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Abstract: Hazardous heavy rainfall and wide-scale inundation occurred in the Kinugawa River 
basin, north of Tokyo, in 2015. In this study, ensemble hindcast and non-global warming (NGW) 
simulations of this heavy rainfall event were implemented. In the NGW simulations, initial and 
boundary conditions were generated by using the outputs of natural forcing historical experiments 
by twelve different global climate models. The results of the hindcast and NGW simulations 
indicated the high likelihood of the generation of linear heavy rainfall bands and the intensification 
of Kinugawa heavy rainfall due to anthropogenic greenhouse gas emissions. However, in some 
NGW simulations, the total rainfall was greater than in the hindcast. In addition, the maximum total 
rainfall was greater in many NGW simulations. Lower atmospheric temperature, sea surface 
temperature (SST), and precipitable water content (PWC) under the initial conditions can cause less 
rainfall in the NGW simulations. However, some discrepancies were found in the initial conditions 
and simulated rainfall; less rainfall with higher atmospheric temperature, SST and PWC, and vice 
versa. A detailed investigation of simulated atmospheric conditions explained the simulated 
rainfall. These results indicate that it is not sufficient to examine climatological anomalies to 
understand individual extreme weather events, but that detailed simulations are useful. 

Keywords: climate change; event attribution; heavy rainfall; numerical simulation; regional weather 
model; natural greenhouse gas emission 

 

1. Introduction 

In the fifth assessment report of the intergovernmental panel on climate change (IPCC), the 
dominant cause of observed atmospheric heating (or global warming) is observed to be the effect of 
human activities [1]. From 1880 to 2012, the global mean surface air temperature increased by 0.85 K. 
In Japan, the mean surface air temperature has increased by 1.19 K/100 years. It is also suggested that 
heavy rainfall will intensify, and their frequency will increase at the end of this century in tropical 
regions and midlatitude areas. 

Recently, the impacts of climate change on the magnitude of an individual extreme weather 
event or probability of occurrence have been investigated by event attribution (EA) approaches [2]. 
There are several different implementations in EA approaches. Observation-based approaches use 
long-term data and evaluate differences in the probability or magnitude of events between two 
decades before and after the increase in the concentration of anthropogenic greenhouse gases (GHGs) 
[2–5]. Model-based approaches investigate differences in target weather and climate phenomena 
simulated by a model under different conditions. In model-based approaches, a number of studies 
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perform long-term simulations by using a global climate model (GCM) and compared the 
probabilities of target events [2,5,6–8]. However, high-resolution regional weather models are used 
to examine anthropogenic impacts on specific extreme weather events. Both low- and high-resolution 
models have investigated the effects of climate change on super-typhoon Haiyan in 2013 [9]. In [10], 
high-spatial-resolution weather simulations were performed to investigate the impacts of variations 
in GHG levels and land cover on the climate in arid and semiarid regions of China. An EA method 
with a high-resolution weather model was applied to several tropical cyclones in the US [11]. In 
addition to evaluating differences in probabilities, a physical understanding of the causes of 
variations in extreme events is also important [12,13], and an EA based on a high-resolution model is 
appropriate for that purpose. 

In this study, the EA technique is applied to extreme heavy rainfall in the Kinugawa River basin, 
Japan, by using a high-spatial-resolution numerical weather model. The Kinugawa basin is located 
in the north of the Kanto region. In the mountainous area of the Kinugawa River basin, the mean 
annual precipitation is the largest in the north of the Kanto region. Because of the complex 
topography, local heavy rainfall often occurs in summer months. In September 2015, because of 
typhoons 17 and 18, warm and wet air masses came from the south into the eastern part of Japan, 
and multiple linear precipitation bands were repeatedly generated in the Kanto and Tohoku regions. 
As a result, the total precipitation amount exceeded 600 mm in the Kanto region during 7–11 
September 2015. Record-breaking 24-h rainfall were observed in 16 rain gauge stations around the 
Nikko city, in the upper reach of the Kinugawa River basin. The return period of the basin mean 3-
day total rainfall was approximately 110 years. In the Kinugawa basin, more than 5 people died, and 
over 7000 houses were harmed during this period. In this study, the impacts of global warming on 
Kinugawa heavy rainfall will be quantitatively evaluated by numerical weather simulations forced 
by initial and boundary conditions generated by the EA technique. 

In Section 2, the data and simulation method are described. In Section 3, the results of the 
hindcast and non-global warming (NGW) simulations based on natural forcing GCM projections are 
compared, and the impacts of global warming on Kinugawa heavy rainfall are discussed. In Section 
4, the mechanism of changing rainfall in NGW simulations is investigated. Finally, a summary of this 
study is given in Section 5. 

2. Data and Simulations 

2.1. Data 

In this study, the National Centers for Environmental Prediction (NCEP) Final (FNL) 
Operational Global Analysis (i.e., NCEP FNL) is used for the initial and boundary conditions for the 
hindcast simulation of Kinugawa heavy rainfall and the base state for the NGW conditions. The 
spatial and temporal resolutions of NCEP FNL are 1° × 1° and six hours, respectively. The FNL 
product is available from 1999 to a near-current date. Observational data obtained by the Global 
Telecommunications System (GTS) and other sources are used in the NCEP data assimilation system. 
Surface pressure, sea level pressure, geopotential height, temperature, sea surface temperature (SST), 
soil values, ice cover, relative humidity, u- and v-winds, vertical motion, vorticity, and ozone are 
available in the analyses. The variables are provided for the surface, 31 pressure levels from 1000 hPa 
to 1 hPa, and other specific layers (tropopause, cloud bottom level, and cloud top level) [14]. 

For the lower boundary data of the numerical weather simulations, the SST from the National 
Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation 1/4 Degree Daily SST 
(NOAA OI SST) analysis data [15] is used. The NOAA OI SST consists of different types of 
observations (satellites, ships and buoys). The SSTs are estimated from the Advanced Very-High-
Resolution Radiometer (AVHRR) and Advanced Microwave Scanning Radiometer on the Earth 
Observing System (AMSR-E), and the biases are adjusted by using in situ data from ships and buoys. 
The spatial resolution of the NOAA OI SST is 0.25° × 0.25°. 

In the experiments performed by GCMs for the 5th phase of the Climate Model Intercomparison 
Project (CMIP5), several scenarios of atmospheric GHG concentrations were applied to obtain 
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different climate conditions [16]. Historical simulations with natural forcing only (historicalNat) were 
implemented to compare historical experiments forced by observed atmospheric conditions 
(including both anthropogenic and natural sources). By comparing the results of the historicalNat 
and historical experiments, the impacts of anthropogenic GHGs on current climate conditions can be 
investigated. In this study, NGW conditions were generated by the NCEP FNL data and the results 
of historical and historicalNat experiments using twelve different GCMs developed for CMIP5. The 
twelve GCMs used in this study are listed in Table 1. 

Simulated rainfall was validated with a product combining weather radar observations and in 
situ precipitation observations from the Automated Meteorological Data Acquisition System 
(AMeDAS) of the Japan Meteorological Agency. This combined data set, the so-called Radar-
AMeDAS data, has a high spatial resolution (5 km for data until March 2001; 2.5 km for data from 
March 2001; and 1 km for data from 2006). The temporal resolution of Radar-AMeDAS is 1 h. 
Therefore, Radar-AMeDAS precipitation (hereafter, RAP) is suitable for verification of the detailed 
spatial distribution of simulated precipitation [17]. 

Table 1. CMIP5 models used in this study. Data resolution information is obtained from [18]. 

Number IPCC ID Institute and Country Resolution (Lat × Lon) 

1 CNRM-CM5 
Meteo-France, Centre Nationale de 
RecherchesMeteorologique (France) 

1.4008° × 1.40625° 

2 CSIRO-Mk3-6-0 

The Commonwealth Scientific and 
Industrial Research Organisation and 

Queensland Climate Change Centre of 
Excellence (Australia) 

1.8653° × 1.875° 

3 CanESM2 Canadian Centre for Climate Modelling 
and Analysis (Canada) 

2.7906° × 2.8125° 

4 GFDL-CM3 Geophysical Fluid Dynamics 
Laboratory (USA) 

2.0° × 2.5° 

5 GFDL-ESM2M 
Geophysical Fluid Dynamics 

Laboratory (USA) 
2.02255° × 2.5° 

6 GISS-E2-H NASA/Goddard Institute for Space 
Studies (USA) 

2.0° × 2.5° 

7 GISS-E2-R 
NASA/Goddard Institute for Space 

Studies (USA) 
2.0° × 2.5° 

8 HadGEM2-ES UK Met Office Hadley Center (UK) 1.25° × 1.875° 

9 IPSL-CM5A-MR Institute Pierre Simon Laplace (France) 1.2676° × 2.5° 

10 MIROC-ESM 

Center for Climate System Research 
(the University of Tokyo), National 
Institute for Environmental Studies, 

and Frontier Research Center for Global 
Change (Japan) 

2.7906° × 2.8125° 

11 MRI-CGCM3 Meteorological Research Institute, 
Japan Meteorological Agency (Japan) 

1.12148° × 1.125° 

12 NorESM1-M Norwegian Climate Centre (Norway) 1.8947° × 2.5° 

2.2. Numerical Weather Simulation Model 

The Weather Research and Forecasting (WRF) model [19], Version 3.7.1, was used for numerical 
weather simulations. A two-way, three-level nesting was adopted, as shown in Figure 1. The spatial 
resolutions for the parent (D01), intermediate (D02), and child (D03) domains were 30 km, 10 km, 
and 3.333 km, respectively. Precipitation characteristics are investigated for the area indicated as Area 
A (138.5° E–140.4° E, 35.0° N–37.3° N) in Figure 1. The WRF single-moment 5 class scheme [20] and 
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simplified Arakawa-Schubert scheme [21,22] were used for microphysics and cumulus 
parameterizations, respectively. The physical processes of the surface layer and land surface were 
calculated by the Eta model based on Monin-Obukhov with Zilitinkevich thermal roughness length 
[19] and the Noah land surface model [23], respectively. Planetary boundary layer processes were 
calculated using the Mello-Yamada-Janjic scheme [24]. For longwave and shortwave radiation, the 
simple rapid radiative transfer model [25] was used. Kinugawa heavy rainfall was affected by two 
typhoons. To compare the difference in precipitation caused by typhoons in a specific area under 
different climate conditions, the results of the simulations must have similar meteorological spatial 
distributions. Therefore, for D01, a spectral nudging method was applied for atmospheric 
temperature, zonal wind, meridional wind, and geopotential height every 6 h above a height of 6–7 
km. An outline of these settings is given in Table 2.  

 
Figure 1. Target domains for the weather research and forecasting (WRF) simulations. (a) Parent 
domain; (b) intermediate domain; (c) child domain. The blue, red, and yellow areas represent the 
parent, intermediate, and child domains, respectively. The red line and open rectangle shown in (c) 
indicate the Kanto area and area A, respectively. The red circle in (c) is the location of Nikko city. 

Table 2. Settings of the weather research and forecasting (WRF) simulations. 

Item Setting 
Model version 3.7.1 

Cloud microphysics WRF single-moment 5 class scheme 
Cumulus parameterization Simplified Arakawa-Schubert scheme 
Longwave and shortwave 

radiation 
RRTM 

Land surface scheme Eta model 
Land model Noah land surface model 

Planetary boundary layer 
scheme Mellor-Yamada-Janjic 

Settings of spectral nudging Applied to the layer above 6–7 km for atmospheric temperature, zonal and 
meridional winds, and geopotential height 

2.3. Non-Global Warming Conditions 

To examine the impacts of global warming on an extreme weather event, hindcast and NGW 
simulations of the target event (e.g., Kinugawa heavy rainfall) were implemented in this study. In the 
NGW simulations, initial and boundary conditions are generated from a reanalysis and output of 
GCM projections. First, climatological monthly mean conditions of the historical experiment ( HX ) 

and historicalNat experiment ( NX ) are computed. Second, the difference between NX  and HX  is 
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added to the reanalysis data, or NCEP FNL, ( ANLX ). Then, the initial and boundary conditions for 

the NGW simulation ( NGWX ) are calculated as follows: 

 NGW ANL N H  X X X X . (1)

NGWX  is generated from 6-hourly ANLX . Therefore, the temporal variation in NGWX  is 

similar to the actual condition ( ANLX ), but the effects of global warming are removed in NGWX . 

Thus, NGW simulations using NGWX  produce possible variations in the target weather events 

under natural GHG emission conditions. In this study, HX  and NX  are computed as twenty-year 
averages from 1986 to 2005. NGW conditions were prepared for wind, atmospheric temperature, 
geopotential height, surface pressure, and specific humidity. The original values in NCEP FNL are 
given for relative humidity, and specific humidity for NGW conditions was generated from the 
original relative humidity and modified atmospheric temperature under NGW conditions. To 
prepare the SST for NGW conditions, the SST anomaly generated from the historical and 
historicalNat simulations in each GCM was added to the NOAA SSTs. Using the number in the 1st 
column of Table 1, an ensemble simulation based on each GCM output was named NGW-1, NGW-2, 
and so on. 

2.4. Ensemble Simulation 

To consider the chaotic behaviors of meteorological phenomena and uncertainties in the forcing 
data, an ensemble simulation technique is applied to numerical weather simulations. The lagged-
simulated perturbation (LSP) method [26] was used for ensemble simulations. The LSP method was 
developed based on the lagged average forecasting (LAF) method [27]. The LSP method consists of 
three steps. First, three simulations are made from different initial times to generate three base state 
vectors ( 1S , 2S , and 3S ) at a certain interruption time. Second, the differences between 2S  and 

1S  and between 3S  and 1S  are defined as difference vectors 2S  and 3S , respectively. 

Third, new state vectors ( nS ) are generated from 1S , 2S  and 3S  as follows: 

     n 1 2 3S S S S , (2)

where α and β are the scale factors for 2S  and 3S , respectively. Then, simulations are restarted 

from the interruption time with the new state vectors nS . In nS , atmospheric temperature, zonal 
and wind components, specific humidity, atmospheric pressure, and SST are updated by the LSP 
method using the same scale factors for all variables. Nineteen ensemble members are produced for 
each ensemble simulation (1 hindcast and 12 NGW simulations) using the scale factors shown in 
Table 3. The initial and interruption times of the simulations are shown in Table 4. 

Table 3. Combination of scale factors (α and β) to produce the ensemble members in the lagged-
simulated perturbation (LSP) method. 

Combinations of Scale Factors (α and β) 
(−1/3, 1/3) (−1/3, 2/3) (−1/3, 1) (0, 1/3) 

(0, 2/3) (1/3, −1/3) (1/3, 0) (1/3, 1/3) 
(1/3, 2/3) (1/3, 1) (2/3, −1/3) (2/3, 0) 
(2/3, 1/3) (2/3, 2/3) (1, −1/3) (1, 1/3) 
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Table 4. Initial and interruption times of the WRF simulation. 

Run Initial Time 
Interruption Time 
(Generating New 

Ensemble Members) 
End of Simulation 

Run to make S1 00 UTC 7 September 
00 UTC 8 September 00 UTC 11 September Run to make S2 06 UTC 7 September 

Run to make S3 12 UTC 7 September 

3. Rainfalls in Hindcast and Non-Global Warming (NGW) Simulations 

3.1. Validation of Hindcast Simulations 

Figure 2 shows the total rainfall from 8 to 11 September 2015 by RAP and hindcast simulation. 
The hindcast result is an ensemble mean value of the 19 members. The RAP result shows the peak 
rainfall around Nikko city. The maximum observed total rainfall was 647.5 mm at Imaichi station. 
The area with total rainfall > 200 mm spread from approximately 35° N to 37.5° N. The size of the 
heavy rainfall system was larger than 200 km from south to north. In the hindcast, the peak of the 
total rainfall also emerged around Nikko city. However, the area with total rainfall > 400 mm was 
smaller than that of RAP, and several peaks were recognized. The maximum total rainfall was 760 
mm for the ensemble mean result. For each member, the maximum total rainfall was from 624 to 976 
mm. The north-south length of the heavy rainfall area was over 200 km in the hindcast. However, the 
area with total rainfall > 300 mm is much larger than that of RAP. Along 139° E, a certain amount of 
rainfall > 200 mm was found in the western part of the domain. There are some differences in the 
total rainfall between RAP and the hindcast, but the simulation result successfully captures the 
characteristics of the rainfall system. 

 
Figure 2. Total rainfall from 8 to 11 September 2015. (a) Result by Radar-AMeDAS precipitation 
(RAP); (b) ensemble mean total rainfall of the hindcast. Open circle indicates the location of the Nikko 
city. The unit of the color bar is mm. 

Figure 3a shows time-series of hourly rain rate averaged for the area around the Nikko city 
(139.5° E–140.0° E, 36.5° N–37.0° N). Ensemble mean result of the hindcast shows similar temporal 
pattern but slightly delays from the RAP result and the peak is smaller than the observation. In 
several members of the hindcast, the peak of the rain rate is comparable to the RAP result. Figure 3b 
is a scatter plot of the total rainfall and the maximum rain rate around the Nikko city. Ensemble mean 
total rainfall and the maximum rain rate are smaller than RAP. Several ensemble members show rain 
rate comparable to RAP. A single member shows the total rainfall is comparable to RAP, but even 
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the minimum total rainfall is about 300 mm, and all the ensemble members generated significant 
rainfall around the Nikko city. 

 
Figure 3. (a) Time-series of hourly rain rate averaged for the area around the Nikko city; (b) scatter 
plot of the maximum rain rate and total rainfall averaged for the area around the Nikko city. 

Figures 4 and 5 show the 3-hourly rainfall by RAP and the hindcast. For the hindcast, the results 
of one member (a run began from 00 UTC 7 September) are shown. In RAP, the heavy rainfall area is 
located in the western part of D03 during the first 3 h (01–03 UTC 9 September). Then, the rainfall 
band moves eastward. The heavy rainfall band stays at approximately 139.7° E from 06 UTC 09 
September to 21 UTC 9 September and then moves eastward again. Similar temporal variations in 
the location of heavy rainfall areas are recognized in the hindcast. Locations and rainfall rates were 
also comparable to RAP, but the size of the hindcast rainfall area was smaller than that of RAP before 
12 UTC 9 September. After that, the sizes of both results are comparable. The same characteristics 
were found in other ensemble members of the hindcast simulation. 

The results of the hindcast show that the characteristics for both the total amount and temporal 
variation in rainfall are similar to the actual condition. These results indicate the appropriateness of 
the WRF settings. 

 
Figure 4. 3-hourly rainfall by Radar-AMeDAS precipitation (RAP). Result of (a) 01–03 UTC, (b) 04–06 
UTC, (c) 07–09 UTC, (d) 10–12 UTC, (e) 13–15 UTC, (f) 16–18 UTC, (g) 19–21 UTC on 9 September. (h) 
Result of 22 UTC on 9 September–00 UTC on 10 September. The unit of the color bar is mm/3 h. Filled 
black circle indicate the location of the Nikko city. 
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Figure 5. 3-hourly rainfall by the hindcast simulation (a member starts at 00 UTC 7 September). Result 
of (a) 01–03 UTC, (b) 04–06 UTC, (c) 07–09 UTC, (d) 10–12 UTC, (e) 13–15 UTC, (f) 16–18 UTC, (g) 19–
21 UTC on 9 September. (h) Result of 22 UTC on 9 September–00 UTC on 10 September. The unit of 
the color bar is mm/3 h. Filled black circle indicate the location of the Nikko city.  

3.2. Comparison of Rainfall Characteristics between the Hindcast and NGW Simulations 

Figure 6 shows the total rainfall distribution by the 12 NGW simulations. Each result is the 
ensemble mean value of each NGW simulation. Except for NGW-8, significant total rainfall > 600 mm 
is found around Nikko city. In NGW-2, NGW-3, NGW-5, NGW-6, NGW-10, and NGW-11, the total 
rainfall in the western part of the domain is larger than that in the hindcast (Figure 2b). However, the 
total rainfall along 140° E is significantly smaller than that via the hindcast. In NGW-1, NGW-4, 
NGW-7, NGW-8, NGW-9, and NGW-12, the rainfall in the western part is comparable to the hindcast, 
but the rainfall is smaller along 140° E as seen in the other 6 NGW simulations. Figure 7 shows the 
latitude-time cross section of hourly rainfall. The results are the ensemble mean rainfall averaged for 
the 139.9° E–140.1° E band. In the hindcast, significant rainfall is recognized at approximately 12 UTC 
09 September. Rainfall spreads southward, and a strong rainfall area is formed between 35° N and 
36° N. This result indicates the development of a linear rainfall band in the hindcast from 12 UTC 9 
September to 00 UTC 10 September. In NGW-1, NGW-4, NGW-7, and NGW-9, certain amounts of 
rainfall are recognized in this area, but they are smaller, and rainfall occurs in narrower areas than in 
the hindcast. In the other NGW simulations, weak or insignificant rainfall is found in this longitudinal 
area. The results of the NGW simulations indicate that the linear rainfall band is hardly generated or 
is not effectively developed under natural emission conditions. 



Atmosphere 2020, 11, 220 9 of 23 

 

 
Figure 6. Spatial distribution of the ensemble mean total rainfall in D03 for non-global warming 
(NGW) simulations. Result of (a) NGW-1, (b) NGW-2, (c) NGW-3, (d) NGW-4, (e) NGW-5, (f) NGW-
6, (g) NGW-7, (h) NGW-8, (i) NGW-9, (j) NGW-10, (k) NGW-11, (l) NGW-12. The unit of the color bar 
is mm. Open circle indicates the location of the Nikko city. 
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Figure 7. Latitude-time cross section of hourly rainfall averaged for the 139.9° E–140.1° E band. 
Ensemble mean values are shown for each panel. Result of (a) NGW-1, (b) NGW-2, (c) NGW-3, (d) 
NGW-4, (e) NGW-5, (f) NGW-6, (g) NGW-7, (h) NGW-8, (i) NGW-9, (j) NGW-10, (k) NGW-11, (l) 
NGW-12. The unit of the color bar is mm/h.  

Table 5 is a summary of the total rainfall averaged for D03 (RT,3). The mean and the maximum 
RT,3 by the hindcast ensemble simulation are larger than those in 10 out of 12 NGW simulations. The 
minimum RT,3 of the hindcast is larger than that in 11 NGW simulations. Figure 8 shows the 
probability density distribution of RT,3 for the hindcast and NGW simulations. Probability density 
curves were estimated from the mean value and standard deviation of RT,3 for the hindcast and NGW 
simulations based on a normal distribution assumption. The results of NGW-2 and NGW-6 indicate 
a high probability of the total rainfall being larger than the hindcast. The results of NGW-4 and NGW-
9 are similar to those of the hindcast. The other 8 NGW simulations indicate a higher probability of 
rainfall smaller than the hindcast. The results in Table 5 and Figure 8 indicate a high probability of a 
larger amount of RT,3 under the condition of higher GHG emissions. 
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Table 5. Total rainfall averaged for D03 (RT,3). 

Run Average 1 (mm) Max 2 (mm) Min 3 (mm) 
Standard 

Deviation (mm) 
Hindcast 138 154 128 6.8 
NGW-1 132 (−6) 142 (−12) 119 (−9) 6.1 (−0.7) 
NGW-2 123 (−15) 136 (−18) 108 (-20) 7.2 (+0.4) 
NGW-3 122 (−16) 134 (−20) 104 (−24) 7.4 (+0.6) 
NGW-4 136 (−2) 147 (−7) 122 (−6) 6.7 (−0.1) 
NGW-5 117 (−21) 124 (−30) 106 (−22) 4.8 (−2.0) 
NGW-6 149 (+11) 167 (+13) 136 (+8)  7.4 (+0.6) 
NGW-7 102 (−18) 111 (−43) 91 (−37) 4.9 (−1.9) 
NGW-8 71 (−67) 77 (−77) 66 (−62) 2.7 (4.1) 
NGW-9 134 (−4) 146 (−8) 122 (−6) 6.9 (+0.1) 

NGW-10 128 (−10) 140 (−14) 118 (−10) 5.9 (−0.9) 
NGW-11 113 (−25) 126 (−18) 102 (−26) 5.4 (−1.4) 
NGW-12 125 (−13) 237 (+84) 107 (−21) 8.8 (+2.0) 

1 Ensemble mean value of RT,3. 2 Maximum value of RT,3 in the member of the hindcast and each NGW 
simulation. 3 Minimum value of RT,3 in the member of the hindcast and each NGW simulation. Results 
of NGW simulations larger and smaller than the hindcast are shown in bold font and underlined, 
respectively. Values in parentheses are the difference between each NGW simulation and the 
hindcast. 

 
Figure 8. Probability density curves of the mean total rainfall for D03 (RT,3). The horizontal axis is RT,3 
(mm). The vertical axis is the probability density. 

Table 6 and Figure 9 are the same results as Table 5 and Figure 8, respectively, but for the total 
rainfall averaged for area A (RT,A). Area A is shown in Figure 1c. Except for NGW-6, the mean and 
maximum RT,A are larger in the hindcast than in the 11 NGW simulations (Table 6). Figure 9 also 
shows that RT,A is larger than it is in the natural emission scenario with high probability. These results 
indicate that the rainfall amount is larger under high GHG conditions, or that heavy rainfall is more 
severe in the hindcast not only for the wide area of the Kanto region (or D03) but also in the limited 
area. 
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Table 6. Total rainfall averaged for the area A (RT,A). 

Run Average 1 (mm) Max 2 (mm) Min 3 (mm) 
Standard 

Deviation (mm) 
Hindcast 208 228 181 10.8 
NGW-1 192 (−16) 214 (−14) 172 (−9) 11.9 (+1.1) 
NGW-2 199 (−9) 222 (−6) 178 (−3) 13.7 (+2.9) 
NGW-3 183 (−25) 204 (−24) 158 (−23) 11.1 (+0.3) 
NGW-4 199 (−9) 215 (−13) 186 (+5) 8.1 (−2.7) 
NGW-5 179 (−29) 193 (-35) 163 (−18) 6.5 (−4.3) 
NGW-6 234 (+26) 261 (+33) 220 (+39) 11.2 (+0.4) 
NGW-7 155 (−53) 167 (−61) 144 (−37) 5.2 (−5.6) 
NGW-8 116 (−92) 129 (−99) 102 (−79) 6.0 (−4.8) 
NGW-9 203 (−5) 228 (0) 180 (−1) 14.4 (+3.6) 

NGW-10 191 (−17) 213 (−15) 176 (−5) 10.5 (−0.3) 
NGW-11 174 (−34) 200 (−28) 160 (−21) 9.9 (−0.9) 
NGW-12 191 (−17) 216 (−12) 160 (−21) 14.0 (+3.2) 

1 Ensemble mean value of RT,A. 2 Maximum value of RT,A in the member of the hindcast and each NGW 
simulation. 3 Minimum value of RT,A in the member of the hindcast and each NGW simulation. Results 
of NGW simulations larger and smaller than the hindcast are shown in bold font and underlined, 
respectively. Values in parentheses are the difference between each NGW simulation and the 
hindcast. 

 

 
Figure 9. Probability density curves of the mean total rainfall for area A (RT,A). The horizontal axis is 
RT,3 (mm). The vertical axis is the probability density. 

Table 7 shows the ensemble mean maximum hourly and 24-h rainfall for the hindcast and NGW 
simulations. Significance of the difference between the hindcast and each NGW simulation was 
examined by the Welch’s t-test. In 10 of the 12 NGW simulations, the maximum hourly rainfall is 
smaller than in the hindcast. However, only 5 NGW simulations show significant difference from the 
hindcast. Regarding the maximum 24-h rainfall, 8 from 12 NGW simulations showed larger values 
than in the hindcast, but 4 NGW simulations show significant difference. Only NGW-5 shows 
significant decrease in the average of the maximum hourly and 24-h rainfall. Results in Table 7 
indicates that concentrated heavy rainfall under the high GHG condition could be stronger than 
under the natural GHG condition with high likelihood. For short-term heavy rainfall, the rainfall 
amount might be larger under the high GHG condition than the natural GHG condition. 
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Table 7. Ensemble mean values of the maximum hourly and 24-h rainfall. 

Run Hourly Rainfall 24-h Rainfall 
Hindcast 120 554 
NGW-1 118 (−2) 506 * (−48) 
NGW-2 133 * (+13) 584 (+30) 
NGW-3 119 (−1) 406 * (−148) 
NGW-4 115 (−5) 543 (−11) 
NGW-5 105 * (−15) 493 * (−61) 
NGW-6 101 * (−19) 706 * (+152) 
NGW-7 92 * (−28) 517 (−37) 
NGW-8 110 (−10) 362 * (−192) 
NGW-9 100 * (−20) 581 (+27) 

NGW-10 102 * (−18) 514 (−40) 
NGW-11 111 (−9) 580 (+26) 
NGW-12 127 (+7) 540 (−14) 

Results of NGW simulations larger and smaller than the hindcast are shown in bold font and 
underlined, respectively. NGW results with * indicate that difference from the hindcast is significant 
in 5% significance level. Values in parentheses are the difference between each NGW simulation and 
the hindcast. 

On the other hand, the maximum total rainfall is not necessarily larger under high GHG 
conditions. In all simulations, the maximum total rainfall is found around Nikko city (as seen in 
Figures 2 and 6). Table 8 and Figure 10 show the same results as Table 5 and Figure 8, respectively, 
but for the maximum total rainfall (RMAX) in D03. The ensemble mean RMAX of the hindcast is larger 
than that of NGW-3 and NGW-8 but smaller than that of the other 10 NGW simulations. The 
maximum value of RMAX for the hindcast is larger than that of only 3 of the NGW simulations (NGW-
3, NGW-7, and NGW-8). The minimum RMAX of the hindcast is larger than that for only 1 NGW 
simulation (NGW-8). Figure 10 shows that RMAX is not necessarily larger in the hindcast than in the 
NGW simulations. In contrast, RMAX values in some NGW simulations are clearly larger than those in 
the hindcast. 

Table 8. The maximum total rainfall in D03 (RMAX). 

Run Average 1 (mm) Max 2 (mm) Min 3 (mm) 
Standard 

Deviation (mm) 
Hindcast 803 976 624 106 
NGW-1 902 (+99) 1102 (+126) 747 (+123) 85 (−21) 
NGW-2 891 (+88) 1071 (+95) 790 (+166) 88 (−18) 
NGW-3 742 (−61) 878 (−98) 639 (+15) 66 (−40) 
NGW-4 881 (+78) 1061 (+85) 748 (+124) 98 (−8) 
NGW-5 913 (+110) 1183 (+207) 806 (+182) 88 (−18) 
NGW-6 1226 (+423) 1391 (+415) 1002 (+378) 106 (0) 
NGW-7 897 (+94) 970 (−6) 783 (+159) 47 (−59) 
NGW-8 545 (−258) 670 (−306) 433 (−191) 55 (−51) 
NGW-9 881 (+78) 1114 (+138) 686 (+62) 112 (+6) 

NGW-10 842 (+39) 999 (+23) 746 (+122) 69 (−37) 
NGW-11 984 (+181) 1107 (+131) 787 (+163) 96 (−10) 
NGW-12 1080 (+277) 1232 (+256) 860 (+236) 112 (+6) 

1 Ensemble mean value of RMAX. 2 Maximum value of RMAX in the member of the hindcast and each 
NGW simulation. 3 Minimum value of RMAX in the member of the hindcast and each NGW simulation. 
Results of NGW simulations larger and smaller than the hindcast are shown in bold font and 
underlined, respectively. Values in parentheses are the difference between each NGW simulation and 
the hindcast. 
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Figure 10. Probability density curves of the maximum total rainfall in D03 (RMAX). The horizontal axis 
is RMAX (mm). The vertical axis is the probability density. 

In the next section, the atmospheric conditions and SST of the hindcast and NGW simulations 
are investigated to discuss the causes and mechanisms of differences in rainfall between the hindcast 
and NGW simulations. 

4. Atmospheric Conditions and Sea Surface Temperature (SSTs) for Hindcast and NGW 
Simulations 

In the previous section, rainfall characteristics were compared between the hindcast and NGW 
simulations. In this section, atmospheric conditions are examined to reveal the causes and 
mechanisms of differences in rainfall between high GHG emissions and natural emission conditions. 

Figure 11 shows the difference in atmospheric temperature 2 m above the Earth’s surface (T2) 
under initial conditions between each NGW simulation and the hindcast. In NGW-2, NGW-4, and 
NGW-8, T2 is almost the same as, or higher than, in the hindcast over a wide area. Under warmer 
atmospheric conditions, saturated water vapor pressure is larger than under cooler conditions, and 
more precipitable water content (PWC) is expected in the atmosphere. However, the total rainfall in 
D03 and area A for NGW-2, NGW-4, and NGW-8 were the same or smaller than those in the hindcast. 
In NGW-10, T2 is partly higher than in the hindcast to the north of D01. However, the total rainfall 
in D03 and area A is smaller than that in the hindcast. In other NGW simulations, T2 is lower than it 
is in the hindcast in all part of D01. As seen in Figures 8 and 9, the total rainfall amounts in D03 and 
area A for NGW-6 were larger than those in the hindcast, but the result in Figure 11 shows a smaller 
T2, which is not favorable for larger rainfall. 
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Figure 11. Difference in atmospheric temperature 2 m above the Earth’s surface under initial 
conditions between each NGW simulation and the hindcast. Result (a) NGW-1, (b) NGW-2, (c) NGW-
3, (d) NGW-4, (e) NGW-5, (f) NGW-6, (g) NGW-7, (h) NGW-8, (i) NGW-9, (j) NGW-10, (k) NGW-11, 
(l) NGW-12. The unit of the color bar is Kelvin. 

Figure 12 is the same as Figure 11, but for SST. In NGW-2, NGW-4, NGW-8, and NGW-10, a 
significant increase in SST is recognized in the northern part of the domain. These warmer areas 
correspond to those of T2 in each NGW simulation. These results indicate that the SST anomaly could 
cause a warmer T2. However, as seen in Figure 11, there is no positive SST anomaly in NGW-6, in 
which the total rainfall tends to be larger than the hindcast. In NGW-2, in which the total rainfall is 
slightly larger than the hindcast, a warmer SST anomaly is found on the south coast of the Japan main 
island. However, significant positive SSTs in NGW-4, NGW-8, and NGW-10 do not cause more 
rainfall in the Kinugawa basin. 
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Figure 12. Difference in sea surface temperature (SST) under initial conditions between each NGW 
simulation and the hindcast. Result of (a) NGW-1, (b) NGW-2, (c) NGW-3, (d) NGW-4, (e) NGW-5, 
(f) NGW-6, (g) NGW-7, (h) NGW-8, (i) NGW-9, (j) NGW-10, (k) NGW-11, (l) NGW-12. The unit of 
the color bar is Kelvin. 

Figure 13 is the same as Figure 11 but for PWC. In NGW-2, NGW-4, and NGW-8, PWC is larger 
in a certain area of the target domain. These positive anomalies of PWC correspond to those of T2 
and SST. However, a positive PWC anomaly is found in a limited area in NGW-10, which shows a 
higher T2 and SST in the north region of the target domain. A positive PWC anomaly of NGW-2 (but 
not NGW-4 and NGW-8) could cause larger total rainfall. In NGW-6 (the case of the largest RT,3 and 
RT,A), PWC is not clearly larger than the hindcast value. 
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Figure 13. Difference in precipitable water content (PWC) under initial conditions between each NGW 
simulation and the hindcast. Result (a) NGW-1, (b) NGW-2, (c) NGW-3, (d) NGW-4, (e) NGW-5, (f) 
NGW-6, (g) NGW-7, (h) NGW-8, (i) NGW-9, (j) NGW-10, (k) NGW-11, (l) NGW-12. The unit of the 
color bar is mm. 

The results in Figures 11–13 indicate that anomalies under the initial conditions cannot explain 
the variations in rainfall. Figure 14 shows the PWC anomaly at 18 UTC 9 September. At this time, 
heavy rainfall is found in the Nikko region, and a linear rainfall band is formed along 140° E (Figures 
2, 6, and 7). Spatial patterns of PWC anomalies are affected by atmospheric flow according to 
typhoons 17 and 18. In NGW-1, a negative PWC anomaly (or drier atmospheric condition) is found 
in a wide area of D01, but a higher PWC compared to the hindcast value is found in some parts. Not 
only climatological anomalies found under initial conditions but also such atmospheric conditions 
caused by each meteorological event result in variations in rainfall. In NGW-4, a negative PWC 
anomaly is found at a longitude of 140° E, in which heavy rainfall occurs in the hindcast (Figure 2). 
Then, even with no significant variation in SST and PWC at the initial time, the rainfall amount 
decreased in NGW-4. In NGW-8, a positive PWC anomaly is widely spread in the western part of 
D01, but there is a significant decrease in PWC along 140° E. As seen in Figure 13, there is a higher 



Atmosphere 2020, 11, 220 18 of 23 

 

PWC in NGW-8 under the initial condition compared with the hindcast, but the northward flow 
along typhoon 17 brought a drier air mass into the area around the Kinugawa basin; therefore, the 
total rainfall amount in NGW-8 is smaller than that in the hindcast.  

 
Figure 14. Difference in PWC at 18 UTC 9 September between each NGW simulation and the hindcast. 
Result of (a) NGW-1, (b) NGW-2, (c) NGW-3, (d) NGW-4, (e) NGW-5, (f) NGW-6, (g) NGW-7, (h) 
NGW-8, (i) NGW-9, (j) NGW-10, (k) NGW-11, (l) NGW-12. The unit of the color bar is mm. 

In Table 9, the spatial mean PWC at 18 UTC 9 September for area A is shown for the hindcast 
and NGW simulations. In many NGW simulations, the PWC in area A is smaller than that in the 
hindcast, and the total rainfall also tends to be smaller than that in the hindcast (Figure 9). In the cases 
of NGW-2 and NGW-6, where the total rainfall in area A tends to be larger than that via the hindcast, 
the PWC is higher than it in the hindcast and other NGW simulations. However, the PWCs in NGW-
5, NGW-10, and NGW-11 are larger than those in the hindcast, but the total rainfall is not necessarily 
larger compared to the hindcast.  
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Table 9. Spatial mean PWC and divergence for area A at 18 UTC 9 September. Values in parentheses 
are the difference between each NGW simulation and the hindcast. The result values are the ensemble 
mean for the hindcast and each NGW simulation. 

Run PWC (mm) 
Divergence 

(10−5/s) 
Hindcast 40.3 −1.05 
NGW-1 35.6 (−4.7) 0.88 (+1.93) 
NGW-2 43.7 (+3.4) −1.23 (−0.17) 
NGW-3 39.8 (−0.5) −0.70 (+0.36) 
NGW-4 40.1 (−0.2) 0.69 (+1.74) 
NGW-5 40.7 (+0.4) −0.59 (+0.46) 
NGW-6 43.8 (+3.5) 0.04 (+1.09) 
NGW-7 36.2 (−4.1) 1.07 (+2.12) 
NGW-8 36.2 (−4.1) 0.63 (+1.67) 
NGW-9 38.9 (−1.4) −0.15 (+0.90) 

NGW-10 42.2 (+1.9) 0.20 (+1.25) 
NGW-11 41.5 (+1.2) 0.59 (+1.64) 
NGW-12 36.4 (−3.9) 0.54 (+1.60) 

Figure 15 shows the spatial distributions of divergence, wind, and sea level pressure at 18 UTC 
9 September. Divergence and wind are averaged for the layers from 1000 hPa to 700 hPa. In the 
hindcast, a negative value (or convergence) is found around the Kinugawa basin. In NGW-2, NGW-
3, and NGW-5, negative values are recognized around the Kanto area. In other NGW simulations, 
positive values or no clear tendency (divergence or convergence) are found in the Kanto area. The 
spatial mean divergence for area A is shown in Table 9. Negative values are found in the hindcast, 
NGW-2, NGW-3, NGW-5, and NGW-8. In NGW-2, a higher PWC and stronger convergence 
compared to the hindcast resulted in more rainfall. In NGW-5, NGW-10, and NGW-11, the PWC is 
greater than it is in the hindcast, but convergence is weaker than it is in the hindcast. Therefore, the 
rainfall value is smaller than it is in the hindcast. The convergence tendency is weaker in NGW-6, but 
the PWC is much higher than it is in the hindcast (largest in all NGW simulations). Then, total rainfall 
is larger than it is in the hindcast. 

Weaker convergence in the NGW simulations could explain other characteristics of rainfall. In 
many NGW simulations, the maximum total rainfall is larger than that in the hindcast (Figure 10). 
However, the area with total rainfall >300 mm is smaller than it is in the hindcast (Figure 6). The 
weaker convergence conditions could not generate rain bands in the southern Kanto area (Figure 7), 
and water vapor derived from the Pacific Ocean was not consumed in the southern part of the Kanto 
area and flowed northward into the Nikko area. Then, heavy orographic rainfall was generated in 
the upper Kinugawa basin, and was larger than it was in the hindcast. 

In the case of Kinugawa heavy rainfall in 2015, another concern is whether the two typhoons 
were stronger under the high GHG condition (or in the hindcast). Table 10 shows the minimum 
central pressures of typhoons 17 and 18 for the hindcast and NGW simulations. In NGW-2, the 
minimum central pressure is lower than it is in the hindcast for both typhoons 17 and 18. Such 
intensification of the typhoons could cause stronger convergence in NGW-2 (Table 9). However, 
NGW-3. NGW-4, NGW-6, and NGW-10 indicate the intensification of the two typhoons, but the 
convergence in area A is weaker than that in the hindcast. Other NGW simulations show weaker 
typhoon activity with unclear tendencies. These results indicate that the difference in typhoon 
activity has an insignificant impact on heavy rainfall around the Kanto region in the case of Kinugawa 
heavy rainfall in 2015. 
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Figure 15. Spatial distribution of divergence (shaded), wind (arrows), and sea level pressure 
(contours) at 18 UTC 9 September. Divergence and wind are averaged for the layers from 1000 to 700 
hPa. Result (a) NGW-1, (b) NGW-2, (c) NGW-3, (d) NGW-4, (e) NGW-5, (f) NGW-6, (g) NGW-7, (h) 
NGW-8, (i) NGW-9, (j) NGW-10, (k) NGW-11, (l) NGW-12. The unit of the color bar is 10−5 /s. 
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Table 10. Ensemble means of the minimum central pressures of typhoons 17 and 18. 

Run Typhoon 17 Typhoon 18 
Hindcast 977.4 988.1 
NGW-1 978.0 989.7 
NGW-2 976.4 987.6 
NGW-3 976.8 987.8 
NGW-4 976.4 985.8 
NGW-5 979.1 990.4 
NGW-6 977.1 985.5 
NGW-7 978.3 988.6 
NGW-8 976.9 992.1 
NGW-9 977.6 988.9 

NGW-10 977.2 987.5 
NGW-11 977.1 989.3 
NGW-12 976.7 988.5 

Values smaller than the results of the hindcast are underlined. 

5. Conclusions 

In this study, an EA method combined with an ensemble simulation technique was adopted to 
investigate impacts of anthropogenic GHG emissions on an extreme heavy rainfall event in the 
Kinugawa basin. The results of the hindcast and NGW simulations showed that the ensemble mean 
total rainfall around the Kanto area in the hindcast is larger than that in most of the NGW simulations. 
The probability density of the spatial mean total rainfall indicated a high likelihood of larger rainfall 
in the hindcast than in the NGW simulations. Hourly and 24-h rainfall in the hindcast are also larger 
than they are in most of the NGW simulations. The time-latitude cross section of rainfall showed the 
development of a linear rainfall band in the hindcast but no strong rainfall band in the NGW 
simulations. These results indicate the high probability of intensification of Kinugawa heavy rainfall 
by anthropogenic GHG emissions. However, a few NGW simulations showed greater rainfall than 
in the hindcast. In addition, the maximum total rainfall of the NGW simulations in the target domain 
tended to be larger than it was in the hindcast. To reveal the causes of larger rainfall in the NGW 
simulations, atmospheric conditions and SST were investigated. The initial atmospheric and SST 
conditions showed colder and drier conditions in many NGW simulations. Warmer and wetter 
conditions were found in some NGW simulations. However, such atmospheric conditions at the 
initial time did not always correspond to the difference of simulated rainfall characteristics. The 
simulated atmospheric conditions (PWC and horizontal divergence) during heavy rainfall well 
explained the variations in rainfall in the NGW simulations (Table 8). In particular, the divergent 
conditions (or weaker convergence) in the southern part of the Kanto area could not cause linear 
rainfall band in the NGW simulations. In the cases of weak rainfall in the southern Kanto area, water 
vapor would not be consumed, and a moist air mass could flow into the northern part of the region 
by the strong wind around the typhoon. Such a rich moisture inflow could cause the larger maximum 
total rainfall in the NGW simulations. 

The results of this study indicate that heavy rainfall in Kinugawa could be enhanced by 
anthropogenic GHG emissions. However, anomalous climatological conditions (or differences in the 
initial conditions of the numerical simulations) cannot always explain the impacts of anthropogenic 
GHGs on extreme heavy rainfall events. For understanding the processes and reasons for variations 
in rainfall characteristics, a detailed analysis of the simulation results is vital. 

Another result of this study is the comparison of typhoon activity between the hindcast and 
NGW simulations. There was no significant intensification of typhoon 17 during the Kinugawa heavy 
rainfall event due to anthropogenic GHG emissions. The results in this study indicate that the record-
breaking heavy rainfall around the Kinugawa basin in 2015 was mainly caused by the increase in 
PWC along with a higher atmospheric temperature, but there was no clear difference in the role of 
the typhoon. If typhoon activities are intensified under a future climate, it would cause more severe 
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heavy rainfall, similar to the Kinugawa heavy rainfall. A pseudo global warming technique would 
be useful for the assessment of future extreme events and disaster prevention planning. 
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