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Abstract. This study investigated the impact of global warming on summertime heavy rainfall
using the Weather Research and Forecasting model with the pseudo global warming (PGW)
method. WRF simulations were conducted for August 2014 over a domain covering Japan, in
which two big typhoons attacked Japan and rain fronts frequently passed over, in a baseline and
two PGW (RCP4.5 and RCP8.5) conditions. The analysis showed that the future climate led to
a larger amount of precipitation than the past climate during the study period in Japan. The mean
increase rate of upward moisture supply from the surface of the entire modelling domain was
2.8% K1 in RCP4.5 condition and 3.3% K™ RCP8.5 condition. The mean increase rate of 2-m
specific humidity was 6.7% K in both RCP4.5 and RCP8.5 conditions, which is comparable to
the Clausius-Clapeyron relationship. Therefore, the water supply from the lateral boundaries
contributed to the increase in humidity largely and precipitation subsequently. The increases in
precipitation related to typhoons were larger than rain fronts, in particular, the changes were
remarkable over the paths of typhoons. These results show global warming will significantly
increase the summertime heavy precipitation over Japan in the future.

1. Introduction

In recent decades, climate change is proceeding as a consequence of global warming. According to the
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report, the climate change causes
severe precipitation events with more intense and more frequent rainfall [1]. This is because the
saturation pressure of water vapour increases due to the air temperature rise under the global warming,
and the water vapour supplied from the sea increases due to the rise in sea surface temperature. Based
on the Clausius-Clapeyron (CC) relationship, the atmosphere can hold more moisture in warmer air
temperatures with a rate of about 6-7% K™, and extreme precipitation intensities can also increase by
this rate because of global warming [2-5]. While daily extreme precipitation intensities typically
increase with a warming atmosphere by within the rate expected from the CC relationship [6,7], changes
in shorter duration precipitation extremes may well exceed the rate [6].

The Pseudo Global Warming (PGW) method, which is a dynamical downscaling method proposed
by Kimura and Kitoh [8], allows the projections of regional climate change of a specific precipitation
event. Several previous studies have applied the method to analyses on Baiu rain front [9] and typhoons
[10-12], and reported that global warming should have a large impact on precipitation. In this study, we
focused on recent heavy precipitation events observed in August 2014, in which Typhoons Nakri and
Halong attacked Japan and rain fronts frequently passed over [13]. The total precipitation of the month
was the largest on record for August in western Japan. During this period, torrential rain and storms
caused serious damage in Japan such as landslides, inundations, floods, and other disasters. Typhoon
Nakri occurred in the east of the Philippines on July 29, 2014, and approached the Okinawa and Amami



Islands from July 31 to August 1. The typhoon caused heavy rain in Japan even after it turned into a
tropical depression in the Yellow Sea on August 3. Typhoon Halong, which occurred on the east of
Guam on July 29, approached the Daito Islands on August 7. It approached and passed through the
Shikoku and Kinki regions in western Japan from August 9 to 10, causing the highest peak precipitation
in the series of events. In the last half of the month, rain fronts stagnated near Japan and led to frequent
occurrence of intense rainfall events. On August 20, landslides occurred at Hiroshima city following an
intense rain of more than 100 mm h. During these events, warm and humid air was continuously
supplied from south of Japan. In order to evaluate the impact of global warming on record-high
summertime precipitation over Japan, this study conducted numerical simulations of the precipitation
events in August 2014 using the Weather Research and Forecasting (WRF) model [14] version 3.7 with
the PGW method.

2. Methods

2.1. Model configurations

This study focused on the series of heavy rainfall events in August 2014. Figure 1 shows the WRF
modelling domain on the Lambert conformal conic projection map, which has an area of 2250 km x
2250 km and covers almost all of Japan. The horizontal resolution and the number of grid cells are 5km
and 450 x 450, respectively. The vertical layers consisted of 40 sigma-pressure coordinated layers from
the surface to 100 hPa. Figure 1a also shows average sea surface temperature in the study period, which
tended to be higher than that in August of 1981-2010 according to the Japan Meteorological Agency
(JMA) [15]. As shown in Figure 1b, there are 147 meteorological observatories for validation of WRF
simulation in the domain. The area of Japan was divided into eight regions consisting of Hokkaido,
Tohoku, Kanto, Chubu, Kinki, Chugoku, Shikoku, and Kyushu. The numbers of observatories in these
regions are 18, 17, 17, 30, 11, 14, 9, and 31, respectively.

Static geographical data, objective analysis data, and physical parameterizations used in this study
were similar to those used by Shimadera et al. [16]. Topography and land use were derived from the 30-
s resolution data of the United States Geological Survey and the 100-m resolution National Land
Numerical Information data of the Geospatial Information Authority of Japan, respectively. Initial and
boundary conditions in the atmosphere were derived from the mesoscale model grid point value (MSM
GPV) data by JIMA [17]. Daily sea surface temperature was derived from the high-resolution, real-time,
global sea surface temperature analysis data (RTG_SST _HR) by the U.S. National Centres for
Environmental Prediction (NCEP) [18]. Initial conditions of variables on the ground surface and in soil
layers were derived from the final operational global analysis (FNL) data by NCEP [19]. The MSM
GPV data have spatial resolutions of 0.0625° (longitude) x 0.05° (latitude) for ground level data and
0.125° (longitude) x 0.1° (latitude) for pressure level data and a temporal resolution of 3 hours. The
RTG_SST_HR data have a spatial resolution of 0.0833° and a temporal resolution of 24 hours. The FNL
data have a spatial resolution of 1° and a temporal resolution of 6 hours. The physical parameterizations
used in this study include the Yonsei University scheme [20] for the planetary boundary layer
parameterization, the WRF single-moment 6-class microphysics scheme [21], the Noah land surface
model [22], the rapid radiative transfer model [23] for long wave radiation, and the Dudhia scheme [24]
for the shortwave radiation.

Meteorological fields in August 2014 were produced by repeating 5-day simulations with 4-day
(from 1st to 4th day) spin-up 31 times. During the spin-up period, the grid nudging for horizontal wind
components was applied with a nudging coefficient of 1.0 x 10 s™* in the entire simulation domain
with the MSM GPV data.

2.2. Experimental design

In order to estimate the sensitivity of precipitation to global warming in the heavy rainfall in August
2014, WRF simulations were conducted in one baseline condition and two PGW conditions (RCP4.5
and RCP8.5). The baseline simulation should reproduce meteorological fields accurately with initial and
boundary conditions prepared from MSM GPV, NCEP FNL and RTG_SST_HR datasets. The PGW
conditions were prepared with the global bias-corrected climate model output data from the Community



Earth System Model version 1 by the U.S. National Centre for Atmospheric Research [25]. We used
datasets for a 20th century simulation (20THC) and two concomitant Representative Concentration
Pathway (RCP) future scenarios (RCP45 and RCP85), which are based on the IPCC ARS.

In order to develop PGW fields, averaged climate conditions were calculated from 30-year data for
two months (July and August) during 1971-2000 in 20THC for the past and during 2071-2100 in
RCP4.5 and RCP8.5 for the future. Then, anomalies of global warming were calculated as the difference
between the averaged future and past climate conditions, and were added to the regional climate dataset
of the baseline condition. Thus, sets of the PGW conditions were constructed for various meteorological
factors, for example, air temperature, humidity, sea surface temperature, sea level pressure and wind
speed. Figure 2 illustrates spatial distributions of surface air temperature and sea surface temperature
differences in the future conditions (RCP45 and RCP85) from the past condition (20THC). The mean
increase amounts over the entire domain of surface air temperature and sea surface temperature from
20THC were 1.4 K and 1.3 K in RCP45 condition, and 3.2 K and 2.7 K in RCP85 condition, respectively.
The increase in air temperature was larger than in sea surface temperature, and in regard to spatial
distributions, the change in high latitude was larger than in low latitude.
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Figure 1. Modelling domains showing (a) topography of land areas and average sea
surface temperature of August 2014; (b) locations of meteorological observatories and
division of regions for analyses of precipitation.

3. Results and Discussion

3.1. Model Performance

The result of the WRF simulation in the baseline condition was compared with observation data. The
index of agreement for all the meteorological observatories was 0.96 for air temperature, 0.95 for
specific humidity, 0.85 for wind speed and 0.74 for precipitation. The values indicate high correlations
and small biases between the observed and simulated meteorological variables. Figure 3 shows
comparisons between observed and simulated monthly precipitations at all the observatories in August
2014. Although the model tended to underestimate at the observatories where the monthly values over
approximately 500 mm were observed, most of the simulated values (85%) were within a factor 2 of the
observed values. Figure 4 shows spatial distributions of the observed and simulated monthly
precipitations in August 2014. The observed precipitation was obtained from the Radar/Raingauge-
Analyzed Precipitation data by JMA [26]. The Radar/Raingauge-Analyzed Precipitation data have a
spatial resolution of 1 km and a temporal resolution of 30 minutes, and cover areas within a few hundred
kilometers from the coastal lines of Japan. Although the simulation slightly underestimated the largest
amount of monthly precipitation in the Shikoku region caused by Typhoons Nakri and Halong, it
approximately reproduced the spatial variation pattern over the land area in Japan.
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Figure 2. Spatial distributions of surface air temperature differences of the
30-year means for July and August from the past period, 1971-2000, in (a)
RCP4.5 and (b) RCP8.5 (2071-2100), and of sea surface temperature
differences of the 30-year means for July and August fro m the past period in
(c) RCP4.5 and (d) RCP8.5.
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Figure 4. Spatial distributions of monthly precipitation in August 2014
obtained from (a) Radar/Raingauge-Analyzed Precipitation data and (b)
baseline condition. The Radar/Raingauge-Analyzed Precipitation data covers
areas within a few hundred kilometers from the coastal lines of Japan.

3.2. Sensitivity under PGW conditions
The sensitivity of precipitation to global warming was analysed in terms of temporal and spatial
variations. Figure 5 shows a time series comparison of daily precipitations averaged for all the
meteorological observatories in the baseline and PGW conditions. Figure 6 shows monthly precipitation
averaged for the meteorological observatories over the land of Japan and each of the eight regions
(Figure 1b) in August 2014. Figure 7 illustrates spatial distributions of daily precipitation difference
from the baseline condition in the PGW conditions for the first and last halves of the simulation period.
Table 1 shows 2-m air temperature, 2-m specific humidity, monthly precipitation and upward water
vapour flux averaged over the land area of Japan, the sea area, and the entire area in the modelling
domain. The increase in precipitation under PGW conditions, especially under RCP8.5 condition, were
remarkable over southern to western Japan including the Kinki and Shikoku regions where there was a
large amount of precipitation associated with Typhoons Nakri and Halong during the first half of August
2014. By contrast, there were smaller changes in the amount of precipitation related to rain fronts during
the last half of the month. As a result, the mean increase amounts of precipitation under RCP8.5
condition were 4.0 £ 1.7 and 2.2 £ 1.4 mm d " K™* over the land area of Japan in the first and last halves,
respectively. The large difference between the two periods was probably due to the difference in the
total precipitation (larger in the first half and smaller in the last), because the difference in the
corresponding increase rates (8.6 and 7.5% K™ for the first and last halves, respectively) was less clear.
The mean increase rates of upward moisture supply from the surface of the entire area of the
modelling domain to 2-m air temperature increase were 2.8% K and 3.3% K™* in RCP4.5 and RCP8.5
conditions, respectively, and the rates of 2-m specific humidity change were larger with the values being
6.7% K™ in both PGW conditions. Based on the CC relationship, as mentioned above, the atmosphere
can hold more moisture in warmer air temperatures with a rate of about 6-7% K™, namely the 2-m
humidity increase rates were comparable to the rate of the CC relationship. These results suggested that
the most of the increased amount of water were transported from the lateral boundaries, particularly the
south one with warm and humid air inflows. The rates of the precipitation change were still larger than
the change of the water flux and of the humidity, furthermore localized or in short durations, the rates
were much larger than the CC relationship. Additionally, the increasing rate of precipitation to 2-m air
temperature in RCP4.5 was larger than in RCP8.5. This is because the saturation pressure of water
vapour increases exponentially with air temperature, which resulted in a larger amount of precipitable
water under higher temperature condition. It suppressed the increase in precipitation in this research,
and it should also enhance the potential for extreme precipitation.
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Figure 5. Temporal variations of daily precipitation averaged for all the
meteorological observatories in August 2014 for the comparison of the baseline,
RCP4.5, and RCP8.5 conditions.
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Figure 6. Monthly precipitation averaged over the land area of Japan and each region
in August 2014 for the comparison of the baseline, RCP4.5, and RCP8.5 conditions.

4. Conclusions

This study was conducted to investigate the impact of global warming on simulated precipitation fields
in the period. Numerical experiments under pseudo global warming conditions were conducted for
examining the sensitivity of simulated heavy precipitation to global warming.

Precipitation generally increased under pseudo global warming conditions. The analysis showed that
the future climate led to a larger amount of precipitation than the past climate during the study period in
Japan. The mean increase rate of upward moisture supply from the surface of the entire area of the
modelling domain was 2.8% K™ in RCP4.5 condition and 3.3% K™ in RCP8.5 condition. The mean
increase rate of 2-m specific humidity was 6.7% K™ over the entire domain in both RCP4.5 and RCP8.5
conditions, which is comparable to the Clausius-Clapeyron relationship. Therefore, the water supply
from the boundary contributed largely to the increase in humidity, and subsequent precipitation. The
increases in precipitation related to typhoons were larger than rain fronts, in particular, the changes were
remarkable over the paths of typhoons. These results show global warming will significantly increase
the summer-time heavy precipitation over Japan in the future.
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Figure 7. Mean daily precipitation difference from the baseline condition in

(a) RCP4.5 and (b) RCP8.5 conditions during the first half of August 2014, and

(c) RCP4.5 and (d) RCP8.5 conditions during the last half of August 2014,

Table 1. 2-m air temperature, 2-m specific humidity, monthly
precipitation and upward surface water vapour flux averaged over
land area of Japan, sea area, and entire area in the modelling
domain in the baseline, RCP4.5, and RCP8.5 conditions.

Area Baseline RCP4.5 RCP8.5
2-m air temperature (°C)
Japan 22.2 23.6 25.3
Sea 25.7 27.1 28.6
Domain 24.9 26.3 27.9
2-m specific humidity (g kg?)
Japan 15.1 16.6 18.4
Sea 18.1 19.6 21.6
Domain 17.2 18.7 20.6
Precipitation (mm month™)
Japan 376 444 471
Sea 214 251 277
Domain 217 255 279
Upward surface water vapour flux (mm month™)
Japan 90 91 96
Sea 109 113 120
Domain 107 111 118
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