced by one GCM 
(MIROC3.2) with an SRES A1B scenario has been detailed 
in previous studies (Iizumi et al. 2011; Ishizaki et al. 2012; 
Iizuka et al. 2012; Tsunematsu et al. 2013). In our study, we 

Table 1  List of 21 experiments 
conducted with three RCMs

Three of the experiments were driven by JRA25 and 18 experiments [nine for current climate (1981–2000) 
and nine for future climate scenarios (2081–2100)] by three GCMs

RCMs Forced by Climate period Total number of 
experiments

Horizontal grid spacing

NHRCM
NRAMS
WRF

Reanalysis JRA25 Current 3 20 km
GCMs CCSM4

MIROC5
MRI-CGCM3

Current 9
Future (RCP4.5) 9
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analyzed the multi-GCMs x multi-RCMs ensemble downs-
caling experiments over Japanese land only (see Fig. 1) for 
the periods 1981–2000 and 2081–2100, hereafter referred to 
as the current climate and future climate, respectively. The 
results of the current climate are validated against APHRO-
DITE daily observations (Yasutomi et al. 2011) over Japan.

First, we aggregated the simulated hourly precipitation 
and temperatures to a daily sum and daily mean, respec-
tively, to compare with APHRODITE datasets. We then 
computed the frequency distribution of daily precipitation 
intensity in the bins of 5 mm/day and daily mean tempera-
ture in the bins of 1 °C using the multi-model ensemble 
datasets for the future projection of precipitation and tem-
perature over Japan. We stratified the extreme (99th, 95th, 
90th, and 75th percentiles) precipitation wet events (defined 

as ≥0.05 mm/day) based on daily mean temperature in bins 
of 1 °C to investigate the dependence of extreme precipita-
tion on temperature. This study looked at average precipi-
tation intensities and temperatures over Japanese land to 
investigate the overall regional responses of the relationship 
between temperature and extreme precipitation to regional/
global climate change. We found that most temperature bins 
contained more than 150 samples, while few temperature 
bins (such as low- and high-ends of the frequency distribu-
tion) contained less than 100 samples. To avoid a sampling 
error, the temperature bins with less than 150 samples were 
excluded from subsequent analysis. The rate of change of 
extreme precipitation intensities (75th, 90th, 99th, and so on) 
were computed for each climate period (current and future). 

Fig. 1  Study region with topography (unit: m). The shaded area shows the model domain of three RCMs (NHRCM, NRAMS, and WRF) used 
in this study
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The rate of change of extreme precipitation intensities is 
computed as follows.

According to the August–Roche–Magnus approxima-
tion of the Clausius–Clapeyron relationship, which has 
been further modified by Alduchov and Eskridge (1996), 
the saturation vapor pressure  (es) varies exponentially with 
temperature (T, in °C) as:

As discussed in Sect. 1, the rate of change of extreme 
precipitation intensities is associated with that of saturation 
vapor pressure. Thus, extreme precipitation intensities can 
vary exponentially with temperature (which was also seen in 
the results of our study). Assuming that the denominator of 
the exponent term of Eq. (1) depends weakly on T for which 
saturation water vapor pressure varies exponentially with 
temperature,  es in Eq. (1) as precipitation (P) and the expo-
nent term of Eq. (1) as constant (α) times T, we can calculate

Taking two states of precipitation as  P1 and  P2 at tem-
peratures  T1 and  T2, respectively, Eq. (2) can be written as:

Expanding  eα and neglecting higher degree terms, we can 
write Eq. (3) as:

where ∆T = T2 − T1 is the change in temperature and α is the 
rate of change of extreme precipitation intensities, which is 
~0.07 in the case of CC.

Researchers (Lenderink and van Meijgaard 2008, 2010; 
Hardwick et al. 2010) have recently used Eq. (4) to obtain 
the rate (α) over their areas of study. To obtain the rate, 
we applied least squares method to perform linear regres-
sion to the logarithms of precipitations, which is similar to 
an exponential curve that best fits Eq. (2). Thus, the rate 
obtained from this regression results in 1 + α, as given in 
Eq. (4). This equation was applied to each percentile of pre-
cipitation intensity to compute the rate (α).

3  Reproducibility of extreme precipitation linked 
to temperature simulated by multi-model 
ensemble experiments

To investigate the relationship between extreme precipita-
tion simulated by multi-model ensemble experiments with 
temperatures over Japan, the model bias and its dependence 

(1)es = 6.11 × e
17.62×T

243.04+T

(2)P = Ae�T , where A is some constant

(3)
P1 = Ae�T1 and P2 = Ae�T2

⇒
P2

P1

= e�(T2−T1)

(4)P2 = P1(1 + �)
ΔT

on temperature and precipitation from daily and monthly 
datasets in the current climate (1981–2000) were analyzed. 
The precipitation dependence on temperature (the CC rela-
tionship) and the uncertainty of the multi-model ensemble 
were also explored.

3.1  Model bias

The biases of RCMs were derived by comparing the results 
of three RCM ensemble simulations forced by JRA25 and 
APHRODITE. The biases in the individual RCM, as well as 
in the ensemble means of three RCMs, in reproducing the 
temperature and precipitation intensities over Japanese land 
only are illustrated in Fig. 2 (using monthly datasets) and 
Table 2 (using daily datasets). An analysis of the daily mean 
temperature has revealed that NHRCM has a warm bias of 
0.6 °C and WRF has a cold bias of 0.6 °C (see Table 2). The 
analysis of the monthly mean temperature also resulted in a 
warm bias in NHRCM and cold bias in WRF, but NRAMS 
had both: a warm bias for lower temperatures and a cold bias 
for higher temperatures (see Fig. 2a). However, the ensemble 
temperature mean was closer to actual observation. Simi-
larly, we found WRF and NHRCM had a wet bias of 0.9 
and 0.4 mm/day from the daily mean precipitation, while 
NRAMS had a dry bias of 0.4 mm/day. Figure 2b highlights 
the strong dry bias for higher precipitations with NRAMS. 
However, the precipitation from the ensemble mean of 
the three models was closer to actual observation. These 
characteristics of individual model biases agree with those 
documented in previous studies (Iizumi et al. 2011; Ishizaki 
et al. 2012; Tsunematsu et al. 2013) over Japan. Moreover, 
the simulated mean, variance, and standard deviation indi-
cate that the individual model statistics closely aligned with 
actual observation (see Table 2). Our results also indicated 
that temperature biases in individual models were mostly 
temperature-dependent (see Fig. 2a). Linear fits in Fig. 2a 
indicate that NRAMS and NHRCM exhibit a cooling bias 
at higher temperatures while WRF exhibits a warming bias. 
However, precipitation biases were found to be loosely 
dependent on precipitation intensities, except for NRAMS 
(see Fig. 2b). Thus, these biases may have contributed to 
uncertainties in the study results. For instance, Boberg and 
Christensen (2012) pointed out that regional climate models 
share temperature-dependent biases. However, the bias in 
the multi-model ensemble mean in the present study has 
been found to be nearly independent of temperature.

3.2  Precipitation dependence on temperature

The precipitation dependence on temperature simulated 
by the multi-RCMs and multi-GCMs ensemble experi-
ments was compared to observations. Different percentiles 
of daily precipitation intensities linked to temperature as 
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computed from the three RCM ensemble experiments forced 
by JRA25, individual GCM and multi-GCMs, and those of 
from APHRODITE are highlighted in Fig. 3. The depend-
ence of extreme precipitations on 2 m air temperature from 
ensemble experiments of all three RCMs forced by JRA25 
and each individual GCM are shown in Fig. 3a–d. The pre-
cipitation dependence on temperature from ensemble experi-
ments of each individual RCM forced by multi-GCMs are 
presented in Fig. 3e–g. The 99th percentile of precipitation 
intensities from all ensemble members is shown in Fig. 3h. 
Solid lines (with filled circles) represent the extreme pre-
cipitation events from observation and dashed lines (with 
open circles) represent those from the multi-model ensemble 
mean of the RCMs/GCMs. Thin lines in Fig. 3a–g represent 
individual RCM (GCM) [solid lines for NHRCM (CCSM4), 
long dashed lines for NRAMS (MIROC5) and dotted lines 
for WRF (MRI-CGCM3)]. The black dotted line is for refer-
ence purposes and was obtained from the CC relationship. 
Results indicated that the extreme precipitation linked to 

Fig. 2  Temperature (a) and 
precipitation (b) dependent 
model biases computed from 
monthly dataset. The lines in 
the figures indicate the linear 
fits to model biases
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Table 2  Statistics from observation and each individual model. STD 
stands for standard deviation

Mean Bias Variance STD

Daily
 Temperature (in °C)
  Observation 10.9 73.1 8.6
  NHRCM 11.5 0.6 70.3 8.4
  NRAMS 10.8 −0.1 61.2 7.8
  WRF 10.3 −0.6 80.6 9.0
  Ensemble mean 10.9 −0.0

Precipitation (in mm/day)
  Observation 4.6 35.8 6.0
  NHRCM 5.0 0.4 43.4 6.6
  NRAMS 4.2 −0.4 23.3 4.8
  WRF 5.5 0.9 42.6 6.5
  Ensemble mean 4.9 0.3
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Fig. 3  Precipitation dependence on 2 m air temperature from ensem-
ble experiments of three RCMs (NHRCM, NRAMS, and WRF) 
forced by JRA25 and three GCMs (CCSM4, MIROC5, and MRI-
CGCM3) and compared with observation (APHRODITE) over Japan. 
Left panel shows the results of all three RCMs forced by a JRA25, 
b CCSM4, c MIROC5, and d MRI-CGCM3. Right panel shows the 

results of e NHRCM, f NARMS, g WRF driven by all three GCMs, 
and h 99th percentile of precipitation intensities from multi-model 
ensemble. Thin lines in a–g represent individual RCM (GCM) 
[solid lines for NHRCM (CCSM4), long dashed lines for NRAMS 
(MIROC5) and dotted lines for WRF (MRI-CGCM3)]. Shaded region 
indicates ±1SD
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temperature was in near agreement with observations in all 
cases. Intensity of extreme precipitation events has peaks 
around 19–22 °C for all percentiles of observation. The 
multi-model ensemble also reproduced the peaks. Higher 
extreme precipitations (95th and 99th percentiles) are under-
estimated for higher temperatures, ranging from 20 to 22 °C, 
and show a relatively weaker peak. This result coincides 
with previous research over Japan used these RCMs driven 
by the MIROC3.2 (Nayak and Dairaku 2016). All of the 
three RCMs also show similar characteristics (shown as thin 
different lines in Fig. 3h), with some uncertainties, except 
NHRCM forced by MRI-CGCM3 (Fig. 3d, h). Closer looks 
of the relationship of extreme precipitation with temperature 
in each individual RCM or GCM group (in Fig. 3) indi-
cates that none of the individual model is outperforming 
the extreme precipitations at all temperatures. For instance, 
NHRCM is good at lower temperatures (Fig. 3e); WRF is 
good at higher temperatures (Fig. 3g); and NRAMS is good 
at lower temperatures of lower percentiles (Fig. 3f). Simi-
larly, we found that RCMs can reproduce the extreme pre-
cipitations linked to temperature well for the temperatures 
roughly below 19 °C when forced by JRA25, CCSM4 and 
MIROC5 (Fig. 3a–c). The RCMs can reproduce the rela-
tionship well for higher temperature (above ~17 °C) when 
forced by MRI-CGCM3 (Fig. 3d). These indicate that the 
extreme precipitation intensities linked to temperature are 
strongly influenced by individual ensemble experiment. 
However, the extreme precipitations linked to temperature 
in the ensemble mean of three RCMs forced by JRA25 and 
three GCMs follow the observation more closely compared 
to that in each individual experiment (Fig. 3h). This implies 
that the multi-model ensemble approach yields superior 
results compared to an individual experiment (IPCC 2007; 
Kirtman et al. 2014).

To investigate the reproducibility of the results in the 
multi-model ensemble experiments, the different percen-
tiles of daily precipitation intensities linked to temperature 
from the multi-RCMs ensemble experiments forced by the 
multi-GCMs were also compared with observations (see 
Fig. 4). The dependence of daily precipitation on tempera-
ture from the ensemble average also showed an agreement 
with observations, while higher extreme precipitation (90th, 
95th, and 99th percentiles) were underestimated for higher 
temperatures. The multi-model ensemble forced by multi-
GCMs also reproduced peaks.

The comparison of extreme precipitation, forced by 
multi-GCMs and JRA25, with the CC relationship indicates 
that the higher percentiles (90th, 95th, 99th) of precipita-
tion intensities exhibit super-CC scaling at temperatures 
below ~10 °C and all percentiles follow a sub-CC scaling 
for temperatures roughly above 10 °C. Similar relationship 
over Japan was also reported in the previous research forced 
by the MIROC3.2 (Nayak and Dairaku 2016). The extreme 

daily precipitations over different regions of Europe, Japan, 
and Australia also show sub-CC scaling behavior at higher 
temperatures (e.g. Berg et al. 2009; Hardwick et al. 2010; 
Utsumi et al. 2011), but do not show the super-CC at lower 
temperatures. However, we find super-CC scaling at lower 
temperatures over Japan which agrees with previous studies 
by Lenderink and van Meijgaard (2008, 2010) conducted 
at De Bilt (Netherlands), Ukkel (Belgium), Barn (Basel), 
and Zurich (Switzerland). The reason of showing super-CC 
at lower temperatures over Japan could be associated with 
seasonality and regionality. Because the lower temperatures 
over Japan mainly correspond to winter season during which 
the precipitation is determined by extratropical disturbances 
and cold outbreaks from Siberian Highs. This may bring 
significant amounts of precipitation during winter over Japan 
and may likely exhibit a super-CC at lower temperatures. An 
increasing pattern in precipitation intensities was noticed for 
temperatures below ~20 °C and a further increase in temper-
ature caused a decrease in precipitation intensity. Hardwick 
et al. (2010) and Utsumi et al. (2011) also reported similar 
peaks in observed precipitation over the interior of Australia 
and some islands of Japan, respectively.

To further investigate the uncertainties in these results, 
we analyzed the mean ± standard deviation using the results 
of all the ensemble experiments. These are shown as shaded 
region for every percentile in Fig. 4. These results confirmed 
that the range of uncertainty varies with the percentile of 
extreme events and greater uncertainty correlates to a higher 
percentile of extreme precipitation (by 1–5 mm/day for lower 
percentiles (75th, 90th, and 95th) and by 2–7.5 mm/day 
for the 99th percentile). However, observations are almost 
within the uncertainty range of one standard deviation.

Fig. 4  Precipitation dependence from the ensemble mean of nine 
members forced by multi-GCMs and observation (Obs) with uncer-
tainty in the current climate. Shaded region indicates the mean ± 
standard deviation
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4  Projected future changes in precipitation 
dependence on temperature

The frequency distribution of precipitation intensities and 
temperature over Japan are discussed in the framework 
of two climate periods (1981–2000 and 2081–2100). The 
change rates of intensities of mean and extreme precipitation 
are also explored.

4.1  Projected changes of frequency distribution 
of precipitation and temperature

The frequency distribution of precipitation and temperature 
from multi-model ensemble downscaling experiments (see 
Fig. 5) indicates that precipitation intensity as well as tem-
perature are projected to increase in the climate scenarios as 
compared to the current climate. The frequency of precipita-
tion is defined as the number of days in the bins of 5 mm/day 
and the frequency of 2 m air temperature refers to the num-
ber of days in the bins of 1 °C. A significant precipitation 
increase is projected for climate scenarios, in which stronger 
precipitation intensities measure roughly above 15 mm/d, 
but a decrease in precipitation is projected within the range 
of 10–15 mm/day (see Fig. 5a; Table 3). The 2 m air tem-
perature is projected to increase by about 2 °C in climate 

scenarios (Fig. 5b). The frequencies of lower (<1 °C) and 
higher (>19 °C and <23 °C) temperatures are projected to 
significantly decrease in climate scenarios. Warm days (tem-
perature >23 °C) are projected to increase in the future cli-
mate and the cold days (temperatures >1 °C and <10 °C) are 
also projected to increase compared to the current climate. 
Previous multi-model ensemble downscaling research forced 
by MIROC3.2 with an SRES A1B scenario also projected 
the increase in precipitation intensities over Japan in the 
climate scenarios (e.g., Tsunematsu et al. 2013). To account 
for the uncertainty of the multi-model ensemble, we plotted 
the frequency distribution of precipitation and temperature 
for each model. These are shown as thin lines in Fig. 5. We 
also counted the number of models showing positive/nega-
tive changes of precipitation intensities and temperatures 
in the future climate compared to the current climate. Most 
of the models show that the frequency of higher precipita-
tion intensities (>15 mm/day) as well as higher temperatures 
(>23 °C) is projected to increase in the future climate (see 
Table 4). A low frequency of higher precipitation is found 
in NRAMS compared to NHRCM and WRF, as a result of 
a strong dry bias in NRAMS for higher precipitation, as 
discussed in Sect. 3.1.

In the next Sect. 4.2, we analyze the projected change 
rate of mean precipitation intensities per mean change in 
air temperature.

4.2  Projected mean precipitation change per mean 
change in air temperature

We first discussed the change rate of the mean precipitation 
(considering wet days only) change in two climate periods 
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the bins of 5 mm/d and b daily temperature in the bins of 1 °C

Table 3  Increase or decrease of precipitation frequency and amount 
(%) in the future climate with respect to the current climate from 
multi-model ensemble average

We calculated the change of precipitation amount by (future change/
current) × 100

Precipitation bin 
(mm/day)

Change of frequency 
(future–current)

Change of precipi-
tation amount (%)

0.05-5 −83 −2
5–10 13 1
10–15 −14 −3
15–20 19 8
20–25 16 14
25–30 6 10
30–35 9 34
35–40 5 32
40–45 4 64
45–50 3 97
>50 5 57
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with respect to the mean temperature change by using the 
following formula.

where Px is the mean precipitation intensities of the wet days 
during 1981–2000 for current climate (2081–2100 for future 
climate) and Tx is the mean temperature of those wet days.

Using the above Eq. (5) we analyzed the change rates 
in the mean precipitation intensities from each individual 
model and single RCM/GCM group. Figure 6 indicates 
that the change rate in the mean precipitation intensities is 
~1%/°C in each RCM driven by CCSM4, while it is in the 
range of 1.5–3.5%/°C in each RCM driven by MIROC5 and 
2.5–4%/°C in each RCM driven by MRI-CGM3. The change 
rate in the mean precipitation intensities is found higher in 
NHRCM compared to NRAMS and WRF. This implies that 

(5)

Change rate =
Pfuture_mean − Ppresent_mean

Ppresent_mean

(

Tfuture_mean − Tpresent_mean
) × 100

the change in precipitation intensities with respect to the 
change in air temperature is varying from RCM to RCM 
and GCM to GCM. The multi-model ensemble mean of the 
future change rates is found to be 2.4%/°C.

We next discuss the rates of change of extreme precipita-
tions linked to temperature in two climate periods and their 
connection to CC relationship.

4.3  Projected changes of extreme precipitation 
dependence on temperature

The dependence of extreme precipitation on temperature 
for the current climate and the future climate, as computed 
from each nine-member ensemble of experiments by three 
RCMs driven by three GCMs, is highlighted in Fig. 7. The 
dependence of extreme precipitations on temperature of 
three RCMs forced by CCSM4, MIROC5, MRI-CGCM3, 
and multi-GCMs are shown in Fig. 7a–d. The dependence of 
extreme precipitations on temperature from each individual 
RCM forced by multi-GCMs are presented in Fig. 7e–g. 
The 99th percentile of precipitation intensities in current 
and future climate from all ensemble members is shown in 
Fig. 7h. The results for current climate in Fig. 7d are same as 
those in Fig. 4. Similar to the results discussed in Sect. 3.2, 
all percentiles of extreme precipitation exhibit similar sub-
CC scaling for temperatures above 10 °C and peak at the 
19–23 °C range in both current and projected future cli-
mates. The higher percentiles (95th and 99th) show a super-
CC scaling for temperatures below 10 °C. All RCM or GCM 
groups also show similar CC-scaling. The extreme precipi-
tation intensities (all percentiles) in each group are signifi-
cantly increased in climate scenarios at higher temperatures 
except the lower percentiles in the simulations with multi-
RCMs forced by MRI-CGCM3 (Fig. 7a–g). Each individual 
model shows large uncertainties in reproducing the future 

Table 4  Number of models 
showing increase (+) or 
decrease (−) of frequency of 
each precipitation (Prec.) and 
temperature (Temp.) bin in the 
future climate compared to the 
current climate

A blank box indicates that other models could not reproduce the precipitation or temperature in the respec-
tive bin

Prec. bin 
(mm/day)

+ − Temp. bin (°C) + − Temp. bin (°C) + − Temp. bin (°C) + −

0.05–5 3 6 <−4 4 6 to 7 9 0 17 to 18 2 7
5–10 5 4 −4 to −3 5 7 to 8 8 1 18 to 19 9 0
10–15 2 7 −3 to −2 8 8 to 9 9 0 19 to 20 1 8
15–20 7 2 −2 to −1 1 7 9 to 10 8 1 20 to 21 2 7
20–25 8 1 −1 to 0 1 8 10 to 11 3 6 21 to 22 2 7
25–30 6 3 0 to 1 1 8 11 to 12 3 6 22 to 23 2 7
30–35 8 1 1 to 2 4 5 12 to 13 2 7 23 to 24 7 2
35–40 8 1 2 to 3 5 4 13 to 14 2 7 24 to 25 9 0
40–45 8 1 3 to 4 8 1 14 to 15 4 5 25 to 26 9 0
45–50 8 1 4 to 5 9 0 15 to 16 2 7 26 to 27 9 0
>50 8 5 to 6 9 0 16 to 17 1 8 >27 7

Fig. 6  Future change rate of the mean precipitation [considering 
wet days only (≥0.05 mm/day)] change in two climate periods with 
respect to the mean temperature change
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Fig. 7  Daily precipitation dependence on daily mean tempera-
ture from multi-model ensemble downscaling experiments of three 
RCMs (NHRCM, NRAMS, WRF) forced by three GCMs (CCSM4, 
MIROC5, MRI-CGCM3) for the current (1981–2000) and future 
(2081–2100, RCP4.5) climate scenarios over Japan. Left panel shows 

the results of all three RCMs forced by a CCSM4, b MIROC5, c 
MRI-CGCM3, and d all three GCMs. Right panel shows the results 
of e NHRCM, f NARMS, g WRF driven by all three GCMs, and h 
99th percentile of precipitation intensities from multi-model ensem-
ble. The results for current climate in d are same as those in Fig. 4
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changes of extreme precipitation (Fig. 7h). However, the 
higher percentiles in the multi-model ensemble experiments 
confirm that extreme precipitation intensities (99th percen-
tile) are projected to significantly increase by 5 mm/day in 
climate scenarios for temperatures roughly above 21 °C. 
Extreme precipitation intensities increase with temperature 
up to 22 °C in the future climate, while the peak is 20 °C 
for the current climate. The warming shift of about 2 °C is 
consistent with the projected 2 °C rise in temperature in the 
climate scenarios (see Fig. 5b). Extreme precipitation can 
vary exponentially with temperature, according to Eq. (2) 
in Sect. 2. This exponential variation partially supports the 
projected increase of stronger extreme precipitation with the 
increase of temperature in climate scenarios.

In the subsequent Sect.  4.4, we discuss the rates of 
extreme precipitation intensities linked to temperature in 
two climate periods.

4.4  Projected rate of extreme precipitation intensities 
linked to temperature

We calculated the rate of the dependence of extreme pre-
cipitation intensities (α) using the least squares methods 
as described in Sect. 2 and its variation of different pre-
cipitation percentiles (for instance, 75th, 85th, 90th, 95th, 
97th, and 99th) with different temperature ranges in cur-
rent as well as climate scenarios (Fig. 8a–c). The rates (α) 
of different precipitation percentiles for all temperatures 
considered are shown in Fig. 8a; those using only tempera-
tures above 20 °C are shown in Fig. 8b; and those using 
only temperatures below 19 °C are shown in Fig. 8c. The 
rates (α) of all the percentiles are in the range of 3–5%/°C 
(sub-CC) in the current climate, as illustrated by a bold line 
with filled circle in Fig. 8a. These rates (α) are projected to 
increase to 4–6%/°C in the future climate (as shown by the 
bold line with open circle). This result is consistent with the 
previous research over Japan (differences of the ranges are 
around 0.5%/°C) conducted by Nayak and Dairaku (2016) 
with three RCMs (NHRCM, NRAMS, WRF) driven by one 
GCM (MIROC3.2) under the SRES A1B scenario. Extreme 
precipitations of higher percentiles are projected to have 
higher increase rates in climate scenarios. The rates (α) of 
all individual models are also projected to increase in the 
future climate (as shown in thin lines in Fig. 8a). All models 
follow sub-CC in current as well as climate scenarios. We 
counted the number of models showing positive/negative 
changes of rates (α) of different extreme precipitation inten-
sities in the future climate compared to the current climate 
(see Table 5). The table highlights that all models indicate 
increasing change rates (α) of higher percentiles (95th, 97th, 
99th) in the future projection. Figure 8b indicates decreasing 
(increasing) rates (α) in the range of −7–9%/°C (+0–4%/°C) 
for temperature above 20 °C in the current (future) climate.

The rates (α) of higher percentiles (above 95%) for tem-
perature below 19 °C are about 6%/°C. Those are projected 
to increase to 7%/°C (CC-scaling) in the future climate 
(Fig. 8c). The rates (α) are projected to significantly increase 
in climate scenarios due to the shift of the peak associated 
with the projected temperature increase (Figs. 5b, 7).

The change rates shown in Fig. 6 are just the change 
rates of mean precipitation change per mean air tempera-
ture change (Sect. 4.2). That is not same as the rates esti-
mated by CC-relationship as discussed in this section. The 
two analyses (i.e., Fig. 6 in Sect. 4.2 and Fig. 8 in Sect. 4.4) 
have different meanings. Figure 6 highlights the rate of pro-
jected mean precipitation change of all the wet-day events 
per projected mean temperature change. Figure 8 shows the 
rates (CC-scaling α) of extreme precipitations linked to tem-
perature in each current and future climate.

5  Discussions

Our discussion is twofold. First, we focus on the decrease of 
precipitation intensity at higher temperatures; and second, 
we discuss on the future increase of extreme precipitation 
intensities linked to temperature.

5.1  Decrease of precipitation intensity at higher 
temperatures

Our overall results indicate that the extreme precipitations 
linked to temperature over Japan mostly follow the CC rela-
tionship up to a certain degree (for instance 19–22 °C) and 
a further increase in temperature causes a decrease in pre-
cipitation intensity over Japan. These results were found in 
observation as well as in multi-model ensemble downscaling 
experiments. Moreover, similar results have been achieved 
in a multitude of studies conducted over various regions of 
the world (e.g., Lenderink and Meijgaard 2008; Berg et al. 
2009; Hardwick et al. 2010). Increase of extreme precipi-
tations with rise in temperature is plausible, according to 
CC equation, but the question is why precipitation inten-
sities stopped increasing at higher temperatures. Certainly 
at higher temperatures, water vapor increases more slowly, 
while larger amounts of atmospheric moisture are required 
to drive the atmosphere to saturation (Berg et al. 2009). As 
a result, formation of cloud water decreases as moisture is 
required to maintain the precipitation-temperature relation-
ship. Hardwick et al. (2010) also suggest that the amount of 
moisture that is available in the atmosphere is more impor-
tant than the moisture holding capacity in the atmosphere. 
It is possible that oceans play a major role in supplying the 
moisture required for intense precipitation. During summer, 
i.e., at higher temperatures, the moisture parcel from oceans 
becomes sub-saturated due to warmer land surfaces. As a 
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Fig. 8  Increased rate of 
extreme precipitation and its 
variation with increase in per-
centiles of precipitation a con-
sidering all the temperatures; 
b considering the temperatures 
above 20 °C; c considering the 
temperatures below 19 °C. Thin 
lines represent the rate from 
each individual model
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result, saturation gets suppressed and less precipitation is 
produced. Utsumi et al. (2011) highlighted that the satura-
tion level of the atmosphere may be related to changes in the 
wet-event duration measured by the wet-time fraction. In 
their study, the decrease of extreme precipitation intensities 
at higher temperatures was associated with a steep decrease 
in the wet-time fraction over Kyushu and southern islands 
of Japan. Many other theories associated with precipitation 
dependence on temperature have been introduced by Westra 
et al. (2014).

To understand more about the mechanism that precipi-
tation intensity decreases at higher temperatures, we ana-
lyzed the behaviors of cloud cover (Fig. 9), relative humid-
ity at 2 m (Fig. 10), and latent heat fluxes (Fig. 11) over 
Japan land during extreme events in the current climate 
from ensemble experiments. The dependence patterns of 
cloud cover at higher temperatures are found to be similar 
to the precipitation dependence on temperature. The cloud 
cover for each extreme precipitation percentile decreases at 
higher temperatures (see Fig. 9). Relative humidity at 2 m is 
higher for stronger extreme precipitation. However, relative 
humidity decreases at higher temperatures during extreme 
events (95th, 99th percentiles) (Fig. 10). Latent heat flux 
increases at higher temperatures but the rate of increase 
begins to lower at temperatures above 16 °C (Fig. 11). This 
indicates relatively less water vapor supply for saturation at 
higher temperatures, which should cause less cloud forma-
tion and extreme precipitation. These results are consist-
ent with research by Hardwick et al. (2010), in which less 
relative humidity at higher temperatures was observed over 
Australia. We extended the analysis to extreme precipitation 
dependence on dew point temperature rather than tempera-
ture (Fig. 12). As discussed in Sect. 3.2, similar peaks in 

Table 5  Number of models showing positive (+) or negative (−) 
changes of rates (α) of extreme precipitation intensities in the future 
climate compared to the current climate

Percentiles of precipitation 
intensities

Positive change Negative 
change

75 6 3
85 8 1
90 8 1
95 9 0
97 9 0
99 9 0

Fig. 9  Cloud cover (daily) 
as a function of daily mean 
temperature during extreme 
precipitation events for the 
current climate computed from 
ensemble experiments
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with relative humidity at 2 m
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precipitation intensities are obtained for dew point tempera-
ture. Lenderink and van Meijgaard (2010) have also obtained 
similar patterns of extreme precipitation for temperature and 
dew point temperature over the Netherlands.

5.2  Future increase of extreme precipitation intensities 
linked to temperature

Our results also indicate that the rate of increase of extreme 
precipitation is higher in future climate scenarios compared 
to the current climate (see Sect. 4.4). This is projected in all 
of the ensemble members of the multi-model downscaling 
experiments. The projected future change in the increas-
ing rate of precipitation intensities can be attributed to the 
increase of water vapor availability in the warmer atmos-
phere (Nayak and Dairaku 2016). The multi-model downs-
caling experiments show higher specific humidity (at 2 m) in 
higher percentiles of extreme precipitation and the projected 
increase of specific humidity in future climate (Fig. 13). This 
should be seen as a major cause of the projected increased 
rate of extreme precipitation at higher percentiles.

Further we find that the gradual increase of the specific 
humidity with temperature (see Fig. 13) is not consistent 

with the decrease of precipitation intensity (Figs. 6, 9, 10, 
11, 12). This indicates that the projected increase of water 
vapor is not enough for saturation of air mass at higher 
temperatures to induce extreme precipitation; the rise in 
temperature does not increase the moisture availability end-
lessly in the atmosphere to trigger intense rainfall (Westra 
et al. 2014). It limits precipitation intensities after a specific 
temperature. This also can be due in part to the dynamic 
and thermodynamic influences on the atmospheric moisture 
content (Dairaku and Emori 2006; Pall et al. 2007).Thermo-
dynamic changes due to an increase in the concentrations of 
greenhouse gases in the atmosphere modify the temperature 
and give rise to changes in water vapor availability. Simi-
larly, dynamic changes due to the motion of atmospheric 
moisture content modify the nature of atmospheric circula-
tion and alter the intensification of precipitation. Dynamics 
such as circulation patterns may suppress cloud formation 
and extreme precipitation. Another possible reason can be 
the evaporative cooling effect. When very heavy precipita-
tion occurs, it increases the net water vapor storage for the 
first few hours (Zhao et al. 1997) and forces the air tempera-
ture to cool due to an evaporative cooling effect. A reason 
could also be associated with the soil moisture feedback to 

Fig. 11  Same as Fig. 8, but 
with latent heat flux
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the atmosphere. Berg et al. (2015) highlighted that sum-
mertime-mean temperature and precipitation are negatively 
correlated due to the land–atmosphere interaction through 
soil moisture evapotranspiration. In general, evapotranspi-
ration is controlled by the soil moisture availability or by 
atmospheric demand such as temperature, vapor pressure 
deficit and wind speed etc. Thus when soil moisture controls 
surface turbulent fluxes, the land–atmosphere feedback sub-
sequently impacts on the low-level atmosphere (Seneviratne 
et al. 2006).

In our study, the CC scalings were investigated over Japan 
and we found that our results qualitatively agree with previ-
ous studies conducted over different Islands of Japan and 
other regions across the world. However, quantitatively, the 
relationship may be different at various regions because of 
the physical mechanisms of the precipitation and use of 
dataset at various time scales (sub-daily to daily). Daily 
precipitation dataset may not be sufficient to represent short 
duration rainfall events.

6  Conclusions

This study discussed regional climate responses over Japan 
by using multi-RCMs x multi-GCMs experiments to inves-
tigate extreme precipitation related to temperature in current 
and future climates.

We found the followings:

1. Simulated extreme precipitation linked to temperature 
from ensemble experiments agrees well with the obser-

vation that a peak occurs around 19–22 °C for all per-
centiles of extreme precipitation.

2. 2 m air temperature is projected to increase by about 
2 °C in climate scenarios in the late twenty-first century 
(RCP4.5).

3. A significant increase in precipitation under climate sce-
narios is projected for stronger precipitation intensities 
(above 15 mm/day), while a decrease in precipitation is 
projected for precipitation of 10–15 mm/day.

4. The projected change rate of the mean precipitation 
intensities with respect to mean temperature change over 
Japan is found to be 2.4%/°C.

5. An increase in stronger extreme precipitation is pro-
jected with the increase of temperature in climate 
scenarios. Extreme precipitation intensities (95th and 
99th percentiles) are projected to increase by 5 mm/d 
in the future climate for temperatures above 21 °C. The 
extreme precipitation intensities increase with tempera-
tures up to 22 °C in the future climate, while the peak 
is 20 °C for the current climate (about 2 °C warming 
shift).

6. Extreme precipitations of higher percentiles are pro-
jected to have larger increase rates in climate scenarios 
(3–5%/°C in the current climate and 4–6%/°C in the 
future climate).

7. A decrease in precipitation intensity at higher tempera-
tures can be related to water vapor availability. Insuffi-
cient water vapor supply for saturation at higher temper-
atures can cause less formation of clouds and extreme 
precipitation.

Fig. 13  Specific humidity 
(at 2 m) as a function of 2 m 
air temperature in current and 
future climate scenarios
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Responses such as a decrease in precipitation at higher 
temperatures can be dependent on the time-scale of pre-
cipitation (sub-daily or daily), seasons, and regions (Berg 
et al. 2009). We would like to further investigate sub-daily/
daily precipitations in different seasons and sub-regions 
over Japan, in particular to look at the relative importance 
of dynamic and thermodynamic (e.g., available water vapor) 
influences on extreme precipitation associated with an 
increase in temperature.
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