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Abstract 

Global warming has become apparent in the current climate and affected the extreme events such 

as heavy rainfall. In the future, global warming will continue and accelerate depending on the emission 

scenario. In order to take countermeasures against global warming, it is important to assess the future 

changes in regional climates under the much warmer condition. The Meteorological Research Institute 

(MRI) has provided several datasets based on future climate simulations using the Meteorological 

Research Institute atmospheric general circulation model (MRI-AGCM) and the Non-Hydrostatic 

Regional Climate Model (NHRCM). These datasets can be used for studying changes in 

meteorological phenomena in the warmer climate. The author has involved in the designing and 

conducting future climate simulation using NHRCM for creating the datasets. Also, the author has 

analyzed the datasets and clarified the mechanism of future changes in air temperature, precipitation, 

wind, and snow cover in Japan. 

It is important to know the response of surface air temperature (SAT) and precipitation to global 

warming on a regional scale over Japan. The database for policy making on future climate change 

(d4PDF) is a dataset of large ensemble climate experiments and used for analyzing future climate 

changes in SAT and precipitation. However, the d4PDF only assumes +2K and +4K climate compared 

to the pre-industrial period. We conducted additional ensemble experiment when the global mean 

temperature increases by 1.5 K using the NHRCM with a 20 km grid spacing, which is a subset of the 

d4PDF. The reproducibility of the current climate experiment of d4PDF is sufficient to study the future 

climate change over Japan, and the dynamic downscaling using NHRCM from the global climate 

model improves the frequency of strong daily precipitation. 

Comparing the present-climate, +1.5K +2K, and +4K experiments, the SAT over Japan will 

increase linearly and faster than the global mean SAT. As warming progresses, the contrast in SST 

increase over time will become more pronounced. The increase in temperature due to global warming 

in the annual minimum SAT is larger than that in the average SAT and also that in the annual maximum 

SAT. Winter precipitation decreases and increases linearly in western and eastern Japan, respectively, 

reflecting the weakening of the winter monsoon. The annual maximum of daily precipitation (R1d) 

increases almost linearly with the rise in global SAT, whereas annual precipitation remains almost 

unchanged. The number of days with strong precipitation will increase as temperatures rise. The 

number of days without precipitation also increases with increasing temperature. The pattern of 

precipitation change in the Japanese Islands is highly correlated with that of change in annual mean 

precipitation and seasonal precipitation excluding summer. The pattern of precipitation change was 

shown to be responsive to the defined future trend pattern of sea surface temperature. The number of 

days of snow cover decreases with increasing global temperature at a rate greater than a linear trend. 

When changes in the global mean temperature range from +1.5K to +2K, R1d increases by 2.7% in 

the Japanese Islands, although it varies with region. In northern Japan, where the increase in SAT is 
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large, the increase in R1d is 5%. 

The model with 20 km horizontal grid spacing is a coarse resolution for the representation of snow 

depth because this resolution cannot adequately represent the elevation of each point, making it 

difficult to project snow depth, which is highly dependent on elevation. NHRCM with 5 km horizontal 

resolution was used to simulate snow depth in Japan and project future changes in snow depth. The 

simulated snow depths had biases even at 5 km resolution, and bias correction was necessary to 

accurately project the future snow depths. Therefore, we developed a new method of bias correction 

that can produce accurate snow depth and can be easily automated on a computer. Three classification 

methods of regional frequency analysis were tested in nine regions of Japan; the classification method 

based on the second order of L-moment (L-cv) was the best bias correction method among those tested. 

We confirmed that this bias correction is a useful method for projecting future climate, considering 

estimates from the test sample. In the future climate, the snow depth was projected to decrease by 

about 50 cm, and the average snow depth in Japan was projected to be about 30 cm. The decrease in 

maximum snow depth was projected to be larger in Nagano and Gifu and smaller in Hokkaido than in 

other regions. 

The 5 km horizontal resolution model had a snow cover bias and was used for future projections 

after correcting for data from AMeDAS sites. The 2 km resolution model can reproduce the terrain 

better and represent convection, which improve the reproduction of weather elements and snow cover. 

We use the NHRCM with 2 km horizontal resolution to investigate the effect of reduced snow cover 

on near-surface wind speeds over complex terrain in Japan under a global warming scenario. On 

synoptic scales, global warming weakens the winter monsoon, which in turn weakens near-surface 

winds around Japan. Global warming due to climate change reduces Japan's snowpack. Reductions in 

snow cover drive localized acceleration of rising surface temperatures and prevent the formation of a 

stable atmospheric boundary layer. When the stable boundary layer collapses, the wind speed and 

temperature near the surface increase due to the enhancement of momentum and heat exchange with 

the upper atmosphere. This effect is stronger at low elevations. However, this situation does not occur 

at high elevations where there is no stable layer under current climate conditions, despite increased 

ground warming due to reduced snow cover under global warming conditions. An originally stable 

near-surface atmospheric layer under current climate conditions can therefore influence future changes 

in wind speed and surface air temperature in snow-covered areas. This mechanism is also confirmed 

by current climatic observations, which show that wind speeds in the absence of the winter monsoon 

are stronger on days when there is no snow cover rather than on days with snow cover. 

This study, using a regional climate model, has contributed to our understanding of climate change 

in Japan. The datasets used in these studies were provided to the "JMA Global Warming Projection 

No. 9" published by the Japan Meteorological Agency. It has also been used for flood control planning 

by the Ministry of Land, Infrastructure, Transport and Tourism. In "Climate Change in Japan 2020" 
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published by the Ministry of Education, Culture, Sports, Science and Technology and the Japan 

Meteorological Agency, in addition to the utility of the dataset, some of the research results were 

published. 

Biases in regional climate model simulations has been reduced significantly with the progress of 

horizontal resolution. Reducing biases and improving the reproducibility are issues that need to be 

solved continuously because biases still exist. In addition, it is important to proceed with calculations 

with increasing ensembles to address uncertainties due to models and SSTs. 
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Chapter 1. Introduction 

 

Global temperature has recorded a rapid increase because of human activities since the industrial 

revolution. Consequently, an increase in large-scale precipitation events and a decrease in ice sheets 

and sea ice have been reported (Collins et al. 2013). Predicting future climate change is a major 

concern if global warming continues. 

Numerical prediction models are used in the study of global warming. Global climate models 

(GCMs) calculate the entire globe and predict global climate change. Studies using GCM have been 

published, including 60-km-resolution datasets, such as UKCP18 (Met Office Hadley Centre, 2018) 

and d4PDF. For higher-resolution datasets, the SOUSEI/TOUGOU dataset (Mizuta et al. 2017) has a 

20-km resolution, and a study using NICAM was conducted with a 14-km horizontal resolution for 

20 years (Kodama et al. 2015). Some studies using global models have performed calculations at 

subkilometer resolutions (Miyamoto et al. 2013), but in climate research fields, the resolution is coarse 

because of long-term calculations. Studies using GCMs, for example, predict changes in the 

circulation field due to global warming and predict the weakening of the East Asian monsoon (Kimoto 

2005, Hori and Ueda 2006). Additionally, future drought risk was projected to vary greatly with 

warming levels using a GCM (Shiogama et al. 2019). However, high-resolution GCMs are problematic 

because they are computationally expensive and disallow large ensembles. 

A regional climate model can save computer resources and can increase the resolution by limiting 

the region where the downscaling calculation is conducted by obtaining the boundary conditions from 

the GCM. The increased resolution is useful for reproducing phenomena, such as those caused by 

topography. Takemi (2013) showed that a detailed topographic representation is important for 

reproducing wind. Furthermore, Mott et al. (2018) showed that topography is important for 

reproducing snow cover conditions. Studies using downscaling with regional climate models project 

longer Mediterranean droughts and increased frequency of high wind events in Europe in the future 

(Benison et al. 2007). Moreover, Salathé et al. (2010) downscaled, using a regional climate model, 

Washington State from two global models and reported that global warming effects were commonly 

projected as an increase in intense precipitation and a decrease in snow cover, although average 

precipitation was projected to be somewhat different. 

In Japan, regional climate projections have been performed by sampling downscaling in Hokkaido 

(Kuno and Inatsu 2014) and pseudo-warming downscaling experiments (Kawase et al. 2012). 

Moreover, Nishimori et al. (2019) developed a dataset of regional climate projection scenarios for 

Japan by statistically downscaling from a global model to reduce bias. Statistical downscaling is 

computationally inexpensive and reproduces climate values well; however, the physical processes are 

oversimplified and lack physical plausibility. More so, the reproducibility of each climate element is 

efficient with dynamical downscaling (Iizumi et al. 2011). Datasets such as those produced in Japan 
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so far are statistical downscaling methods or cover a part of Japan. Thus, no high-resolution dynamic 

downscaling datasets cover Japan and have been computed over a long period. 

The meteorological research institute (MRI) has been producing various future climate projection 

datasets using a dynamical downscaling system based on the GCM MRI-AGCM and the regional 

climate model called nonhydrostatic regional climate model (NHRCM; Table 1). The author was 

involved in the NHRCM data preparation for the datasets. For the regional climate change projection 

dataset, the author was involved in constructing the experimental environment. For the d4PDF dataset, 

the author was an executor of the current climate and 4-K rise experiments. In the 1.5-K rise 

experiment, both the global and domain model runs were performed by the author. Various studies 

have been conducted using these AGCM-NHRCM datasets: Kawase et al. (2020a) used the d4PDF 

dataset to show that future warming reduces the average snowfall but intensifies extreme heavy 

snowfall. Murata et al. (2017) showed that strong precipitation over Hokkaido further intensifies by 

future convergence changes using the SOUSEI/TOUGOU dataset. Mori et al. (2019), using the d4PDF 

dataset, projected a 0.3- to 0.45-m rise in the 100-year storm surge in Tokyo and Osaka bays when the 

temperature rises to 4 K from pre-industrial levels. Additionally, these data have been used as the basis 

for reports issued by government agencies, such as the Japan Meteorological Agency's Global 

Warming Prediction Information, Japan's Climate Change 2020, and the Ministry of the Environment's 

Japan's Climate in the 21st Century, and for flood control planning by the Ministry of Land, 

Infrastructure, Transport and Tourism.  
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Table 1. Examples of NHRCM dataset. 

Dataset Global warming 

scenario 

Global warming levels GCM 

horizontal 

resolution 

(km) 

RCM 

horizontal 

resolution 

(km) 

Number 

of 

ensembles 

JMA Global 

Warming 

Prediction No. 8 

A1B 
Near future 

End of the 21st century 
20 5 1 

MOEJ and JMA 

Regional Climate 

Change Projection 

Data 

RCP2.6, 4.5, 6.0, 8.5 End of the 21st century 60 20 20 

SOUSEI/TOUGOU RCP2.6, 8.5 End of the 21st century 20 5 or 2 4 

database for Policy 

Decision making 

for Future climate 

change (d4PDF) 

RCP8.5 

1.5-K, 2-K, and 4-K 

temperature increases 

since the industrial 

revolution 

60 20 100 

 

Although NHRCM has been run for these datasets at various resolutions, no reports have compared 

the reproducibility of NHRCM at different resolutions. Additionally, although the level of global 

warming depends on regions of Japan, no discussion of the linearity of future changes in temperature, 

precipitation, and snowfall in Japan with respect to the level of global warming has been reported. The 

annual maximum snow depth is expected to decrease because of global warming, but the bias 

correction is necessary, depending on the resolution. However, no correction method that appropriately 

applies to many locations using a small amount of data has been established. The decrease in snow 

cover due to global warming can affect the atmosphere by causing roughness and albedo changes 

through ground surface exposure, but such discussion has been difficult because of the model 

resolution. 

In this study, we address the aforementioned issues. Chapter 2 investigates the reproducibility of 

the NHRCM simulations at different resolutions and discusses the linearity of climate change around 

Japan with respect to the level of warming. Chapter 3 presents a method for correcting a small amount 

of data (only one per year) at multiple locations for future data projection. Chapter 4 discusses the 

influence of the decrease in snow cover due to global warming on the atmosphere using a high-

resolution dataset with a 2-km grid spacing. 
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Chapter 2. Scalability of future climate changes across Japan examined with large-ensemble 

simulations at + 1.5 K, +2 K, and + 4 K global warming levels. 

 

2.1 Introduction 

The Meteorological Research Institute has been developing a non-hydrostatic regional climate 

model (NHRCM, Sasaki et al. 2008) to predict the future climate for Japan based on an operational 

non-hydrostatic model from the Japan Meteorological Agency. We performed high-resolution climate 

simulations using 5-km grid spacing and using 2-km grid spacing NHRCMs nested from the global 

model with 20-km grid spacing (Mizuta et al. 2012, Murata et al. 2017). Increasing the resolution of 

the NHRCM improves the representation of the terrain and leads to the elucidation of detailed physical 

processes. Murata et al. (2017) showed that the NHRCM better represents the extremes of surface air 

temperature (SAT) and precipitation by increasing the horizontal resolution from 5 km to 2 km. 

However, since the high-resolution model integration requires sizable computational resources, it is 

not easy to conduct large-ensemble simulations for estimations of the uncertainties in the model-

simulated variables. 

Mizuta et al. (2017) created a climate simulation dataset, called the database for policy decision 

making for future climate change (d4PDF) using the Meteorological Research Institute atmospheric 

general circulation model (MRI-AGCM, Mizuta et al. 2012) with 60-km grid spacing and the NHRCM 

with 20-km grid spacing. The database contains the outputs of large-ensemble experiments over a 

5,000-year span under present and future climate conditions; in the latter, the global average SAT is 4 

K higher relative to preindustrial levels. Fujita et al. (2019) created a dataset for +2 K conditions as a 

sub-dataset of the d4PDF for risk assessments of extreme weather events based on the 2K goal of the 

Paris Agreement. The resolution of the model used for the d4PDF is coarse compared to the 

experiments using 2-km or 5-km grid spacings, but many model-simulated samples of infrequent 

phenomena are available thanks to large-ensemble simulations. Kawase et al. (2016) showed that rare 

and strong snowfall amounts in mountainous areas became stronger under a +4 K climate scenario 

than under the present climate. Fujita et al. (2019) investigated the future changes of the relationship 

between extreme hourly precipitation events and daily mean SATs in Japan, and found that hourly 

precipitation will become stronger for higher-SAT days and slightly weaker for lower-SAT days in the 

future. 

The Paris Agreement aims to pursue efforts to limit the SAT rise to +1.5 K, and to at least keep the 

global temperature increase below +2 K compared to preindustrial levels. Researchers have been 

investigating the differences of changes in extreme events and impacts on human society and on 

ecosystems between the +1.5 K and +2 K warming cases (Masson-Delmotte et al. 2018). In a research 

project, the HAPPI (half a degree additional warming, projections, prognosis and impacts) multi-

model experiments (Mitchell et al. 2016, Mitchell et al. 2017) provided an assessment framework and 
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a simulation dataset for climates at the +1.5 K and +2 K levels. Liu et al. (2018) showed that a 

moderation of drought risks appears between the +1.5 K and +2 K levels. Lee et al. (2018) indicated 

that warming by more than half a degree brings more intense and more frequent precipitation events 

to the Asian monsoon region. Shiogama et al. (2019) suggested that regions with relatively large 

increases of extreme hot days, heavy rainfall, high streamflow and labor capacity reductions related 

to heat stress coincide with those countries that are characterized by low CO2 emissions, low income, 

and high vulnerability. Limiting global warming to 1.5 K, compared to 2 K, lowers these inequalities. 

Most studies of the +1.5 K climate simulation have used global models, but Trentini et al. (2019) 

and Leduc et al. (2019) used regional climate models for the European and North American domains, 

respectively. However, there was no regional climate dataset that represented spatially detailed climate 

states around Japan under the +1.5 K climate scenario. 

The purpose of this chapter is to investigate the regional characteristics of the increase rate of 

surface air temperature and precipitation using the large ensemble past and future climate simulation 

assuming +1.5 K, +2 K, and +4 K relative to preindustrial period. For this purpose, over a 1,500-year 

span of ensemble +1.5 K climate simulations with the NHRCM was performed as a subset of the 

d4PDF. We discuss the linearity of regional climate states for the present, +1.5 K, +2 K, and +4 K 

climates, that is, scalability. Creating climate model datasets is time and computationally resource 

intensive, so the level of temperature increase that can be calculated is limited. Scalability studies can 

provide low-cost estimates of climate change at uncomputed temperature rise levels using limited 

warming rise level datasets. In addition, we present results which suggests the necessity of additional 

mitigation measures for the +2 K climate case rather than for the +1.5 K climate case. 

 

2.2 Experimental design 

We used the MRI-AGCM with a 60-km grid spacing (Mizuta et al. 2012) and the NHRCM20 with 

a 20-km grid spacing (Sasaki et al. 2008). Using the MRI-AGCM outputs as boundary conditions, 

dynamical downscaling was performed with the NHRCM20. The experimental design followed 

Mizuta et al. (2017) and Fujita et al. (2019), who conducted large-ensemble experiments under the 

past climate condition (PAST), +2 K (d2), and +4 K (d4) global mean SAT (gSAT) conditions. In this 

chapter, we conducted experiments for the +1.5 K gSAT case relative to preindustrial levels (d1.5). 

One hundred simulations of the present climate experiments had already been conducted for the 

period from 1951 to 2010 (Mizuta et al. 2017), in which the monthly sea surface temperature 

observations (COBE-SST2, Hirahara et al. 2014) were prescribed. In each simulation, the atmospheric 

models were perturbed by different initial conditions and by spatio-temporally varying sea surface 

temperatures (SST) perturbations. The SST perturbations reflect the observational uncertainties. 

In the +1.5 K experiment, we prescribed the SSTs that represent future SST patterns (ΔSSTs) 

obtained from six models of the Coupled Model Intercomparison Project Phase 5 (CMIP5) plus the 
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detrended COBE-SST2. The future SST patterns are the differences between the averages for 1991-

2010 in the historical experiments and those for 2020-2039 in the Representative Concentration 

Pathway 8.5 (RCP8.5) scenario experiments. To force the gSATs of the +1.5 K experiment with MRI-

AGCM to become +1.5 K, each ΔSST was multiplied by a scaling factor (Table 2.1; Shiogama et al. 

2010) which was estimated from the gSAT changes in the CMIP5 experiments (Mizuta et al. 2017). 

For the greenhouse gas and aerosol concentrations, the values for 2030 in the RCP8.5 scenario were 

used. Nine ensemble simulations starting from different initial conditions were performed with the 

aforementioned future SSTs added to the SST perturbations. The integration period of the +1.5 K 

climate simulations was 29 years, in which the interannual variations of the SSTs are those from 1982 

to 2010. The total number of ensembles is 1566 years. Unless otherwise noted, 1450 years are used 

for analysis of the PAST and 1566 years are used for analysis of the future climate experiments. 

 

Table 2.1. Scaling factors for future SST trend patterns obtained from CMIP5 RCP8.5 runs by six 

models. The six climate models are CCSM4, GFDL-CM3, HadGEM2-AO, MIROC5, MPI-ESM-MR, 

and MRI-CGCM. See the Abbreviations section for their full forms. 

CCSM4 1.05828 

GFDL-CM3 0.638859 

HadGEM2-AO 1.17874 

MIROC5 1.01876 

MPI-ESM-MR 1.09218 

MRI-CGCM3 1.22361 

 

 

2.3 Results and Discussion 

2.3.1 Reproducibility of the present climate over the Japanese region 

Dynamical downscaling of the NHRCM improves the expressions of topographic effects and the 

reproduction of extreme phenomena, and maintains the synoptic fields of the MRI-AGCM. Areas of 

complex mountainous terrain along the center of Japan are more realistically reproduced by the 

NHRCM20 than by the MRI-AGCM (Fig. 2.1). The distributions of the climatological sea-level 

pressures (SLP) and the SATs simulated by NHRCM20 under the present climate condition are similar 

to those of the MRI-AGCM (Fig. 2.2a-b). The precipitation amounts in the mountainous areas of 

Honshu and on the Sea of Japan side are greater for the NHRCM than for the AGCM because of the 

realistic expression of topography in the NHRCM. The frequency of daily precipitation events is more 

realistic in the NHRCM20 than in the MRI-AGCM (Fig. 2.2c). The NHRCM20 has a frequency of 

daily precipitation that is below 300 mm, close to the observations, and it can reproduce strong daily 

precipitation amounts greater than 500 mm. 
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Figure 2.1. Model topographies of (a) MRI-AGCM and (b) NHRCM20. The right panel shows several 

area names, which are referred to in the text. Red line indicates the Pacific Ocean side in Honshu and 

purple line indicates the Sea of Japan side in Honshu. 

 
Figure 2.2. Annual accumulated precipitation, SLPs, and frequencies of daily precipitation. 

(a) and (b) show annual precipitation (mm; shaded) and annual mean SLP (hPa; contours) by (a) the 

MRI-AGCM and (b) the NHRCM20. (c) shows the frequencies of daily precipitation for all grids on 

the Japanese Islands (black: AMeDAS observations, blue: AGCM, and red: NHRCM20). 
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Figure 2.3a-c shows the scatter plots of the simulated and observed daily surface air temperatures 

(SAT). Here, the Automated Meteorological Data Acquisition System (AMeDAS) is used as the 

observation data, and the model grid data closest to the AMeDAS stations are used for comparison. 

The daily mean SATs (Tmean) agree with the observations so that the model-simulated values are 

located mostly along the identical line. The bias, root mean square difference (RMSD) and correlation 

coefficient between the model-simulated and observed Tmean values are 0.48 K, 1.0 K and 0.98, 

respectively (Table 2.2). The annual minimum SATs (Tmin) values are also reproduced well by the 

NHRCM20, especially at grid points where the temperatures are greater than −15 ℃ , and are 

distributed mostly along identical lines. Although the annual maximum SATs (Tmax) are distributed 

near identical lines, the model-simulated temperatures are generally slightly underestimated, and are 

overestimated at some grid points in those specific areas where the topographic effects are great. The 

Tmin values of the NHRCM20 are highly biased for observed minimum temperatures below −15℃. 

This is due to a “no sea-ice condition” in the Okhotsk Sea during the entire simulation, which is a 

mistake in all experiments of the d4PDF with the NHRCM20. As a result, the Tmin values in eastern 

Hokkaido are overestimated in the simulations. The simulated Tmax values are biased by -1.2 K 

compared to the observations (Fig. 2.3b and Table 2.2). This is speculated to be due to the land-cover 

category definition and the land surface scheme currently adopted in the NHRCM20. This 

improvement is a future work. 
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Figure 2.3. Scatter plots of observed vs. model simulated daily temperature and precipitation. 

The x and y axes indicate the AMeDAS observations and the model simulations, respectively. In order 

to match the elevations between the model grid and the AMeDAS, the height correction of the surface 

air temperature is applied to simulated temperatures using a single lapse rate of 0.0065 Km-1 (a: annual 

mean temperature, b: Tmin, c: Tmax, d: annual precipitation, and e: R1d) 

 

Table 2.2. Biases, RMSDs, and correlation coefficients. Tmean, Tmin, Tmax, annual precipitation, 

and R1d in NHRCM20, NHRCM05, and NHRCM02 are compared to the AMeDAS observations. 

 

 Bias RMSE Correlation coefficient 

Resolution 20 km 5 km 2 km 20 km 5 km 2 km 20 km 5 km 2 km 

Tmean 0.48K -0.38K 0.36K 1.0K 0.66K 0.77K 0.98 0.99 0.99 

Tmax -1.2K -2.1K -0.31K 2.5K 2.3K 2.0K 0.69 0.86 0.78 

Tmin 0.27K -1.5K -1.1K 3.1K 3.4K 2.9K 0.91 0.91 0.93 

Annual 

precipitation 
9.0% 11% 1.0% 28% 22% 14% 0.75 0.83 0.91 

R1d 1.1% 5.6% 7.8% 25% 21% 22% 0.77 0.87 0.89 



10 
 

Figure 2.3d shows a scatter plot of the annual accumulated precipitations. The annual precipitation 

is reasonably well reproduced by the NHRCM20 with bias of 9%, an RMSD of 28%, and a correlation 

coefficient of 0.78. The biases are smaller than the standard deviations of the interannual variations 

for 60% of all stations. Figure 2.3e shows a scatter plot of the annual maximum daily precipitation 

(R1d). The annual maximum daily precipitation is well reproduced by the NHRCM20 with slightly 

better values for the bias, the RMSD, and the correlation coefficients than those of the annual averages. 

The biases at 90% of all stations are smaller than the standard deviations of the interannual R1d’s. 

Murata et al. (2017) conducted present-climate simulations with a 5-km-mesh NHRCM 

(NHRCM05) and with a 2-km-mesh NHRCM using an urban canopy model (NHRCM02) over a 20-

year span. The NHRCM20 shows good performance for the daily-scale precipitation and temperatures 

compared to the NHRCM05 and the NHRCM02, although an increase in the horizontal resolution 

slightly improves the reproducibility of the SATs and of the precipitation levels due to the effects of 

topography (Table 2.2). This result is consistent with that of Takayabu and Hibino (2016). We cannot 

conduct large-ensemble experiments with high-resolution models due to limitations of computational 

resources. Note that the lateral boundary conditions of the NHRCM05 and the NHRCM02 are the 

MRI-AGCM, with an approximate 20 km horizontal resolution, which are different from that of the 

NHRCM20 in the d4PDF dataset. In this sense, the NHRCM20 has an advantage in performing large-

ensemble simulations. Note that a great advantage of the 2-km- and 5-km-resolution NHRCMs is the 

high reproducibility of sub-daily heavy precipitation events required by the assessment studies (Sasaki 

et al. 2011). 

 

2.3.2 Future changes in SATs 

Figure 2.4 shows the future changes in the SATs. The north-south contrasts of SAT warming are 

seen clearly in d2 and d4. The SAT increases in winter are larger than in summer. In winter, the 

temperature increases are greater in the mountainous areas of Honshu compared to the surrounding 

plains. Such features are not seen in summer. 
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Figure 2.4. Seasonal mean SATs and future SAT changes. 

Seasonal mean SATs (K) of PAST (a and e) and the future SAT changes of d1.5 (b and f), d2 (c and g), 

and d4 (d and h). Values for DJF and JJA are shown in the left and right columns, respectively. The 

mean values are based on 1450 years for PAST and 1566 years for the future climate. 
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Figure 2.5 shows the relationships between latitude and SAT increases. As mentioned above, the 

distributions of the SAT warming over Japan are caused by the ΔSST distributions (Fig. 2.6) and the 

anthropogenic forcing given in the d4PDF experiments (Mizuta et al. 2017). The meridional gradient 

for d1.5 is generally zero, while greater warming in the northern region is clear in d2 and in d4. As 

decreases in snow accelerate SAT increases due to snow-albedo feedback (Matsumura and Sato 2011, 

Scherrer et al. 2012), future SAT increases appear abnormally large in winter for those grid points 

covered by snow in PAST. In summer, the relationship between latitude and the SAT increases is clear 

for d2 and d4 with meridional gradients (±standard deviations) of +0.029 ±0.020 K°-1, and +0.089 

±0.025 K°-1, respectively. The change for d1.5 is +0.013 ±0.022 K°-1 and is considered as insignificant, 

according to the student’s t-test. 

 

 

Figure 2.5. Scatter plots of increases in seasonal mean SAT relative to the present climate as a function 

of latitude. 

(a) DJF and (b) JJA. Values at all land grids on the Japanese Islands were used and were based on 

1450 years average for PAST and 1566 years average for the future climate. The green, yellow, and 

red circles indicate d1.5, d2, and d4, respectively. 
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Figure 2.6. The distribution of ΔSST in DJF and JJA averaged for all ensemble members. The first 

row (a, b, and c) shows the distributions in JJA and second row (d, e, and f) shows the distributions in 

DJF. The future changes of d1.5, d2, and d4 are presented in the left (a and d), center (b and e), and 

right (c and f) columns, respectively. 

 

How future SATs change as the gSATs increase is discussed using Fig. 2.7. Here, Tmean, Tmax, 

and Tmin are the averages for all grid points located over the Japanese Islands. The Tmean increases 

are 1.2 K, 1.9 K, and 4.6 K for the d1.5, d2, and d4 cases, respectively, relative to those of PAST. 

Namely, they are approximately linearly 1.3 times larger than the gSAT increases. Therefore, it is 

concluded that future changes in the Tmean values are generally scalable with respect to global 

warming levels. Similarly, the Tmax and Tmin increases are scalable with factors of 1.2 and 1.6 to the 

gSAT, respectively. Due to reductions of snow coverage, the Tmin rate of increase is higher than that 

of the Tmean. Since the Tmean is approximately average of the Tmax and the Tmin, the increase rate 

of the Tmean is larger than that of the Tmax. The standard errors of ensemble-mean temperatures are 

small, and therefore, the future changes in the mean value of the Tmean, Tmax, and Tmin are regarded 

to be significant. The standard deviations of the Tmean are smaller than that of the Tmax and Tmin. 

The spreads of the Tmean, Tmax, and Tmin has no apparent response to the gSAT rises. Since the SAT 

in the Japanese Islands rises linearly, assuming 3 K rise in gSAT, Tmean, Tmax, and Tmin are 

estimated to be 3.2 K, 2.9 K, and 3.9 K, respectively. 
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Figure 2.7. Future changes in Tmean, Tmax, and Tmin. 

(a)Tmean, (b) Tmax, and (c) Tmin are averaged on all land grids on the Japanese Islands relative to 

those of PAST as a function of gSAT increases. The bars with solid line indicate standard errors of the 

ensemble mean and the bars with dashed line indicate standard deviations. Linearly fitted line is shown 

in each panel. The black, green, yellow, and red circles indicate PAST, d1.5, d2, and d4, respectively. 

 

2.3.3 Future changes in Precipitation 

Figure 2.8 shows three-month accumulated precipitation amounts and the average SLP. In winter, 

d1.5, d2, and d4 all show trend patterns of the changes in the SLP similar to those seen in previous 

studies (Kimoto 2005, Hori and Ueda 2006, and Kawase et al. 2015): low SLPs in the west and high 

SLPs in the east. It is thought that the continental SLPs become lower because the temperature 

increases are greater on the Eurasian continent than for the oceans (Fig. 2.4). 

 



15 
 

 
Figure 2.8. Seasonal precipitation amounts, and seasonal average SLPs and wind vectors. 

The shading, contours, and vectors denote precipitation amounts (mm), SLPs (hPa), and wind vectors 

(ms-1), respectively, for (a, b, c, and d) DJF and (e, f, g, and h) JJA. (a) and (e) show the climatologies 

of PAST and the future changes of (b and f) d1.5, (c and g) d2, and (d and h) d4 are presented. 
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Commonly, in d1.5, d2, and d4, future summer precipitation levels tend to decrease around Honshu 

and to increase outside of this area (Fig. 2.8e-h). Winter precipitation tends to increase over the Sea of 

Japan and to decrease south of the Japanese Islands, while the Sea of Japan side of Honshu shows 

decreases in winter precipitation (Fig. 2.8a-d). Average precipitation changes for both summer and 

winter months show a slightly different trend at some locations on land than at sea. On land, 

precipitation tends to increase in areas on the upwind side of the wind change vector due to changes 

in topographic convergence caused by changes in the circulation field. 

Here, we define the SLP difference between two grid points, (130°E, 37°N) and (140°E, 37°N) as 

an index of the strength of the characteristic atmospheric SLP distribution in winter, i.e., high SLPs in 

the west and low SLPs in the east. Large indices are reflected by stronger winter monsoons, and the 

pattern is opposite to that of the future changes mentioned above. The index is 3.98 hPa in PAST and 

decreases by 0.16 hPa, 0.26 hPa, and 0.47 hPa in d1.5, d2 and d4, respectively. The changes in the 

indices are closely scalable with respect to gSAT increases. In summer, the SLPs south of Japan 

become higher and the SLPs east of Japan become lower in d1.5, d2 and d4 (Fig. 2.8). The subtropical 

high pressure zone, which covers the Japanese Islands in summer, retreats in the east of Japan and 

extends to the areas south of Japan in the future climate compared to the present climate. The changes 

in SLPs in the rectangular region from 27°N to 38°N and from 145°E to 152°E are -0.19, -0.29, and -

0.78 hPa in d1.5, d2, and d4, respectively, and these are mostly scalable. Those in the area from 24°N 

to 26°N and from 125°E to 135°E are also scalable: +0.25, +0.31, and +0.70 hPa for d1.5, d2, and d4, 

respectively. In summary, the SLP changes in winter and summer appear as scalable changes to global 

warming. 

Table 2.3 shows the correlation coefficient patterns of precipitation changes in the Japanese Islands. 

The correlation coefficients for the changes in annual and seasonal average precipitation amounts 

between future climate experiments are very high. This indicates that the changes in precipitation 

amounts appear similarly regardless of the temperature increase, thus responding to the future SST 

trend patterns prescribed. In JJA, the changes in precipitation amounts are highly correlated between 

d1.5 and d2. In contrast, there are lower correlation coefficients between d1.5 and d4 and between d2 

and d4 than for the other cases. As presented later, these are unlikely to respond simply to future SLP 

changes (Fig. 2.8). 
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Table 2.3. Pattern correlation coefficients of future changes in precipitation amounts. The values are 

the pattern correlation coefficients of future changes in annual and seasonal precipitation amounts for 

all grid points in the Japanese Islands between two selected levels of warming. 

  d1.5 vs d2 d1.5 vs d4 d2 vs d4 

ANNUAL 0.94  0.88  0.94  

DJF 0.96  0.92  0.96  

MAM 0.94  0.95  0.95  

JJA 0.91  0.59  0.64  

SON 0.90  0.95  0.89  

 

One of the characteristics of the Japanese climate is the seasonal contrast of precipitation events 

on the Sea of Japan side and on the Pacific Ocean side, which are separated by the central mountains. 

Figure 2.9 shows the future changes of precipitation amounts on the two sides of Honshu. 

 
Figure 2.9. Future changes (%) in seasonal precipitation amounts separately for the Pacific area side 

and the Japan Sea side areas in Honshu. 

The red and blue colors indicate the Pacific side and the Japan Sea side, respectively. The squares and 

triangles indicate DJF and JJA, respectively. The error bars denote the standard errors of the ensemble 

mean. 
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In winter, dry climate states generally appear on the Pacific Ocean side in the present climate 

conditions, but the precipitation amounts increase in the future (red squares in Fig. 2.9). By contrast, 

precipitation events, including snowfall, decrease on the Sea of Japan side (blue squares). These future 

tendencies are statistically significant and scalable. The possible reasons are as follows. Because the 

southeasterly winds from the Pacific Ocean to the Japanese Islands become stronger due to future 

changes in the circulation field in winter, precipitation amounts increase in the areas on the Pacific 

side, located on the windward side of the mountains. Conversely, precipitation decreases on the Sea 

of Japan side, where the northwesterly winds from the Sea of Japan become weaker. 

On the other hand, in summer, there is a large jump between d4 and the other cases. The areas of 

Honshu with reduced precipitation become wider in d4 than in the other two experiments. 

Concurrently, in d4, the subtropical high around Okinawa is stronger than in d1.5 and d2, and extends 

to around Kyushu (Fig. 2.8f-h) and weakens east of Japan. As a result, the surface wind changes show 

divergence around Honshu due to both the strengthening of the southwesterly winds on the Sea of 

Japan side and the strengthening of northerly winds on the Pacific Ocean side. Therefore, summer 

precipitation amounts decrease on both the Sea of Japan side and on the Pacific side in Honshu (Fig. 

2.9). However, Ose (2019) pointed out that future changes in summer precipitation around Japan are 

highly uncertain although the decrease in summer precipitation around Japan is predicted by several 

models. 

Although future precipitation changes vary depending on seasons and regions, the annual 

precipitation amounts in Japan have no clear relationship with gSAT increases (Figure 2.10a). The 

future precipitation changes of d4 seen largely in Fig. 8 are mostly cancelled out. The future annual 

precipitation amounts appear to significantly increase in the future climate simulations by 

approximately 0.8%. Whereas the increases in mean value of annual precipitation due to moisture 

increase with the gSAT rises are canceled out by changes in circulation fields, the standard deviations 

of annual precipitation become large because of the moisture increase (Pendergrass et al. 2017). The 

future R1d values increase approximately linearly with the global warming levels (Figure 2.10b), and 

the increase rates are 7%K-1, 6% K-1, and 5% K-1 at d1.5, d2, and d4 respectively. These values agree 

with the theoretical values from the Clausius-Clapeyron (CC) relationship of 6%K-1 to 7%K-1 for 

strong precipitation (e.g., Wang et al. 2017, Gao et al. 2018). The increase rates of R1d become slightly 

smaller as the gSAT rises due to the development of the divergence fields in summer (Fig. 2.8). The 

standard errors of ensemble-mean R1d indicate that the increase of R1d due to global warming is 

regarded to be significant. The standard deviations of R1d become large as the gSAT rises and this 

result is caused by moisture increases and occurrence frequency increases in intense tropical cyclones 

in the future climate (Yoshida et al. 2017, Kitoh and Endo 2019). 
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Figure 2.10. Changes in annual mean precipitation and R1d. 

Changes in (a) annual mean precipitation relative to the gSAT increases and in (b) R1d relative to the 

gSAT increases. Values are averaged on all land grids on the Japanese Islands. The solid bars indicate 

standard errors of the ensemble mean and the dashed bars indicate standard deviations. The blue color 

denotes linear fitting. The black circle, green circle, yellow circle, and red circle indicate PAST, d1.5, 

d2, and d4, respectively. 

 

 
Figure 2.11. The probability density function of daily precipitation. The black circle, green circle, 

yellow circle, and red circle indicate PAST, d1.5, d2, and d4, respectively. 
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Although the intensity of heavy precipitation has become stronger due to global warming, the 

annual precipitation around Japan has leveled off. One of the reasons for the leveling off the annual 

precipitation is that the frequency distribution of precipitation intensity is changing due to global 

warming. The figure 2.11 shows the frequency distribution of precipitation intensity for each level of 

global warming, showing that the ratio of days with heavy precipitation of over 200 mm per day 

increases as the level of global warming increases. On the other hand, the percentage of days with no 

precipitation increases from 59% in the present climate to 60%, 61%, and 63% in 1.5K, 2K, and 4K 

climates, respectively, indicating that annual precipitation remains unchanged. Although the amount 

of water vapor in the air increases due to global warming, the amount of saturated water vapor also 

increases, making it harder for clouds to form. As a result, the number of days without precipitation 

will increase and heavy rainfall will be enhanced (Giorgi et al. 2011; Trenberth, 2011). 

One of the factors contributing to the variability in the future trends of accumulated precipitation 

is the influence of the future change pattern of SSTs, which has a significant impact on the future 

prediction and may cause different changes in the circulation field. The Figure 2.12 and Figure 2.13 

show the mean pressure and accumulated precipitation in winter and summer for each of the six SSTs, 

showing that each SST has a different trend. In other words, the pattern of the future change in seasonal 

precipitation amount is highly dependent on SSTs. On the other hand, R1d tends to increase with 

warming regardless of which SST is selected. As shown in the Figure 2.14, R1d becomes larger at 

most locations in the domain, and precipitation increases linearly with global warming regardless of 

which SST is selected. This result is consistent with the results of Salathé et al. (2010). 
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Fig. 2.12 Future changes in winter precipitation (shade, mm) and winter mean SLP (contours, hPa) are 

shown, and (a)-(f) indicate future changes in d1.5 with SSTs of MI, CC, HA, MR, MP, and GF, 

respectively. (g)-(l) and (m)-(r) show those of d2 and d4, respectively. 
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Fig. 2.13 Future changes in summer precipitation (shade, mm) and summer mean SLP (contours, hPa) 

are shown, and (a)-(f) indicate future changes in d1.5 with SSTs of MI, CC, HA, MR, MP, and GF, 

respectively. (g)-(l) and (m)-(r) show those of d2 and d4, respectively. 
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Figure 2.14. Future changes in R1d are shown, and (a)-(f) indicate future changes in d1.5 with SSTs 

of MI, CC, HA, MR, MP, and GF, respectively. (g)-(l) and (m)-(r) show those of d2 and d4, respectively. 
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2.3.4 Future changes in snow cover distribution 

The Figure 2.15 shows the future change in the number of days with snow cover over 1 cm. The 

number of days of snow cover decreased with increasing temperature, and the change was not linear; 

the decrease accelerated as the temperature increased. As the snow-covered days decrease, the albedo 

becomes higher due to the exposure of the ground surface, and the local temperature increase may 

accelerate, which may lead to a more accelerated decrease in the number of snow-covered days at the 

grids where the snow-covered days has decreased. 

Kawase et al. (2016) showed that for a 4K increase, total winter snowfall in inland Japan would 

decrease significantly, but heavy once-in-a-decade snowfall would increase, which is attributed to an 

increase in water vapor supply from the ocean and an enhancement of the Japan Sea polar air mass 

convergence zone. 

 

 
Figure 2.15 Changes in the number of snow-covered days. 

The number of snow-covered days is averaged on all land grids on the Japanese Islands as a function 

of gSAT increases. The bars with solid line indicate standard errors of the ensemble mean and the bars 

with dashed line indicate standard deviations. Linearly fitted line is shown. The black, green, yellow, 

and red circles indicate PAST, d1.5, d2, and d4, respectively. 

    

2.3.5 Impacts of a 0.5 degree increase on regional climates 

By implementing additional mitigation measures which limit the gSAT rise by +1.5 K, it is 
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expected that the Tmean increases over Japan would be reduced by 0.7 K (Fig. 2.6) compared to those 

of the present climate. As shown in Fig. 5, the north-south contrast in SAT increases is small in d1.5, 

while it becomes larger in d2 and d4. The impact of a 0.5 K rises from d1.5 in the gSAT on the summer 

temperatures in Japan is 0.85 K in the north and 0.51 K in the south. Similarly, the R1d precipitation 

amounts over the Japanese Islands increase significantly between +1.5 K and +2 K (Fig. 2.10). 

Changes in the circulation fields cause a significant increase in winter precipitation on the Pacific side 

of 2.5% (Figure 2.9), while the winter precipitation amounts on the Sea of Japan side do not exhibit a 

significant difference between +1.5 K and +2 K. 

The increase in R1d due to gSAT rise of 0.5 K is about 4.0%K-1 on average for all land grids on 

the Japanese Islands, which is smaller than the theoretical value of 6%K-1 to 7%K-1. There are regional 

characteristics in the differences in R1d, and it is small at latitudes from 34°N to 41°N (Figure 2.16). 

The differences of R1d in Hokkaido, located north of 41°N, are larger than other regions due to larger 

increases in the SATs and close to the theoretical value (Table 2.4). In Kyushu, located south of 34°N, 

the increase rate of R1d, within the standard error range, does not deviate from the theoretical value. 

In contrast, the increase rate of R1d in Honshu is significantly smaller than the theoretical value, 

because the divergence tendency with the progression of global warming prevent increase in R1d (Fig. 

2.8). 
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Figure 2.16. Differences in R1d (%) between d1.5 and d2 on land grids in the Japanese Islands. 

 

Table 2.4. Differences in R1d (dR1d) and SAT (dSAT) between d1.5 and d2 with standard errors of 

the ensemble mean. The right column shows the increase rate of the R1d per 1K (dR1d/dSAT). All 

land grids in the Japanese Islands are used for ALL. 

  dR1d(%) dSAT(K) dR1d/dSAT(%K-1) 

ALL 2.7 ± 0.4 0.67 ± 0.28 4.0 ± 1.1 

Hokkaido 5.0 ± 0.8 0.74 ± 0.26 6.8 ± 1.3 

Kyushu 3.3 ± 0.8 0.62 ± 0.26 5.3 ± 1.1 

Honshu 2.0 ± 0.5 0.65 ± 0.27 3.1 ± 0.5 

 

 

2.4 Conclusions 

In this chapter, we confirmed the reproducibility seen in the regional climate model outputs of the 

d4PDF, and investigated the scalability of future changes in SATs, SLPs, and precipitation amounts. 
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The present climate reproducibility of the regional climate model in the d4PDF was confirmed, and it 

was found that the NHRCM20 performs reasonably comparably to the higher-resolution models for 

SATs and precipitation at daily time scales. 

As a subset of the d4PDF, future climate simulations of the +1.5 K gSATs were performed. The 

scalability, that is, the linearity of future changes with gSAT increases, was examined by comparing 

with the PAST, d2, d4 (already available) cases. The future SAT changes in Japan showed a scalable 

relationship with respect to the gSAT increases for faster rates of warming than that of the gSAT. The 

meridional warming contrast of the SATs is enhanced as global warming becomes severe. In winter, 

the zonal SLP differences over Japan decrease, while in summer, the SLPs increase (decrease) south 

(east) of Japan. These future SLP changes in winter and summer are scalable and weaken the seasonal 

monsoons. The average precipitation amounts are mostly unchanged regardless of the gSAT increases. 

Winter precipitation amounts on the Pacific side of the Japanese Islands increase linearly with gSAT 

increases, while those on the Sea of Japan side decrease linearly. The changes of summer precipitation 

are not scalable because the areal expansion of the divergence of surface winds around Japan reduces 

precipitation. Future changes in heavy daily precipitation amounts are scalable to gSAT increases, 

showing rates of 5-7%K-1. If the gSAT increase is reduced from +2 K to +1.5 K by implementing 

mitigation measures, the Tmean rise in Japan would be reduced by 0.7 K. Heavy precipitation would 

also be decreased by 2.7% over the Japanese Island. The increase rate of heavy precipitation has 

regional characteristics. In Hokkaido, where the SAT warming is the greatest in Japan, the increase 

rate is larger than other regions, and in Honshu, where SLP have divergent tendency under the global 

warming conditions, the increase rate is smaller than other regions. 

The pattern correlation of precipitation change is high except for the summer season of d4, but 

there are SSTs with different trends of precipitation change. In this chapter, the weights of each SST 

were the same, and the differences in the averages were discussed. However, since the effects of the 

differences in SSTs are significant, it will be important to discuss the certainty of future changes and 

to consider future projections for Japan with the weights of each SST. 

Downscale experiments with fine-resolution models are useful for discussing detailed terrain 

effects on future climate states. To deal with a wide range of uncertainties in future predictions, 

ensemble experiments using various regional climate models and ocean-coupled simulations are 

required. In addition, performing experiments using different levels of global warming will help to 

elucidate those phenomena that are not scalable. All of these will be future works. 

It is difficult to evaluate snow cover with a 20 km resolution model because of its low topographic 

repeatability. In order to predict the future snow cover, data sets with higher resolution models with 

better topographic reproducibility are needed. 
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Chapter 3. Bias Correction of Snow Depth by using Regional Frequency Analysis in the Non-

Hydrostatic Regional Climate Model around Japan 

 

3.1 Introduction 

Reduction of snow depth is one of the concerns associated with future global warming, because 

snow is a water resource. In addition, a reduction of snow depth is likely to affect the tourism industry 

and the ecosystem. Moreover, reduction of snow cover makes albedo smaller and brings about positive 

feedback. Thus, many researchers have tried to predict snow more accurately in future climate by 

using regional climate models (e.g., Giorgi et al. 2004; Piazza et al. 2014). The prediction of snow 

depth is very difficult because snow depth is influenced by many meteorological elements, including 

precipitation, temperature, and wind. Kurihara et al. (2005) used a regional climate model to project 

the fine structure of future climate change due to global warming around Japan. However, they could 

not project changes in snow depth because the land surface scheme of their model did not include 

processes that could be used to predict snow depth. Sasaki et al. (2008) have shown that the Non-

Hydrostatic Regional Climate Model (NHRCM) nested in JRA-25 (Onogi et al. 2007) very accurately 

reproduced the present climate. Using the Meteorological Research Institute of Japan Meteorological 

Agency Simple Biosphere (MRI-JMASiB) model (Hirai and Oh’izumi 2004), NHRCM was able to 

simulate snow depth over Japan. Sasaki et al. (2011) have indicated that the NHRCM nested in the 

Meteorological Research Institute Atmospheric General Circulation Model (MRI-AGCM) reproduces 

well the present climate around Japan, although this model underestimates the maximum snow depth 

on the Japan Sea side of northern Japan. Kawase et al. (2020a) used a 1-km resolution model and 

showed that warming in higher elevation regions of Japan would result in less snowfall in less snowy 

years and more intense snowfall in snowier years. Kawase et al. (2020b) used RCP2.6 and RCP8.5, 

they showed that snowfall decreases under RCP2.6 for most regions except Hokkaido, but increases 

in Hokkaido even under the RCP8.5 scenario with a large temperature increase. 

Sasaki et al. (2012) have projected the future change of maximum snow depth due to global 

warming, but their model makes no bias correction in its prediction of snow depth. Therefore, there is 

a high possibility that the projection includes large systematic errors. Sasaki et al. (2013) have 

projected maximum snow depths in Hokkaido with a bias correction by applying the regional 

frequency analysis (RFA) introduced by Hosking and Wallis (1997). They indicated that the use of this 

method substantially improved the reproducibility of snow depth. Before implementing this bias 

correction method, the observation sites in the projection area must be classified into regions within 

which climate is relatively homogeneous. The classification process used by Sasaki et al. (2013) 

requires a trial-and-error step, which is not suited for automatic computer analysis. In this chapter, we 

developed a new bias correction method that is highly accurate and automatically classifies 

observation sites. Using the new bias correction method, we projected maximum snow depth in all of 
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Japan. 

We explain the experimental design and reproducibility of the NHRCM in Section 3.2, the 

methodology of the bias correction in Section 3.3, and the results of the bias correction in Section 3.4. 

We summarize our findings and offer some concluding remarks in Section 3.5. 

 

3.2 Experimental design and reproducibility of the NHRCM 

In this chapter, we analyzed the data produced by Murata et al. (2015), which were calculated by 

using NHRCM with a 5-km grid spacing. There are 527 x 804 grid points horizontally and 50 layers 

vertically. This model used fully compressible equations with a map factor and semi-implicit time 

integration scheme. We used bulk-type cloud microphysics that was based on Lin et al. (1983), 

Murakami (1990), and Murakami et al. (1994). The Mellor-Yamada-Nakanishi-Niino Level 3 scheme 

was used for a planetary boundary scheme. Kain-Fritsch scheme was used for the convective 

parameterization. MRI-JMASiB was used for the biosphere process to calculate snow depth and 

surface temperature. NHRCM was nested in the MRI-AGCM with a 20-km grid spacing (Mizuta et 

al. 2012) to simulate the present (1980–1999) and future (2076–2095) climate around Japan. For the 

future climate, the Representative Concentration Pathways 8.5 scenario was used to project 

greenhouse gas concentrations. The SST used in this NHRCM dataset is averaged over the SST data 

calculated by 28 atmosphere-ocean coupled general circulation models (CGCMs) in the Coupled 

Model Intercomparison Project phase 5 (CMIP5). 

Snow depths in Japan are recorded at more than 300 Automated Meteorological Data Acquisition 

System (AMeDAS) sites. We used AMeDAS sites where the data record was longer than five years 

for verification of snow depths simulated by the NHRCM. The biases of annual maximum snow depths 

reproduced by the NHRCM in the present climate are shown in Fig. 3.1. The reproducibility of snow 

depths on the Japan Sea side of Japan was extremely good, but snow depths in mountainous areas and 

on the Pacific Ocean side of Japan were overestimated. The reason for this bias is that the coarse 

resolution does not reproduce the small-scale convection over the Japanese Sea, and the lack of rainfall 

over the sea results in more precipitation in the mountainous areas (Kawase et al. 2019). The Root 

Mean Square Error (RMSE) of annual maximum snow depth averaged over all AMeDAS sites in 

Japan was 50 cm. This RMSE is too large for accurate projection of future changes in snow depth. The 

bias correction method proposed by Sasaki et al. (2013) is able to correct accurately the simulated 

snow depths. However, that method is not well suited for computer system applications, because it 

requires a subjective judgment in the classification process. Therefore, this paper examines a new 

method for correcting snow depth bias. 
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Figure 3.1. Bias of maximum snow depth in the present climate without using bias correction 

expressed as (simulated/observed) × 100. 

 

 

3.3 Methodology of bias correction 

First, Japan is classified into nine regions, as shown in Fig. 3.2. Cumulative distribution functions 

(CDFs) of annual maximum snow depth are then generated for each region for both the observation, 

using data at all AMeDAS sites within each region, and the NHRCM model output for the present 

climate. Next, the non-exceedance probability value in the NHRCM distribution is used to determine 

the corresponding quantile value of the non-exceedance probability value in the distribution of the 

AMeDAS snow depths. This quantile value is used for the bias correction. To obtain CDFs, we use 

non-exceedance probabilities and quantile values following the method described in Sasaki et al. 

(2013).  
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Fig. 3.2. Group areas divided into regions. (1) East Hokkaido (REH). (2) Central Hokkaido (RCH). 

(3) West Hokkaido (RWH). (4) West Tohoku (RWT). (5) East Tohoku (RET). (6) Hokuriku (RHO). 

(7) Kanto (RKN). (8) Nagano and Gifu (RNG). (9) Kinki and Tyugoku (RKT). 

 

The maximum snow depths in the future climate are adjusted based on the difference of the fitted 

curves for CDFs between the observed and simulated depths in the present climate. Because the 

approximate functions do not always fit the sample data, corrected values are occasionally worse than 

the original. In the case that non-exceedance probability values are too large, corrected values in the 

future are sometimes negative, so these values are fixed at 0 in our method. This can give bias corrected 

data artificial characteristics. The final adjusted maximum snow depth in the future, SDfca, is calculated 

at each site using the following equation:  

SDfca������� = SDo����� × SDfc������/SDpc������, ・・・ (3.1) 

where SD���� is maximum snow depth averaged over all years, and the suffixes o, f, p, and c indicate 
observation, future, present, and corrected value, respectively. By using SDfca�������, the change in the bias 

corrected future snow depth is more natural. Hereafter, this method is called final correction for future 

snow depths (FTFC). In addition, we compare this method to another approach that multiplies future 

maximum snow depth and the ratio of approximate function of the observed and simulated maximum 

snow depths in the present climate. To calculate the corrected maximum snow depth in the future 
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climate, SDfc, the following equation is used at each site and for each year: 

  SDfc = SDf × SDo/SDp. ・・・  (3.2) 

SDf is the maximum snow depth in the future climate for each point and for each year, wherein the 

non-exceedance probability value in the future climate data is determined for each point and for each 

year. SDo is the quantile value, which is calculated at the non-exceedance probability value in the 

AMeDAS distribution. SDp is obtained from the distribution of the simulated snow depth in the present 

climate. Hereafter, this method is called ratio correction for future snow depths (FTRT). 

Bias and RMSE are calculated in each region to evaluate the performance of the bias correction 

method. The corrected values are averaged over all years at each observation site. Bias and RMSE are 

weighted according to the number of the observation years at each observation site. 

Furthermore, we classify each region using three classification methods to examine its impact on 

the performance of the bias correction. Two classification methods based on L-moments (Hosking and 

Wallis 1997) are tested. Observation sites in each region (referred to in Fig. 3.2) are classified into two 

sub-regions based on the size of the L-mean (GLME), and based on the coefficient of the L-variation 

(GLCV) of the annual maximum snow depth at every observation site. Regions in GLME and GLCV 

are divided into two sub-regions with the same number of observation points. The third classification 

method is based on the altitudes of the observation sites (GALT), to account for the topographic effect 

on climate in Japan. GALT is based on whether the altitudes are higher or lower than 100 m. However, 

RKN and RNG regions in GALT are not divided into sub-regions because most of the observation 

sites in these regions are located at high altitudes. The result without using the classification into sub-

region (GNTC) is compared with those of the three classification methods. 

Lastly, the heterogeneity measure H (Hosking and Wallis 1997) is used to determine whether the 

climatic features of the maximum snow depth at the observation sites in each sub-region are 

homogeneous. H is determined by calculating the second order of L-moments (L-cv), and its standard 

deviation (Vobs). Next, a virtual homogeneous region is created by determining the quantile values 

from random non-exceedance probabilities based on the Kappa distribution, same as the original data. 

This process is repeated to create many virtual regions, and the weighted standard deviation of L-cv 

for each virtual region (Vsim) is determined. Using the mean and standard deviation of Vsim, i.e. Vbar 

and Vsd, respectively, the heterogeneity measure H is defined by the following equation: 

H = (Vobs – Vbar) / Vsd ・・・ (3.3) 

If the value of H is less than 1, the climatic features at observation sites in the region are considered 

similar. If the value of H is more than 2, they are considered dissimilar. On the other hand, values of 

H between 1 and 2 indicate possibly heterogeneous areas. We refer to the H in L-cv, where the values 

in each region are shown in Fig. 3.3. For GNTC and GALT, the values of H often exceed 2. In GLME, 
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the values of H exceed 2 in the two regions. In contrast, the values of H are less than 2 in all cases for 

GLCV. The implication is that the differences of the maximum snow depths among observation sites 

within regions are small in cases where the regions are classified based on L-cv. 

 

Figure 3.3. Heterogeneities of L-cv in each region for each classification method. Red and yellow 

shaded areas indicate definitely heterogeneous and possibly heterogeneous areas, respectively. 

 

3.4 Results 

Figure 3.4 shows the biases of maximum snow depths for each bias correction method in the 

present climate. Every bias correction method reduces the biases in all regions. The bias corrections 

decrease the bias averaged over all of Japan (hereafter referred to as ALL) by about 20 cm. These 

results indicate that bias correction is necessary for reproducing the present climate more accurately. 

Every classification into sub-regions (GLME, GLCV, and GALT) make the bias relatively small 

compared to the GNTC, except in the RET and RKT regions. In the RET region, the bias is higher for 

GLME than for GNTC. In the RKT region, the bias is slightly higher for GLCV than for GNTC. In 

other regions, the bias is generally small for GLCV compared with other classification methods. The 

GLME method also reduces the bias, but not as much as the GLCV. Note that the H for the GLCV is 

less than two in all regions (see Fig. 3.3). Hence, for conducting bias corrections more accurately, it is 

important to classify regions based on L-cv. In comparison with the CDFM method in Sasaki et al. 

(2013), the biases in CDFM and GLCV are 1.0 cm and 3.1 cm, respectively. The RMSE in GLCV 

(28.1 cm) is similar to that in the CDFM (27.1 cm). Accuracy of the new method is comparable to 

Sasaki et al. (2013). 
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Figure 3.4. Bias of maximum snow depths in each region for each bias correction method and without 

bias correction method in the present climate. 

 

We verify that this bias correction method can reduce biases in the future climate, by using the test 

sample estimate. Test sample estimate is described in Hill and Lewicki (2006). The data in the present 

climate is used for the verification, and divided into the former ten years (1980-1989) and the latter 

ten years (1990-1999). The former ten-year data are regarded as learning sample and the latter ten-

year data are regarded as test sample. GLCV method is applied to these data. Figure 3.5 shows the 

biases of the test sample data. The bias correction improves reproducibility of the maximum snow 

depths. Bias of the maximum snow depths without bias correction averaged over ALL sites is 40 cm. 

By using FTFC and FTRT, the biases become 20 cm and 23 cm and RMSEs decrease from 63 cm to 

28 cm and 41 cm, respectively. In the case that non-exceedance probability value is near 100, FTRT 

sometimes makes unnatural change. On the other side, FTFC always makes natural change. Therefore, 

GLCV is useful for maximum snow depths in the future climate, and FTFC is better than FTRT. 

 

Figure 3.5. Bias of maximum snow depths of test data. (a) without bias correction (b) with FTFC 

correction (c) with FTRT correction. 
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Figure 3.6 shows the maximum snow depths and the changes in the maximum snow depth 

projected by using the GLCV bias correction method in the present and future climates. In the future 

climate, the maximum snow depths with GLCV averaged over ALL sites is 31 cm. Given that the 

average of the maximum snow depth in the present climate is about 85 cm, the value is projected to 

decrease by about 50 cm in the future climate. There are 20 white circles indicating maximum snow 

depths of 0 cm. Near the Pacific Ocean area, white circles increase. Those sites have small snow depths 

in the present climate. Figure 3.7 shows the maximum snow depths in the future climate averaged over 

each region. The maximum snow depths significantly decrease. In the present climate, maximum snow 

depths in RNG region and in RCH region are similar. However, the difference in maximum snow 

depths becomes large in the future climate, because projected maximum snow depth decreases by 80 

cm in RNG region, but decreases by 40 cm in RCH region. In the present climate, the maximum snow 

depth in RKT region is 40 cm less than that in RNG region. In the future climate, difference in 

maximum snow depths between RNG region and RKT region becomes 1 cm. In the mountainous area, 

especially in RNG and in RHO, the quantity of the snow depth change is large, and the change is 

smaller than other areas in the northern part. 

This result is consistent with Kawase et al. (2020b), which showed that in RNG and RHO, the 

snow fraction of precipitation decreases significantly under the future climate, resulting in a decrease 

in snow depth. In Hokkaido, on the other hand, they showed that the snow fraction of precipitation 

decrease is small, resulting in a smaller decrease in snow depth than in other regions. 

 
Figure 3.6. Average of the maximum snow depths (a) in the present climate (1980-1999) and (b) in the 

future climate (2080-2099). White circles indicate 0 cm of snow in the future climate. (c) Changes in 

the maximum snow depths. 
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Figure 3.7. Average of the maximum snow depths in each region in the present and future climate. 

 

3.5 Conclusion 

We examined different methods of correcting the bias in simulations of annual maximum snow 

depth for more accurate projection of snow depths in the future climate. Our method involved 

classifying Japan into nine regions; each region was classified furthermore into two sub-regions based 

on three standards, namely, L-mean (GLME), L-cv (GLCV), and the altitudes of observation sites 

(GALT). With the GLCV method, the maximum snow depths in every sub-region were relatively 

homogeneous, and the bias was smaller compared to the other methods. We concluded that the GLCV 

method was the best among the three classification methods. The classification method proposed by 

Sasaki et al. (2013) requires a trial-and-error step, which makes automation of the process difficult. 

However, the GLCV method is easy to implement automatically on computer systems and produces 

very satisfactory results. 

We confirmed that this bias correction method was useful for snow depth in the future climate by 

using the test sample estimate and carried out bias-corrected projections of future snow depths at the 

end of the 21st century. The maximum snow depths averaged over snowy districts in Japan were 

projected to decrease by about 50 cm and to become about 30 cm in the future. In the northern Japan 

area, the change in the maximum snow depth was smaller than those in the other areas. The snow 

depth was projected to decrease the most in the RNG (Nagano and Gifu) region, where maximum 

snow depths decreased by 80 cm. 

In this chapter, we discussed the future prediction of snow depths, which was difficult to achieve 

with the 20 km model in Chapter 2, because the 5 km model had a large bias in reproducing snow 

depths, and it was difficult to discuss the future prediction using the data directly. However, the bias 

correction used in this chapter can only be applied to points where observation data is available, and 

in order to predict snow cover outside of observation points and reproduce snow cover distribution in 

more detail, it is necessary to use a model with finer resolution and better reproducibility. 
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Chapter 4. Future changes in early spring wind speed and surface warming acceleration in snow-

covered areas 

 

4.1 Introduction 

Global warming drives an increase in surface air temperature that can lead to more frequent heavy 

precipitation events, a decrease in snow and ice cover, and changes in surface winds due to synoptic-

scale variations in atmospheric circulation (Collins et al., 2013). Previous studies have reported 

increased heavy precipitation events over some regions (e.g., Emori and Brown, 2005; Shi and Durran, 

2016). Increases in extreme snowfall events are projected for high mountainous areas, such as the Alps, 

the Rocky Mountains, and the high mountains in Japan (e.g., de Vries et al., 2014; Lute et al., 2015; 

Kawase et al., 2016), although Wang et al. (2018) demonstrated that the snow-covered area decreases 

under scenarios of 1.5 and 2.0 ℃ warming. Previous studies have also predicted future changes in 

surface winds. For example, Mclnnes et al. (2011) described results from the Coupled Model 

Intercomparison Project (CMIP) Phase 3 (CMIP3) models, which predicted enhanced surface wind 

speeds in some regions. Cheng et al. (2013) showed that the frequency of strong wind events in Canada 

would increase in future because of synoptic-scale circulation changes due to global warming. Hu et 

al. (2000) found that the East Asian winter monsoon would weaken because of changes to the land–

ocean thermal contrast under global warming, and Kimoto (2005) and Hori and Ueda (2006) also 

predicted weakening of the East Asian winter monsoon under future climate conditions. However, 

these studies used global models that could not fully capture local topographic variability, which 

affects local wind patterns significantly; therefore, their ability to assess changes to near-surface winds 

was limited. Diffenbaugh et al. (2005) demonstrated that global-scale changes do not capture all 

global-warming induced climate change because fine-scale processes affect regional- to local-scale 

climate change. 

Takemi (2013) showed that complex terrain could affect surface winds and stated that a more 

realistic representation of terrain was required to reproduce near-surface wind patterns. Mott et al. 

(2018) showed that complex topography in mountainous areas affects snow-cover patterns, and that 

local wind systems are affected by snow-cover heterogeneity. Terrain can be represented in regional 

climate models more realistically than in global climate models because the horizontal resolution of 

the former is generally higher. Beniston et al. (2007) used a regional climate model to demonstrate 

that the frequency of strong wind events in Europe will increase in the future. Hueging et al. (2013) 

predicted that potential wind-power generation would increase in Europe in response to changes in 

both synoptic-scale circulation and local wind systems. Kawase et al. (2015) showed that winter 

precipitation around the coast of the Japan Sea could decrease as the East Asian winter monsoon 

weakens under global warming. 

Surface winds are affected by synoptic-scale circulation and by surface conditions. Future changes 
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to the distributions of vegetation, sea ice, and snow cover due to global warming will change surface 

roughness, and therefore affect wind speeds. Overland and Wang (2010) demonstrated that wind 

speeds were higher during seasons with less sea ice than in those with extensive sea-ice cover. Changes 

in snow cover may also influence the atmospheric boundary layer by altering ground heating rates. 

Little research has been conducted into how future changes will influence the wind in the surface 

boundary layer over snow-covered areas, particularly in areas of complex terrain such as the high 

mountains of Japan. Few studies (e.g., Hanafusa et al., 2013) have investigated local wind changes in 

East Asia that are attributable to global warming, despite the fact that the East Asian winter monsoon 

will weaken as a result of climate change (Hu et al., 2000). Convection-permitting regional climate 

model simulations are required to predict changes for snow cover and local climate over complex 

topography. For example, a regional climate model with a horizontal grid spacing of less than 2 km is 

required to calculate snow cover over the Rocky Mountains (Ikeda et al., 2010; Rasmussen et al., 

2011) and Kawase et al. (2020a) highlighted that high resolution is important for simulations to 

reproduce present snow-cover conditions for the complex Japanese mountains, and to project future 

changes. 

Here we investigate future changes to near-surface wind speed over snow-covered areas during 

the snow accumulation and snowmelt seasons, using results from long-term, high-resolution 

simulations calculated under current and future climate conditions. We also discuss the effect of snow 

cover on near-surface wind speed and temperature under future climate conditions. 

 

4.2 Methods 

4.2.1 Model and experimental design 

Regional climate simulations are calculated using the Non-Hydrostatic Regional Climate Model 

(NHRCM; Sasaki et al., 2008) with one-way nesting. The NHRCM has horizontal resolutions of 2 and 

5 km for the inner and outer domains, respectively (hereafter, NHRCM02 and NHRCM05, 

respectively; Figure 4.1). The model uses terrain-following coordinates for its 60 vertical levels, which 

are spaced at 25 hPa intervals between 1000 and 850 hPa, at 50 hPa intervals between 850 and 700 

hPa, and at 100 hPa intervals between 700 and 100 hPa. Boundary conditions are derived from global 

climate simulations from the Meteorological Research Institute Atmospheric General Circulation 

Model version 3.2 (MRI-AGCM3.2) with 20 km horizontal resolution (Mizuta et al., 2012). The 

improved Meteorological Research Institute/Japan Meteorological Agency simple biosphere model 

(iSiB; Hirai and Oh’izumi, 2004; Ito et al., 2018) is used as the land surface model to simulate land 

processes, including snow accumulation and melt. Data are averaged from September to the following 

August for each year. Current and future climates are defined as the climates for 1980–1999 and 2076–

2095, respectively. We use Representative Concentration Pathway 8.5 (RCP8.5) as the scenario for 

our projections of future climate. High-resolution simulations require intensive computational 
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resources, and an ensemble of many simulations is necessary to quantify the uncertainty for future 

model projections. We therefore consider model uncertainty by using a four-member ensemble of 

simulations from MRI-AGCM3.2 as boundary conditions for four NHRCM simulations. The 

ensemble was constructed by forcing the simulated changes in sea surface temperature (SST) to follow 

different spatial patterns. Cluster analysis of the SST changes projected by the 28 CMIP Phase 5 

models (CMIP5) identified three spatial patterns (C1, C2, and C3), based on tropical SST spatial 

patterns, and these were used to force three of our MRI-AGCM3.2 ensemble members. The full 

CMIP5 ensemble of simulated SST changes were averaged over all CMIP5 models, and this pattern 

of SST change was used to force an additional ensemble member (C0). Details of the method for 

ensemble construction are provided in Mizuta et al. (2014) and Murata et al. (2017). Current and future 

climatological values are defined as 20 year means. Future climate data are taken as the average of the 

four future climate projections, which are forced by the four SST patterns (C0, C1, C2, and C3). 

 

 

Figure 4.1. Model domains and topography. (a) Calculation domains, and (b) analysis region and 

topography in NHRCM02, enlarged from the red frame in (a). 

 

Data from the Automated Meteorological Data Acquisition System (AMeDAS), managed by the 

JMA, are used to assess how accurately the simulations reproduce current climate conditions. Wind 

speed observations are available from around 700 stations in Japan, and we use the daily average wind 

speeds from these stations for the validation. 

 

4.2.2 Performance of the NHRCM02 

The NHRCM02 accurately reproduces the daily average 10 m wind speed (hereafter, WS). The 

annual mean value of observation, averaged over all AMeDAS stations, bias (model minus 
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observation), and the root mean square error (RMSE) are 2.8 m/s, 0.32 m/s, and 0.84 m/s, respectively. 

The spatial correlation coefficient is calculated by comparing the spatial distribution of wind speeds 

from the model with the observed distribution, resulting in a positive correlation (correlation 

coefficient r = 0.67). The values of bias, RMSE, and spatial correlation are 0.93 m/s, 1.2 m/s, and 0.54, 

respectively, for NHRCM05, so the reproducibility was improved by the higher resolution. 

The NHRCM02 underestimates the annual mean WS in Japan and there are no regional patterns 

in the bias (Figure 4.2). The NHRCM02 also captures the current snow depth well. The snow depth 

mean value, bias and RMSE for March are 77 cm, 21 cm and 45 cm, respectively, and there is a strong 

spatial correlation between the model and observations (r = 0.82). The bias, RMSE, and spatial 

correlation values are 34 cm, 50 cm, and 0.74, respectively, for NHRCM05, so the higher resolution 

improved the reproducibility, but NHRCM02 also overpredicted the snow depth in mountainous areas 

(Figure 4.3). 

 

  

Figure 4.2. Bias in the annual mean model WS at the observation locations (m/s). 
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Figure 4.3. Monthly-mean daily-maximum snow depth bias for March at the observation locations 

(cm). 

 

4.3 Future changes in wind speed 

4.3.1 Future changes in wind speed over snow-covered areas 

The NHRCM02 predicts a decline in WS over Japan during winter under future climate conditions 

(Figure 4.4a), which is consistent with the weakening of the winter monsoon projected by other studies 

because of global warming (e.g., Kimoto, 2005; Hori and Ueda, 2006; Kawase et al., 2015). The WS 

is projected to be lower in every month in many areas and in the winter average, but is projected to 

increase locally over the central Japan, especially around Toyama (Fig. 4.1b), and northeastern Japan, 

particularly in February and March (Figure 4.4b–4e).  
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Figure 4.4. Near-surface wind speed under current climate conditions (arrows) and projected changes 

to WS under climate change (shaded; units are the ratio of future WS to current WS) for (a) December–

March, (b) December, (c) January, (d) February, and (e) March. The future WSs are averaged of the 

C0, C1, C2, and C3. 

 

We investigate the relationship between the changes in the number of snow-covered days and WS 

projected for March, since the present-day WS is higher over snow-covered areas than over snow-free 

areas in March (Figure 4.5). A snow-covered day is defined as a day when the maximum snow depth 

exceeds 10 cm. In the future projections, near-surface winds strengthen over areas where the number 

of snow-covered days decreases (black circles in Figure 4.6a). The wind becomes stronger at 92% of 

low-elevation model grid points where the number of snow-covered days decreases by 20 days (black 

bars in Figure 4.6c). However, the wind becomes stronger at only 4% of low-elevation grid points 

where the number of snow-covered days decreases by less than one day (black bars in Figure 4.6b). 

  
Figure 4.5. Number of snow-covered days in March under current climate conditions. 
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Figure 4.6. Relationship between the change in the number of snow-covered days, WS, and 

temperature. (a) Scatterplot of the future change in WS versus the change in number of snow-covered 

days, averaged over March at each grid point. Frequency distribution for the change in WS at grid 

points where the decrease in snow-covered days is (b) <1 day, and (c) 20 days. (d) Scatterplots of the 

future change in the 1.5 m air temperature versus the change in number of snow-covered days, 

averaged over March at each grid point. Frequency distribution for the temperature increase at grid 

points where the decrease in snow-covered days is (e) <1 day, and (f) 20 days. Black circles indicate 

low-elevation grid points (≤500 m altitude), red circles indicate high-elevation grid points (>500 m 

altitude), and green circles indicate grid points with no snow cover under either current or future 

climate conditions. The values under the future climate conditions are averaged of C0, C1, C2, and 

C3. 
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The relationship between the changes projected for WS and for the number of snow-covered days 

is clearer at low elevations than at high elevations. The 1.5 m air temperature increases because of 

reduced snow cover, particularly at low elevations (Figure 6d). The 1.5 m air temperature rises by 4.2 

and 3.8 ℃ in areas with and without snow cover, respectively, relative to current climate conditions. 

Reduced snow cover caused by global warming can promote local increases in surface air temperature 

due to the reduction in surface albedo (e.g., Matsumura and Sato, 2011; Scherrer et al., 2012). The 

increase in surface air temperature therefore follows a reduction in the number of snow-covered days 

(Figure 4.6d). 

Surface conditions respond differently to reduced snow cover at low and high elevations, as shown 

in Figure 4.6. The increase in surface air temperature is projected to exceed 5 ℃ at 80% of low-

elevation grid points where the number of snow-covered days decreases by 20 (black bars in Figure 

6f), but the increase is less than 5 ℃ at 82% of high-elevation grid points that experience this same 

reduction in snow cover (red bars in Figure 4.6f). No increase exceeding 5 ℃ occurs at any grid 

points where the decrease in snow-covered days is less than one day (all bars in Figure 4.6e). A clear 

relationship exists between temperature increase and changes in the number of snow-covered days at 

low elevations. The temperature increases are much smaller at high elevations than at low elevations, 

and the increases are slightly larger in areas that record a reduction in snow cover than in those areas 

with no current snow cover. 

 

4.3.2 Impact of changes in synoptic-scale atmospheric circulation on wind speed over snow-covered 

areas 

In addition to being affected by changes in local snow cover, near-surface winds may change in 

response to SST changes in the Sea of Japan, and/or to changes in synoptic-scale atmospheric 

circulation. Previous studies have highlighted the impact of SST on regional climate in the Sea of 

Japan (e.g., Sato and Sugimoto, 2013; Takahashi and Idenaga, 2013; Yasunaga and Tomochika, 2017). 

The boundary conditions for our regional climate simulations are from four global climate simulations 

that are forced by different patterns of SST change (i.e., C0, C1, C2, and C3). The SST increases in 

C1 and C3 are the smallest and largest among the four experiments, respectively. The March 

temperature increase in C1 is around 1 ℃ smaller than that in C3 (Figure 4.7). Changes to the 

synoptic-scale circulation differ in these two experiments because of the different SST boundary 

conditions (Figure 4.8). In the simulation using C3-forced boundary conditions, sea level pressure 

increases in eastern Japan and decreases in western Japan, and the East Asian winter monsoon 

weakens; these changes are not observed during the experiment that employs boundary conditions 

forced by C1, and are therefore attributable to the large SST increase in C3 relative to C1. In contrast, 

the increase in wind speed at each grid point follows the decrease in snow-covered days similarly in 

the experiments forced by C1 and C3, regardless of the different increases in SST in these two 
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experiments. Where there is no snow cover, wind speed becomes stronger in the C1-forced experiment 

than in the C3-forced experiment; however, the wind strengthens equally in both experiments when 

the number of snow-covered days decreases. This shows that local changes, such as those caused by 

changing surface conditions, are driven by the same mechanisms everywhere, irrespective of boundary 

conditions such as SST. 

 

  

Figure 4.7. Impact of SST variation on the number of snow-covered days, WS, and temperature. 

Scatterplots of (a) projected WS changes versus the change in number of snow-covered days, and (b) 

projected temperature changes versus number of snow-covered days. Red circles are the C1 results, 

yellow circles are C1 grid points with no snow cover under current climate conditions, blue circles are 

the C3 results, and green circles are C3 grid points with no snow cover under current climate conditions. 
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Figure 4.8. Impact of SST variation on circulation changes in MRI-AGCM3.2 simulations. (a) 

Simulated sea level pressure (shaded) and wind (vectors) in March under current climate conditions, 

and simulated changes in sea level pressure (shaded) and wind (vectors) in March (b) under C1 

forcings, and (c) under C3 forcings. (d) Simulated March SST under current climate conditions, and 

simulated SST changes in March (e) under C1 forcings, and (f) under C3 forcings. 

 

4.4 Mechanisms for projected future wind strengthening 

Rapid ground heating as a result of reduced snow cover increases instabilities near the surface, 

which can strengthen near-surface winds because stability is correlated with wind speed (Garratt, 

1992). In addition, as the snow cover disappears and the ground is exposed, the roughness length 

increases, and the increase in roughness length also increases instability. Stability (dPT) is defined as: 

dPTXX = PT(XX – 50 hPa) − PT(XX hPa), ・・・ (4.1) 

where dPT is the difference in potential temperature (PT) between a specific pressure layer (XX) and 

a layer 50 hPa above XX. A higher value for dPT indicates a more stable layer. 

Figure 4.9 shows a vertical cross-section of PT and dPT in March along the line marked AB in 

Figures 4.1b and 4.4b–e. The increase in PT due to global warming exceeds four Kelvin and increases 

with elevation (contours in Figure 4.9b). The increase in PT at low elevations and in basins is greater 

than the increase at the same pressure level over the ocean. The increase in PT at high elevations is 

similar to the increase in ambient PT at the same pressure level over the ocean. Figure 4.9c shows the 

stability anomaly (the deviation of the stability from the mean value) at each pressure level under 

current climate conditions. Remarkably stable layers are found at low elevations and in basins. The 

stability is relatively constant across pressure levels at high elevations. The change in dPT projected 
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by the simulations is plotted in Figure 4.9d, which shows that most atmospheric layers become more 

stable under future climate conditions, but atmospheric stability will decrease at low elevations and in 

basins where the atmosphere is currently more stable. 

  

Figure 4.9. Cross-sectional view of the monthly mean PT and dPT for March along the line marked 

AB in Figure 4.1b. (a) PT under current climate conditions, (b) projected change in PT under future 

climate conditions (contours; units: K) and deviation of projected future PT from the pressure-level 

averaged future value (shading; units: K), (c) deviation of dPT from the pressure-level averaged dPT 

under current climate conditions, and (d) projected change in dPT under future climate conditions, 

relative to current climate conditions. Gray shaded areas indicate missing data, where the land surface 

pressure exceeds the plotted pressure level. The values under the future climate conditions are 

averaged of C0, C1, C2, and C3. 

 

Figure 4.10a (4.10b) shows the changes projected for dPT1000 (dPT950) and WS under future 

climate conditions at all land grid points in Figure 4e. dPT1000 and dPT950 represent the near-surface 

at low elevations (close to 0 m above sea level; m a.s.l.) and at high elevations (around 500 m a.s.l.), 

respectively. Data are only included in Figure 4.10a (Figure 4.10b) from grid points where the 1000 

hPa (950 hPa) height exceeds the model land surface height. dPT1000 is inversely proportional to WS, 

and changes projected for WS at low elevations are related to changes in the stability of the surface 
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boundary layer. Figure 4.10b shows no correlation between the changes projected for dPT950 and for 

WS, because the near-surface winds are not projected to strengthen and the projected stability changes 

are small. Atmospheric stability under current climate conditions is an important driver for enhanced 

surface warming and strengthening winds. Figure 4.10c (4.10d) shows the relationship between 

dPT1000 (dPT950) and the projected changes in dPT1000 (dPT950) at low (high) elevations. The 

magnitude of projected change in stability under future climate conditions is constant and is 

independent of the dPT value under current climate conditions for areas with no snow cover. A strong 

deterioration in stability is projected at low elevations where dPT1000 is high under current climate 

conditions (Figure 4.10c), and some smaller changes are projected for stability at high elevations, 

regardless of dPT950 under current climate conditions (Figure 4.10d). 
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Figure 4.10. Scatterplots of changes projected for dPT and WS under future climate conditions for (a) 

dPT1000 and (b) dPT950. Scatterplots of changes projected for dPT and dPT values under current 

climate conditions for (c) dPT1000, and (d) dPT950. Black circles indicate low-elevation grid points 

(≤500 m altitude), red circles indicate high-elevation grid points (>500 m altitude), and green circles 

indicate locations with no snow cover under both current and future climate conditions. Only low-

elevation grid points are plotted in (a) and (c), and only high-elevation grid points are plotted in (b) 

and (d) to investigate the near-surface changes in dPT and WS. The values under the future climate 

conditions are averaged of C0, C1, C2, and C3. 

 

4.5 Hypothesis verification and discussion 

4.5.1 Future changes in daytime and nighttime wind speed 

Our results suggest that the presence, or absence, of a stable atmospheric layer under current 

climate conditions influences future changes in wind speed over snow-covered areas. If the presence, 
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or absence, of a stable layer created by the presence of snow affects the predicted future drastic changes 

in wind and temperature, differences will be observed between the changes projected for daytime and 

nighttime wind speeds. Table 4.1 shows the changes in daytime (00:00–05:00 UTC) and nighttime 

(12:00–17:00 UTC) wind speeds projected for from December to March for a grid point in a basin, a 

grid pint in a plain and two grid points on mountain tops, labeled Pbasin (167 m a.s.l.), Pplain (37 m a.s.l.) 

Pmt1 (1044 m a.s.l.) and Pmt2 (746 m a.s.l.), respectively in Figure 4.1b. At Pbasin, wind speed is projected 

to increase significantly by 12% and 26% during the day in December and March, respectively. The 

wind at Pplain is also 13% and 27% stronger during the day in December and March, respectively. On 

the other hand, the changes in nighttime wind speed are smaller than those in daytime wind speed at 

Pplain and Pbasin, except for Pbasin in December. The nighttime wind significantly weakens at Pbasin in 

December. At the two mountain grid points, the wind speeds decrease in December and the changes 

in wind speed are small in March. 

During the day, surface heating via solar radiation is inhibited by the presence of snow cover at 

Pbasin and Pplain, and a stable near-surface layer exists under current climate conditions. Under future 

climate conditions, the absence of this snow cover means that there is no stable layer, and the wind is 

therefore stronger.  During the night, the stable layer exists with or without snow-cover because of 

no solar radiation. The effect of snow cover on the longwave emissivity is small (Hartmann 2016). 

Thus, there is no strengthening of the wind, and the wind tends to weaken in response to changes in 

the synoptic field (Fig. 4.4 b-c). In December, the wind speed becomes smaller at the mountainous 

grid points, which relates to the weakened synoptic-scale wind speed (Fig. 4.4b). The difference of 

future changes in wind speed during day and night are small at the two mountain grid points. The 

absence of a strong, stable near-surface atmospheric layer at higher elevations under current climate 

conditions means that changes in wind speed are smaller here than in basins and at lower elevations. 

The collapse of the current stable atmospheric layer that resulted in the strengthening of daytime wind 

speeds at Pbasin and Pplain is not projected to occur at Pmt1 and Pmt2. The changes projected for daytime 

wind speed at Pmt1 and Pmt2 are therefore small, despite the reduction in number of snow-covered days. 

These differences in projected changes for daytime and nighttime wind speeds verify our hypothesis. 
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Table 4.1. Changes projected for daytime and nighttime wind speed and for the number of snow-

covered days at a basin location (Pbasin), a plain location (Pplain), and at two mountain tops (Pmt1 and 

Pmt2). The asterisk indicates statistical significance. 

  Pbasin Pplain Pmt1 Pmt2 

  Dec Mar Dec Mar Dec Mar Dec Mar 

Daytime wind speed +12%* +26%* +13%* +27% -2% +3% -6%* -1% 

Nighttime wind speed -10%* +1% +2% +12%* -3% +1% -7%* -2% 

The number of snow-

covered days 
-12 -19 -17 -15 -2 0 -14 -13 

 

 

4.5.2 Verification using observation data 

We use the AMeDAS observation data to confirm our hypothesis. If the hypothesis is correct, wind 

speeds should be statistically stronger at stations with no snow cover. In northeastern Japan, cold air 

outbreaks from the continent drive synoptic-scale northwest winds in winter (i.e., the winter monsoon), 

and near-surface winds are stronger on days with cold air outbreaks than on days without. To 

investigate the influence of snow cover on near-surface wind speed, we therefore first identify days 

with cold air outbreaks using wind observations from a high-altitude (890 m) station (Sukayu station, 

N040.65 E140.85), where the wind is controlled primarily by synoptic-scale atmospheric circulation. 

A cold air outbreak occurrence is defined as a day when the wind speed exceeds 5 m/s and the 

predominant wind direction is northwesterly. The near-surface wind speed is taken from values 

recorded in March between 1980 and 1999. March is in the snow-melting season for low elevations in 

this region. 

Figure 4.11 shows the observed near-surface wind speed at 32 locations for days with and without 

cold air outbreaks, where the snow depth exceeded 10 cm, and where there was no snow cover. On 

days with cold air outbreaks, wind speeds were 4% stronger where no snow cover was present than 

those recorded where snow depth exceeded 10 cm (Figure 4.11a), and on days without cold air 

outbreaks, wind speeds were 6% stronger when there was no snow cover (Figure 4.11b). The 

difference in wind speed is only statistically significant for those days with no cold air outbreaks. On 

days with cold air outbreaks, the effect of snow cover is reduced because strong winds prevent the 

formation of a stable near-surface layer. These results support our hypothesis that the presence or 

absence of snow cover influences future changes in wind speed over snow-covered areas. 
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Figure 4.11. Observed wind speed in March at AMeDAS stations where the snow depth exceeds 10 

cm, and where there is no snow cover on (a) active winter monsoon days, and (b) inactive winter 

monsoon days. 

 

4.5.3 Impact of snow cover on local wind system 

Consider the effect of this mechanism on local winds, e.g., föhn phenomenon. When local winds 

are blowing, wind speed enhancement due to the loss of snow cover cannot be expected to occur due 

to low stability. The Toyama Plain (around 36.7N 137.2E) is an area with snow cover in winter in the 

present climate. As with the basins in the northeastern Japan, the wind weakness over the Toyama 

Plain weakens in February and March under the future climate (Fig. 4.4d-e). Since the Toyama Plain 

is located at the north of the mountains, it is known that a föhn phenomenon occurs when a southerly 

wind blow (Arakawa et al. 1982; Ishizaki and Takayabu. 2009). 

We examined whether the wind speed at the onset of the föhn phenomenon in the Toyama Plain is 

affected by the presence or absence of snow cover using the observational data in Toyama 

meteorological station (Fig. 4.1b). As a result, when the southerly wind speed was over 5 m/s, the wind 

speed difference from the Kamiichi AMeDAS located in the mountainous area was more than 15% 

stronger under the condition without snow cover than under the condition with snow cover (Table 4.2). 

Considering the cause of the strengthening of local wind speeds due to the decrease in snow cover, 

another mechanism can be considered as follows. In the föhn phenomenon, the wind blows along the 

mountain and accelerates as it moves down. In this case, when the roughness length is reduced due to 

the presence of snow cover, the wind leaves the mountain surface faster. When there is no snow cover, 

the roughness length becomes larger and the wind tends to blow along the mountain surface, leading 
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to long terrain-following descent and strengthening the wind. This mechanism is not limited to the 

Toyama Plain, but can also occur in other areas where local winds blow. Isolation of which mechanism 

is responsible for wind speed enhancement and verification of the mechanism of local wind 

enhancement are issues for future study. 

 

Table 4.2. Change in wind speed in Toyama with and without snow cover during a föhn phenomenon. 

The asterisk indicates statistical significance. 

 Dec Mar 

Wind speed difference between Toyama station 
and Kamiichi AMeDAS with snow cover (m/s) 

4.3 5.0 

Difference of wind speed (%) +15* +18* 
 

 

4.5.4 Summarized processes of future changes in surface wind speed over snowy areas 

The schematic diagrams in Figure 12 illustrate the processes that influence future changes in wind 

speed over snow-covered areas. Areas of snow cover will decrease in Japan as a result of global 

warming (Hosaka et al., 2005). Under current climate conditions, a stable layer develops over snow-

covered areas at low elevations and in basins (Figure 4.12a). As the number of snow-covered days 

decreases in future, this near-surface stability will deteriorate. The collapse of the stable layer 

strengthens near-surface winds through vertical momentum exchange with the low-level jet that exists 

in the stable layer, which in turn accelerates the increase in surface temperature through increased 

thermal exchange (Figure 4.12b). In contrast, no increase in wind speed and surface temperature 

occurs at high elevations, even if global warming causes the snow cover to disappear entirely, because 

no strong stable layer forms under current climate conditions. 
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Figure 4.12. Schematic diagrams illustrating the processes that influence future changes in wind speed 

over snow-covered areas under (a) current climate conditions, and (b) future climate conditions. 

Background colors show the potential temperature, with red indicating warm and blue indicating cold. 

 

4.6 Conclusions 

Previous studies have shown that synoptic-scale near-surface winds will weaken around Japan in 

winter and early spring because of the weakening of the East Asian winter monsoon under future 

climate conditions. In this chapter, we analyzed convection-permitting regional climate simulations 

and found that near-surface winds would strengthen locally over some snow-covered areas in Japan. 

Under current climate conditions, a strong, stable atmospheric layer exists over snow surfaces. A 

reduction in snow cover as a result of global warming would accelerate local surface warming because 

of the reduced surface albedo. Surface warming prevents the formation of a stable atmospheric 

boundary layer, and thus strengthens near-surface winds and accelerates surface temperature increases 

through vertical momentum and thermal exchanges with the low-level jet. The observation data partly 
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support this theory. A momentum balance analysis would reinforce this mechanism. 

The future collapse of the stable atmospheric near-surface layer can only occur at low elevations 

and in basins, because the stable layer does not exist at high elevations under current climate conditions. 

Therefore, the strengthening of the wind and acceleration of temperature increases that follow the 

collapse (or deterioration) of the layer will not occur at high elevations. The presence, or absence, of 

the stable layer explains the difference between future changes projected for snow-covered areas at 

high and low elevations. We found that the existence of a stable layer under current climate conditions 

explained local differences between future changes projected for near-surface wind speed and air 

temperature. Our methodology and results may be used to improve understanding for other snow-

covered areas with complex topography. The strengthening of the wind and acceleration of surface 

warming that are projected under future climate conditions will affect the duration of winter and 

increase evaporation, which may affect ecosystems due to changes in the range of activities of living 

organisms. 
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Chapter 5 Conclusion 

 

In this study, we investigated climate change in Japan using an NHRCM-generated dataset. We 

evaluated the reproducibility of the NHRCM at different resolutions and investigated climate change 

and local climate change in Japan. Concerning climate change, we considered snow cover and studied 

the differences in the number of days of snow cover across Japan depending on the level of warming, 

future changes in snow cover at AMeDAS sites, and effects of future snow cover reduction in the 

atmosphere. 

The reproducibility of the NHRCM dataset was investigated using the d4PDF dataset with 20-km 

horizontal resolution and the SOUSEI/TOUGOU dataset with 5- and 2-km horizontal resolutions. 

NHRCM with 20-km horizontal resolution reproduced temperature and precipitation and improved 

the precipitation frequency compared with the global model with 60-km horizontal resolution. The 

results show that higher resolution improved the reproducibility of the precipitation distribution. 

Next, comparing the climate change of Japan with that in the world, we found that the projected 

temperature increase in Japan is 1.4 times larger than that in the world and that this relationship can 

be maintained regardless of the level of warming. In terms of precipitation, annual precipitation is not 

linearly related to global warming, whereas strong precipitation is linearly related to a temperature 

increase of 6%–7% per 1 K. The change in the number of days of snow cover was projected to decrease 

rapidly because of an increase in temperature. However, the snow depth was not considered in the 20-

km model because of a poor representation of elevation and topography. 

In Chapter 3, the 5-km model was used to project future snow depths, and although it reproduced 

the topography better than the 20-km model, the bias was too large to adequately project the future 

climate using the model output values. A bias correction using observed values was considered, and 

the annual maximum snow depth, which is available once annually, was grouped using regional 

frequency analysis and was corrected using the cumulative density function to improve reproducibility. 

Future projections using this correction showed a large decrease in the snow depth in mountainous 

areas of the Chubu region, whereas the decrease was small in the central part of Hokkaido. This 

correction method improved the reproducibility of the snow depths at the observation points and 

allowed accurate future projections. However, the projections were made only at the points where 

observation data were available, and a higher resolution was required for future projections outside 

the observation points. 

In Chapter 4, the 2-km model with the higher resolution reproduced snow depths even better than 

the 5-km model. Therefore, these data were used for future projections in locations with no observation 

data. In areas where snow cover will decrease in the future, an increase in the local temperature 

accelerated because of albedo change. Therefore, in regions where a stable layer is formed over the 

snowpack under the present climate, the stability of the surface boundary layer decreases and the 
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exchange of momentum with the atmosphere caused wind speed enhancement. This mechanism is 

particularly noticeable at low altitudes. At high altitudes, the stability layer was less likely to form 

because of the influence of the synoptic field under the present climate, meaning that the stability of 

the surface boundary layer decrease in the future climate fails to occur, thereby preventing wind speed 

enhancement. 

This study using regional climate models has contributed to our understanding of climate change 

in Japan. However, the bias of regional climate models still exists, although it has been reduced using 

higher resolutions. Reducing bias and improving reproducibility are issues that require solving 

continuously. Particularly, reproducing snow depth is difficult because it is affected by the bias of 

other weather elements (e.g., surface temperature and precipitation). Additionally, the representation 

of the observed data is also a difficult factor to handle. One of our themes is improving the land surface 

process and is related to the reproducibility of ground elements. To improve the land surface processes, 

we introduce sophisticated snow models and upgrade the urban models. 

Even with reduced bias, there is still uncertainty due to model characteristics. To mitigate this, we 

are developing other regional climate models in addition to NHRCM. The use of regional climate 

models based on the incumbent climate model asuca (Ishida et al. 2022) allows for multi-modeling of 

regional models and discussing uncertainty due to regional models in future projections. Additionally, 

SSTs selection should be considered because of the large influence of future patterns of SST change. 

One issue to be addressed is the study of future projections that consider the effect of different future 

trends in sea surface temperatures. 

The annual maximum snow depth largely affects water resources, and the large decrease of the 

snow depth in the future climate in central Japan can affect future agriculture. Therefore, adaptation 

to the future climate using future projections should also be considered. Changes in urban areas and 

land use were not considered in this future projection. More detailed information on future changes in 

land use due to population change and changes in economic activity would allow us to discuss more 

localized effects of global warming. More detailed projections of warming in urban areas will be useful 

in projecting future changes in the number of heatstroke patients due to global warming. 

The progress of global warming is decisive, and many problems, such as increased strong 

precipitation, drought, and decreased snow cover, are attributed to global warming. High-resolution, 

multi-ensemble data will be useful in developing adaptation strategies for these problems. Applying 

high-resolution large ensemble data can provide estimates of the maximum damage and probabilities 

of changes that are likely to occur. Furthermore, the development of multi-model ensembles that 

consider the effects of SSTs will provide datasets for generating more accurate information. 
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