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Abstract:

This paper introduces a method named “hybrid-downscal-
ing” to estimate the future extreme hourly precipitation 
intensity based on observational evidence of the 99th per-
centile precipitation intensity against air temperature in 
Sapporo and Tokyo, Japan. The future projected air tempera-
ture under the Special Report on Emissions Scenarios 
(SRES) A1B was used after dynamical downscaling using 3 
different regional atmospheric models (RAMs) with lateral 
boundary conditions from 3 different general circulation 
models (GCMs). We analyzed the 99th percentile of hourly 
precipitation intensity against daily mean air temperature in 
Sapporo and Tokyo. The 99th percentile precipitation inten-
sity tended to have an approximate equation in which the 
rate of increment was similar to the Clausius-Clapeyron rate 
of change in the saturated water vapor. This study also 
showed that the precipitable water vapor and the convective 
instability followed the Clausius-Clapeyron-like rate of 
change during the hours with the 99th percentile precipita-
tion intensity.

KEYWORDS extreme precipitation; downscaling; Clausius-
Clapeyron; RAM; GCM

INTRODUCTION

The northern island of Japan, Hokkaido, is categorized as 
Dfa or Dfb in the Köppen-Geiger climate classification (Peel 
et al., 2007). Sapporo has a humid continental climate and is 
the largest city in northern Japan with a population of 
approximately 2 million. The number of line-shaped rain-
bands with torrential precipitation has increased in the 
Sapporo area (Yamada et al., 2012). On 23–24 August 2010, 
a line-shaped rainband caused 42 mm h-1 of rainfall in this 
area setting a 53-year record. On September 10 and 11, 2014, 
another torrential rain event which was also associated with 
line-shaped rainbands caused landslides, mudslides, and 
flooding across Hokkaido resulting in an evacuation order 
for nearly 700,000 residents of 330,000 households. 

According to the Japan Meteorological Agency (JMA), at 
least 100 mm h-1 precipitation occurred overnight within 
around 60 km of Sapporo city in that case (EDIS, 2015). 
This evidence indicates that the frequency of extreme rain-
fall events is increasing in this region, which has been 
explained by Farukh and Yamada (2014) using a multivari-
ate statistical approach. As the hydrological cycle intensifies 
under the projected future climate, it is likely that the fre-
quency of such extreme hydroclimatic events will further 
increase. Therefore, projecting future extreme precipitation 
intensity has become one of the major concerns regarding 
climate change adaptation to prevent floods and landslides in 
this area.

Dynamical downscaling techniques have been widely 
used to estimate extreme short-term precipitation in regional 
atmospheric models (RAMs) by applying lateral boundary 
conditions obtained from general circulation models (GCMs) 
with different future scenarios. However, the extreme short-
term precipitation intensity strongly depends on the GCM’s 
behavior itself. Moreover, the near-surface air temperature 
has smaller uncertainties among GCMs compared to the pre-
cipitation (Kharin et al., 2007; IPCC, 2014).

Analyzing in situ data some recent studies have shown the 
relationship between the extreme short-term precipitation 
intensity (such as 99th percentile; hereafter P99) and the 
near-surface air temperature follows the Clausius-Clapeyron 
(CC) rate of change in saturation vapor pressure (e.g., Allen 
and William, 2002; Pall et al., 2007; Kharin et al., 2007; 
Muller et al., 2011; Utsumi et al., 2011). The CC scaling on 
a sub-hourly time scale was potentially applicable, even in 
regions where the CC scaling on a daily time scale was not 
applicable. Fujibe (2013) investigated the long-term changes 
in extreme precipitation on 10-min and hourly scales 
between 1951 and 2010 in Japan. Extreme 10-min and 
hourly precipitation, calculated from 5-year averages of 
annual maximum and 95th percentile values, had high cor-
relations with temperature with a rate of 9.7 ± 4.1% and 8.8 
± 8.3% K-1, respectively. These values are similar to the CC 
rate of change in saturated water vapor (~6% per degree).

The purpose of this study is to introduce a methodology to 
estimate the future P99 (T ) based on observational evidence 
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and the projected future air temperature from dynamical 
downscaling. We investigated P99 (T ) by analyzing 52 in situ 
stations in the Sapporo area compared with the CC rate of 
change. Future air temperatures projected by means of nine 
sets of dynamical downscaling using JMA’s Non-Hydrostatic 
Model (NHM), Weather Research and Forecasting Model 
(WRF), and Regional Spectral Model (RSM) were per-
formed over Hokkaido. Three different lateral boundaries 
for Max Planck Institute (MPI), Model for Interdisciplinary 
Research on Climate (MIROC), and National Center for 
Atmospheric Research (NCAR) GCMs were used to esti-
mate P99 (T ) under climate change conditions. The next sec-
tion introduces the methodology, and the results are shown 
in the following section. Finally, a summary is given.

METHODOLOGY

Data
The in situ data were obtained using the Sapporo Multi-

sensors (SMS) network mainly operated by Sapporo City, 
which has 52 stations in Sapporo and its surrounding cities 
(Figure 1a). SMS provides precipitation intensity and air 
temperature data on a 10-min time scale from 1992 to 2011 
(Kikuchi et al., 2001; Sakazaki and Fujiwara 2008; Farukh 
and Yamada 2014). We analyzed the SMS dataset to investi-
gate the relationship between P99 (T ) and the corresponding 
surface air temperatures. In fact, SMS provides precipitation 
and snowfall data individually and their measurement sys-
tems and measurement units also vary. So there is a small 
possibility of mixing up snowfall with precipitation in our 
analyses. The P99 (T ) was selected only for the hours during 
which we observed or simulated precipitation more than or 
equal to 0.5 mm h-1 against every 2°C, and the definition of 
P99 (T ) for observation and model output data is the same. 
The JMA measures several meteorological variables by 
radiosonde twice per day in Sapporo (9:00 and 21:00 LST). 
We estimated saturated water vapor amount (SWV99 (T )), 
precipitable water (P99 (T )) and the Showalter stability index 
(SI99 (T )) in the Sapporo area when P99 (T ) was observed. 
The radiosonde measurement is limited to only twice a day. 
Furthermore, the vertical temperature gradient above around 
the 700 hPa level was missing (which is evident from 
SkewT-LogP diagram and the raw data) for many of the 
radiosonde observations. Due to these reasons, SWV99 (T ) 
was calculated by vertically integrating the saturated water 
vapor from the surface to the tropopause assuming that the 
temperature decreases at the lapse rate of 0.65°C per 100 m 
from the prescribed surface temperature.

The relationship between P99 (T ) and air temperature in 
the Tokyo area (Figure 1b) was also investigated. In the 
Tokyo area, we analyzed a precipitation dataset measured by 
the Tokyo Metropolitan Government, where the availability 
and accuracy of in situ data are reliable from a strong data 
measurement network with good spatial coverage (e.g., 
Kusaka et al., 2010). In this area, the total number of rain 
gauges is 69 and the measurements were performed from 
1991 to 2004. To estimate P99 (T ) against air temperature, we 
used the nearest Automated Meteorological Data Acquisition 
System (AMeDAS) which is maintained by the JMA.

Dynamical downscaling
Giorgi and Bates (1989) explained dynamical downscal-

ing as a modern technique to estimate the climate change 
effect in a particular domain through a RAM nested in lower- 
resolution boundary conditions derived from a GCM. In 
this study, a dynamical downscaling was performed over all 
of Hokkaido and its vicinity areas (38~50°N and 135~150°E) 
with an approximately 10-km spatial resolution using three 
RAMs referred to as NHM (Saito et al., 2006), WRF 
(Skamarock et al., 2008), and RSM (Juang and Kanamitsu, 
1994; Kanamaru and Kanamitsu, 2007). All of these RAMs 
are widely used in dynamical downscaling or operational 
forecast experiments. The lateral boundary conditions used 
for the dynamical downscaling were from MPI (Roeckner et 
al., 2003), MIROC (Hasumi and Emori, 2004), and NCAR 
(Collins et al., 2006) GCMs both in the current i.e., 20th 
century experiment (20C3M) and future climate conditions 
on the Special Report on Emissions Scenarios (SRES) A1B 
(Meehl et al., 2007). We conducted 10-year simulations for 
both current and future climates. For the future simulations, 
a 10-year period with a global 2°C air temperature increase 
was analyzed (MPI: 2060–2069; MIROC: 2050–2059; 
NCAR: 2080–2089) against a 10-year period between 1990 
and 1999 for the current simulations. The simulated air tem-
perature in the Sapporo area was used to investigate the 
future P99 (T ) after applying a correction to remove the 
model bias. Note that all the models showed a temperature 
increase in the future state.

A method for estimating the future 99th percentile pre-
cipitation intensity (hybrid-downscaling)

A hybrid-downscaling approach combining both dynami-
cal and statistical downscaling is applied to estimate the 
future P99 (T ). In this study P99 (T ) was investigated in both 
the Sapporo and Tokyo areas. We obtained P99 (T ) for each 
daily mean air temperature range at every 2°C. The same 
procedure was performed for nine sets of dynamically down-
scaled precipitation using NHM, WRF, and RSM all com-
bined with MPI, MIROC, and NCAR lateral boundaries in 
the 20C3M and A1B scenarios. The relationship between 
P99 (T ) and the air temperature was applied to the future pro-
jected air temperature after excluding the influence of model 
biases using the following steps: i) we investigated the 99th 

Figure 1. Geographic distribution of observational sites in 
the (a) Sapporo and (b) Tokyo areas. Yellow circles indicate 
locations of rain gauge stations



T. J. YAMADA ET AL.

—110—

percentile precipitation intensity and air temperature to 
obtain the regression function of the 99th percentile precipi-
tation intensity as a function of air temperature; ii) we cor-
rected the future projected air temperature for model bias by 
adding the difference between the simulated and observed 
air temperature for the current to the simulated future air 
temperature; iii) we applied the bias-corrected air tempera-
ture to the regression function for each SMS station; iv) the 
above three procedures were applied with different model 
results; and v) we estimated the future P99 (T ) using different 
sets of NHM, WRF, and RSM and three different GCM pro-
jections as the multi-model ensemble result.

RESULTS

Ninety-ninth percentile hourly precipitation intensity
Figure 2a shows P99 (T ) based on observation data in the 

Sapporo (blue circles) and Tokyo (red circles) areas. The 
dashed lines indicate the CC rate of change. Green asterisks 
show SWV99 (T ). In the Sapporo area, P99 (T ) follows the CC 
rate of change between 0°C and 23°C. A similar characteris-
tic was also evident in the Tokyo area, where P99 (T ) follows 
the CC rate of change until around 26°C. Note that the rate 
of change is similar but not exactly the same. The tendency 
could be related to the lower number of precipitation events 
(only 90 events in a 25°C air temperature range during our 

target period in the Sapporo area), in addition to the decrease 
in the wet-event duration (Utsumi et al., 2011). The light 
blue squares in Figures 2a and 2c indicate PW99 (T ). In 
Figure 2c, error bars were calculated for every 5°C. As 
shown in Figure 2c, PW99 (T ) follows the CC-like rate of 
change along with the saturation vapor pressure for water 
(Figure 2b), as well as that of precipitation. The difference 
between SWV99 (T ) and PW99 (T ) is the amount between the 
maximum limit of water vapor and the actual water vapor 
when the 99th percentile precipitation intensity occurs. The 
difference between PW99 (T ) and P99 (T ) indicates the effi-
ciency of precipitation against the actual amount of water 
vapor.

Figure 2d shows the SI99 (T ) against air temperature in the 
Sapporo area. SI99 (T ) decreases with an increase in air tem-
perature, and the change is noticeably steep within the 
10–20°C temperature range, similar to P99 (T ) and PW99 (T ). 
Therefore, the reason why P99 (T ) follows the CC-like rate of 
change can be explained by the characteristics of the amount 
of water vapor and vertical instability.

Future 99th percentile precipitation intensity
To avoid the limitation of sample numbers in warmer tem-

perature ranges, P99 (T ) was averaged among 52 SMS sta-
tions within each air temperature range (Figure 3). In this 
panel, blue circles indicate the spatially averaged P99 (T ) 
expressed as ( )99P T  . Its standard deviation (SD) among 52 

Figure 2. (a) Ninety-ninth percentile precipitation intensity [mm h-1] against daily mean 2m height air temperature [°C] in the 
Sapporo (blue circles) and Tokyo (red circles) areas. Precipitable water amount (light squares) [mm] and saturated water vapor 
(green asterisks) [mm] at 99th percentile precipitation intensity in the Sapporo area are plotted. The dashed lines indicate the 
CC rate of change. (b) Saturation vapor pressure for water [hPa]. (c) Same as precipitable water [mm] at 99th percentile pre-
cipitation intensity in the Sapporo area. (d) Showalter stability index at 99th percentile precipitation intensity in the Sapporo 
area. In (c) and (d), error bars indicate the standard deviations of each variable for each 5°C air temperature range
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SMS stations is shown by blue whiskers. The blue solid line 
is the regression line of ( )99P T   and is expressed as:

( )
0.0258 1.99

99
10

24

T
P T

+

=  (1)

where, T is the air temperature (°C). Here, we name Equation 
(1) as “equation of the 99th percentile hourly precipitation 
intensity in Sapporo.”

Figure 4 shows multi-GCMs with multi-RAMs ensemble 
mean ( )99P T   for both current (blue circles; 99MP

P  (T )) and 
future (red circles; 99MF

P  (T ) ) climate conditions. The blue 
and red solid lines with shading denote the positive standard 
deviations (+SD) for current and future climate conditions, 
respectively (due to some negative values the -SD is not 
shown here in a log scale). The subscripts MP and MF denote 
current (P) and future (F) climates in the model simulations. 
The blue thick line indicates the spatially averaged P99 (T ) 
which is expressed by Equation (1). In multi-GCMs with 
multi-RAMs ensemble mean, both the 99MP

P  (T ) and 99MF
P  (T ) 

behave almost similarly for positive temperature ranges up 
to approximately 24°C. But 99MP

P  (T ) dropped in the case of 
temperatures below -5°C. Although 99MF

P  (T ) showed an 
increasing trend up to 24°C, almost a similar trend between 

99MP
P  (T ) and 99MF

P  (T ) can be seen up to about 22°C. 
Therefore, as the multi-model ensemble results suggest, 
such an increasing trend of air temperature range will be 
conserved in the future climate conditions.

Fujibe (2013) also revealed an increase of extreme short-
term precipitation over Japan after 1980 in accordance with 
the rapid temperature increase. Lenderink et al. (2011) 
showed hourly extreme precipitation had a dependence of 
over 10% K-1 on air temperature. Nevertheless, based on the 
results of our study it could be assumed that Equation (1) can 
be applied to the future climate projections. Furthermore, 
according to Figure 2a P99 (T ) increases for temperatures of 
up to approximately 26°C in the Tokyo area. Likewise, an 
increasing trend in P99 (T ) was found for temperatures rang-
ing up to approximately 23°C in the Sapporo area. This 

result could support our assumption that P99 (T ) in the 
Sapporo area will increase under future climate conditions. 
Several studies have found that climate models have diffi-
culties in simulating ( )99P T   parallel to the CC rate of change 
(e.g., Allen and William, 2002; Muller et al., 2011). This is 
one of the reasons why simulating extreme short-term pre-
cipitation using climate models is challenging, and this 
motivated us to devise an alternative method to estimate the 
extreme short-term rainfall intensity in the future climate by 
using the observational evidence.

Finally, the future P99 (T ) in four seasons (March-April-
May (MAM); June-July-August (JJA); September-October-
November (SON); December-January-February (DJF)) was 
estimated using Equation (1) and the projected air tempera-
tures after removing the model bias at each SMS station. 
Figure 5 shows the number of SMS stations for P99 (T ) for 
both current (blue bars; observation) and future (red bars; 
multi-GCMs and multi-RAMs ensemble mean) climate con-
ditions with their fitted histograms (black solid lines). For 
the current climate condition, P99 (T ) was calculated directly 
from 52 stations of the SMS dataset during the 20 years 
between 1992 and 2011. On the other hand, the future P99 (T ) 
for MPI (2060–2069), MIROC (2050–2059), and NCAR 
(2080–2089) GCMs was estimated under the condition that 
the global mean air temperature will increase by 2°C, while 
the red bars also indicate the multi-GCMs with multi-RAMs 
ensemble mean.

In the current climate condition, P99 (T ) in the Sapporo 
area varies from 5.2 to 6.2 mm h-1 for MAM, with an aver-
age value of 5.7 mm h-1 (see Figure 5a). The extensive rainy 
months JJA shows the maximum spread of P99 (T ) between 
11.5 and 13.6 mm h-1, with P99 (T ) centered at 12.5 mm h-1. 

Figure 3. Relationship between spatially averaged 99th per-
centile precipitation intensity [mm h-1] in the Sapporo area 
(blue circles) and its standard deviation at each air tempera-
ture (blue whiskers). The dashed lines indicate the CC rate 
of change

Figure 4. Multi-model ensemble mean 99th percentile pre-
cipitation intensity in the Sapporo area under the current 
(blue circles) and future (red circles) climate conditions 
dynamically simulated by NHM, WRF, and RSM with lat-
eral boundary conditions from MPI, MIROC, and NCAR. 
The dashed lines indicate the CC rate of change, while the 
blue and red shadings represent positive standard deviations 
(+SD) for current and future climate conditions, respec-
tively. Thick solid line indicates the spatially averaged 99th 
percentile precipitation intensity [mm h-1] in the Sapporo 
area which is expressed as Equation (1)
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A moderate spread of P99 (T ) can be observed for SON (6.7 
to 8.4 mm h-1), whereas the minimum spread is found for 
DJF (2.9 to 3.6 mm h-1). On the contrary, for the future cli-
mate state the ensemble mean shows P99 (T ) is centered at 
7.0 mm h-1 for MAM and varies between 6.4 and 7.6 mm h-1 
in the Sapporo area (Figure 5a). The maximum P99 (T ) 
spread (13.7 to 15.9 mm h-1) would be in JJA while P99 (T ) is 
centered at 14.6 mm h-1, and compared to current climate, a 
relatively lower number of stations would receive such a 
precipitation. Shifting of the center of the histograms along 
with significant P99 (T ) spreads are also evident for SON and 
DJF for the future climate state. The spread is more notice-
able for SON from 8.1 to 10.2 mm h-1, whereas in DJF a 
relatively larger number of stations will experience such pre-
cipitation. Therefore, combining all the seasons, the future 
P99 (T ) in the Sapporo area under the condition of a global 
2°C temperature increase would trigger around a 1.2 fold 
increase of P99 (T ), whereas future projected air temperature 
would increase by 3.5°C for MAM, 2.8°C for JJA, 3.1°C for 
SON, and 3.3°C for DJF.

SUMMARY

This study investigated the 99th percentile hourly precip-
itation intensity against air temperature in the Sapporo and 
Tokyo areas. In both areas, the 99th percentile hourly precip-
itation intensity followed the CC-like rate of change (the 
dependence is not exactly the same but similar) until a 
threshold air temperature is reached. More specifically, 

observation showed that the 99th percentile hourly precipi-
tation intensity follows the CC-like rate of change until 
around 23°C and 26°C in Sapporo and Tokyo, respectively. 
We note that these findings should be interpreted cautiously 
because the results could have been affected by the limited 
number of precipitation events and a decrease in the wet-
event duration. The precipitable water vapor and the convec-
tive instability (e.g., SI) followed the CC-like rate of change 
during the hours with the 99th percentile precipitation inten-
sity. Dynamical downscaling using NHM, WRF, and RSM 
was performed over Hokkaido for both current and future 
climate conditions using different lateral boundary condi-
tions for MPI, MIROC, and NCAR. The results showed that 
the gradient of the 99th percentile hourly precipitation 
intensity against daily air temperature among different 
climate conditions was similar in the Sapporo area. This 
result motivated us to show the observation based equation 
for the 99th percentile precipitation intensity in the Sapporo 
area that can be applied to a future state in which the global 
mean air temperature increases by approximately 2°C. Based 
on this assumption, we proposed a methodology named 
“hybrid-downscaling” to estimate the future 99th percentile 
precipitation intensity by combining the equation of the 
observation-based 99th percentile precipitation intensity and 
projected future air temperature using dynamical downscal-
ing. This method can be applied to other areas in which a 
CC-like rate of change is found and the gradient of the 99th 
percentile precipitation intensity is conserved after dynami-
cal downscaling under both current and future climate con-
ditions.

Figure 5. Relationship between observational and future projected 99th percentile precipitation intensity in four seasons. Blue 
bars indicate the observational 99th percentile precipitation intensity at 52 SMS stations and red bars for the future state as a 
multi-model ensemble result among multi-GCMs with multi-RAMs. The black curves show the normal distribution for all the 
individual cases
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