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Abstract 1 

Changes in the Baiu rainband due to global warming are assessed by the 2 

Pseudo-Global Warming Downscaling method (PGW-DS). The PGW-DS is almost the 3 

same as the conventional dynamical downscaling method using a regional climate model 4 

(RCM), but the boundary conditions of the RCM are obtained by adding the difference 5 

between the future and present climates simulated by coupled general circulation models 6 

(CGCMs) into the six-hourly reanalysis data in a control period. 7 

 8 

We conducted the multiple PGW-DS runs using selected CMIP3 multi-model dataset 9 

giving better performance of around East Asia in June and the PGW-DS run using the 10 

multi-selected CGCM ensemble mean (PGW-MME run). The PGW-MME and PGW-DS 11 

runs show an increase in precipitation over the Baiu rainband and the southward shift of 12 

the Baiu rainband. The PGW-MME run has good similarity to the average of all PGW-DS 13 

runs. This fact indicates that an average of the multi-PGW-DS runs can be replaced by a 14 

single PGW-DS run using the multi-selected CGCM ensemble mean, reducing the 15 

significant computational expense. In comparison with the GCM projections, the PGW-DS 16 
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runs reduce the inter-model variability in the Baiu rainband caused by the CGCMs 1 

themselves. 2 

3 
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1. Introduction 1 

    The Baiu/Meiyu/Changma front, as it called in Japan/China/Korea, is strongly related 2 

to the Asian Summer Monsoon (ASM) and brings a large amount of rainfall over East Asia 3 

in summer (hereafter, referred to as the Baiu rainband) [Kurashima and Hiranuma, 1971]. 4 

The climatic variation in the Baiu rainband causes not only frequent serious flooding but 5 

also occasional droughts in East Asia. The Intergovernmental Panel on Climate Change 6 

(IPCC) [2001, 2007] reported that the increase in greenhouse gases could change the ASM 7 

intensity and duration, resulting in changes in the Baiu rainband in the future. 8 

 9 

The Ocean-Atmosphere Coupled General Circulation Models (CGCMs) have been 10 

used to investigate climate changes due to an increase of greenhouse gases. The analysis 11 

method using the multiple CGCM ensemble mean (hereafter, the MME mean) is effective 12 

for the improvement of projections due to the reduction of biases and uncertainties of 13 

individual CGCMs [e.g., Giorgi and Mearns, 2002]. Climate changes were investigated 14 

using the MME mean obtained from the WCRP Coupled Model Intercomparison Project 15 

phase 3 (CMIP3) multi-model dataset [Meehl et al., 2007] during the ASM season [Min et 16 
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al., 2004; Ueda et al., 2006; Kitoh and Uchiyama, 2006]. The activity of the ASM would 1 

be enhanced in association with the strengthening of anti-cyclonic circulations to its south 2 

and north [Kimoto, 2005], resulting in the change in the Baiu rainband. 3 

 4 

     The simulation of the Baiu rainband is extremely difficult for GCMs due to the lack 5 

of resolution as well as to shortcomings in the physical process parameterizations [Kang et 6 

al., 2002; Ninomiya et al., 2002]. Kawatani and Takahashi [2003] demonstrated that the 7 

structures of the Baiu front, from large scale to meso-alpha scale, were well simulated in a 8 

high-resolution AGCM with a grid size of about 110 km. A comparison of high- and 9 

medium-resolution CGCMs showed that the higher-resolution version better reproduced 10 

not only the mean precipitation but also the frequency of precipitation over Japan in the 11 

warm season in the present climate [Kimoto, et al. 2005]. The time-slice experiment was 12 

conducted using a very high-resolution AGCM with 20-km grid size developed by the 13 

Japan Meteorological Agency (JMA) and the Meteorological Research Institute (MRI) 14 

(hereafter, MRI 20-km AGCM) [Mizuta et al., 2006]. In comparison with lower-resolution 15 

model experiments, the MRI 20-km AGCM showed superiority in simulating orographic 16 
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rainfall regarding not only its location but also its amount [Kusunoki et al., 2006]. 1 

 2 

Downscaling methods are the techniques to complement the GCM simulations with 3 

the detailed temporal and spatial structures. Two major downscalings have been proposed: 4 

one is a statistical downscaling, and the other is a dynamical downscaling (DDS). A 5 

conventional DDS consists of a numerical simulation using a regional climate model 6 

(RCM). The RCM applies the GCM outputs to the initial and boundary conditions. Wang et 7 

al. [2004] stated the history of the development of DDSs. Original RCMs were conducted 8 

using the hydrostatic primitive equations. With the development of computational 9 

performances, some RCMs have been converted into models based on non-hydrostatic 10 

equations. Kato et al. [2001] were concerned that the regional climate changes were 11 

mainly influenced by the reproducibility of the present climate simulated by the GCM and 12 

indicated that the GCM should be of a good quality when the regional climate was 13 

estimated in detail by the DDSs. 14 

 15 

Using the RCM with a 20-km grid size, Kurihara et al. [2005] indicated that the 16 
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precipitation would increase during the warm season in Western Japan because the 1 

intensification of the anti-cyclonic circulation over the east Pacific Ocean resulted in strong 2 

moisture flux convergence over Western Japan in the late 21st Century under the Special 3 

Report on Emissions Scenario A2 (SRES-A2) scenario by the IPCC [2000]. More detailed 4 

changes in the Baiu rainband due to global warming were investigated using a 5 

non-hydrostatic cloud-resolving regional climate model (NHM). The initial and lateral 6 

boundary conditions were obtained from the outputs of the MRI 20-km AGCM under the 7 

SRES-A1B scenario [Yasunaga et al., 2006]. The Baiu front was likely to stay over the 8 

southern Japan Islands and did not move northward in summer in the global warming 9 

climate [Yoshizaki et al., 2005]. 10 

 11 

A new concept of the DDS called Pseudo-Global Warming Downscaling method 12 

(hereafter PGW-DS) was proposed by Kimura and Kitoh [2007] and adopted for some 13 

regions [Sato et al., 2007; Hara et al., 2008]. The PGW-DS is almost the same as the 14 

conventional DDS, but the boundary condition of the RCM is a composite of six-hourly 15 

reanalysis data and the differences in monthly mean variables between the present and the 16 
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future climates simulated by CGCMs. Knutson et al. [2008] applied a similar method to the 1 

Atlantic hurricanes and found that Atlantic hurricane and tropical storm frequencies would 2 

be reduced and near-storm rainfall rates would increase substantially under the pseudo 3 

atmospheric state and sea surface temperature (SST) in the 21st century. Frei et al. [1998] 4 

conducted a similar DDS to the PGW-DS to investigate heavy precipitation processes in a 5 

warmer climate in Europe, but they considered only the effects of uniform temperature rise 6 

and relevant changes in other atmospheric variables. 7 

 8 

Kawase et al. [2008] applied the PGW-DS to the past climatic change in the 9 

distribution of the Baiu rainband over China between the 1960s and 1990s during early 10 

summer. They discussed two advantages of the PGW-DS. One is the reduction of the 11 

model bias contained in the GCMs, and the other is the circumventing of the uncertainty 12 

caused by the interannual variability even in the case of a shorter integration period, such 13 

as 10 years. It is, however, difficult to evaluate the changes in the interannual variability 14 

and the frequencies of disturbances because the PGW-DS assumes unchanged variability 15 

even in the future climate. The uncertainty caused by the change in the variability still 16 
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remains.  1 

 2 

The PGW-DS easily enables multiple DDSs under multiple CGCMs because it 3 

requires only monthly mean atmospheric variables and sea surface temperature, both of 4 

which can be much more easily obtained than six-hourly data. This reduces the need to 5 

archive and access CGCM data. The purpose of this study is to assess future changes in the 6 

Baiu rainband using the PGW-DS. We focus on June when the stable Baiu rainband 7 

appears around Southern China and Japan. 8 

 9 

10 
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2. Reproducibility of Present Climate and Projections by CGCMs 1 

The CGCMs have various biases in the simulation of present regional climate, e.g., 2 

in East Asia, which would result in a large uncertainty in the projections of regional 3 

climate change due to global warming. The PGW-DS relies on the differences between 4 

present and future climates simulated by CGCMs. The selection of CGCMs with high 5 

performance of the present climate is essential to conduct the PGW-DS, although this 6 

method reduces the effects of the CGCM bias in the present climate more than the 7 

conventional DDS. 8 

 9 

A new type of diagram (hereafter, the Taylor diagram) and skill scores were 10 

proposed by Taylor [2001] to evaluate CGCM performances. The Taylor diagram relates 11 

the centered Root Mean Square Error (RMSE), the pattern correlation, and the standard 12 

deviation. The performances of CGCMs in Asia have also been evaluated using the Taylor 13 

diagram in previous studies [Min et al., 2004; Kusunoki et al., 2006; Inoue and Ueda, 14 

2009]. The Taylor diagram and skill score make it possible to evaluate the location and 15 

strength of the Baiu rainband simulated by the CGCMs. 16 
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 1 

Table 1 shows the 15 CGCMs with the necessary atmospheric and surface variables 2 

to conduct the PGW-DS, which are available at the CMIP3 multi-model dataset. The 3 

present climate is obtained from the 20th Century Climate in Coupled Models (20C3M). 4 

References of precipitation and 850 hPa wind are derived from CPC Merged Analysis of 5 

Precipitation (CMAP) [Xie and Arkin, 1997] and ECMWF 40-year Re-Analysis (ERA40) 6 

Data [Uppala et al., 2005], respectively. We define the analyzed period as 1980-1999 for 7 

comparison with CMAP precipitation data. The analyzed area is Region A, shown in Fig. 1. 8 

All models are interpolated into the same 2.5°×2.5° grids as the reference data.  9 

 10 

The skill score (S) is defined as 11 

4
0

2

4

)1()1(
)1(4

RSDRSDR
RS

++
+= ,  12 

where R, R0, and SDR are, respectively, the correlation coefficient, the maximum 13 

correlation attainable, which is equal to the mean of the intra-ensemble correlation values, 14 

and the model standard deviation divided by the standard deviation of the corresponding 15 

observed field [Taylor, 2001]. Here, we assume R0 = 1.0. High skill scores mean that the 16 
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spatial patterns of the realistic climate are well simulated by the CGCMs. More detailed 1 

information is provided in Taylor [2001]. We select seven CGCMs, i.e., CCCMA, CNRM, 2 

GFDL21, INGV, MIROCM, MIROCH, and MRI, which have higher skill scores for 3 

precipitation than the average of all models. Both the MIROCM and the MIROCH are 4 

selected to focus on the difference in resolutions, but we only use one later version of the 5 

GFDL model, GFDL21. 6 

 7 

The seven selected CGCMs show higher correlation coefficients for precipitation in 8 

the range between 0.6 and 0.8 than the other CGCMs (Fig. 2a). On the other hand, the 9 

standard deviations of the selected CGCMs are smaller than those of the reference data, 10 

except for the MIROCH and the MRI. The skill score of the ensemble mean of the seven 11 

CGCMs (hereafter, MME-CGCM) is the highest in Fig. 2a, as reported in previous studies 12 

[e.g., Min et al., 2004]. 13 

 14 

The selected CGCMs, except for CCCMA, show quite high correlation coefficients 15 

of about 0.9 for the 850 hPa zonal wind component (Fig. 2b). Their standard deviations are, 16 
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however, scattered. The standard deviations of the MRI and the GFDL are similar to those 1 

of the reference data. The selected CGCMs are plotted more scattered on the Taylor 2 

diagram for the meridional wind component (Fig. 2c) than for the zonal wind component. 3 

The MME-CGCM shows the highest skill score for the zonal and meridional winds as well 4 

as the precipitation. 5 

 6 

Figure 3 shows 30-year mean precipitation in June from 2060 to 2089 simulated by 7 

the MME-CGCM and the seven selected CGCMs under the SRES-A1B scenario. The 8 

rainband corresponding to the Baiu rainband is located from southern China to Japan in the 9 

MME-CGCM (Fig. 3a). The MIROCM is similar to the MIROCH, but the amount of 10 

precipitation in the MIRCOM is much weaker than that in the MIROCH (Figs. 3g and 3h), 11 

which depends on their resolutions [Kawatani and Takahashi, 2003]. Most CGCMs do not 12 

simulate the Baiu rainbands clearly (Figs. 3b-3g), but only the MIROCH does (Fig. 3h). 13 

Some CGCMs could not accurately simulate the Baiu rainband in the present climate 14 

(figure not shown), resulting in the obscure Baiu rainband in the future climate. 15 

Considering that we selected the CGCMs with higher performance in East Asia from the 16 
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CMIP3 multi-model dataset, the other CGCMs simulate the Baiu rainbands more poorly. 1 

 2 

Figure 4 shows the differences in the 30-year mean June precipitation between the 3 

20C3M for the present climate (1970-1999) and the SRES-A1B scenario for the future 4 

climate (2060-2089). The MME-CGCM indicates an increase in precipitation over mid- 5 

and high-latitude regions, especially near the Baiu rainband, and a decrease in precipitation 6 

over the low-latitude region (Fig. 4a). The change in precipitation of the MME-CGCM is, 7 

however, quite different from the changes in the individual CGCMs. The GFDL and the 8 

MRI show a decrease in precipitation (Figs. 4c and 4e), while the CCCMA, MIROCM, and 9 

MIROCH show an increase in precipitation over Japan. Only the INGV shows a decrease 10 

in precipitation over Northern China (Fig. 4d). The MIROCH and the MIROCM project 11 

similar changes in precipitation except for the amount (Figs. 4g and 4h). 12 

 13 

14 
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3. Procedure of a Pseudo-Global Warming Downscaling Method 1 

A control run was conducted to simulate the Baiu rainband in the control period, 2 

which is the 1990s in this paper. We used the Advanced Research of Weather Research and 3 

Forecasting (WRF) model version 2.2 [Skamarock et al., 2005]. The ERA40 data was 4 

applied to the initial and boundary conditions of the WRF model (CTRL-ERA40 run). The 5 

specifications of the numerical simulations are summarized in Table 2. The model domain 6 

was covered by 300 x 200 grids with 20-km grid intervals (Fig. 1). The simulation was 7 

executed from May 22 to July 1 for each year. The first ten-day period was defined as a 8 

spin-up duration. Physical processes of the surface-layer, boundary-layer, and land surface 9 

were calculated by the Monin-Obukhov (Janjic Eta) scheme [Janjic, 1996], the 10 

Mellor-Yamada-Janjic (Eta) TKE scheme [Janjic, 2002], and the Noah land surface 11 

scheme [Chen and Dudhia, 2001], respectively. Both the Kain-Fritsch convective 12 

parameterization scheme [Kain and Fritsch, 1993] and the WRF single-moment 13 

microphysics scheme (WSM6) [Hong and Lim, 2006] were activated as the precipitation 14 

process. 15 

 16 
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Next, the present climatic fields, including the wind, temperature, geopotential 1 

height, surface pressure, and sea surface temperature, were calculated by the 30-year 2 

monthly mean from 1970 to 1999 in the 20C3M, as in Section 2. Here, we used one 3 

ensemble member in each CGCM. The future climatic fields were calculated by the 4 

30-year monthly mean from 2060 to 2089 under the SRES-A1B scenario. The 5 

pseudo-future six-hourly dataset was obtained by adding the components of the climatic 6 

change between the present and future climates into the six-hourly ERA40 data in the 7 

1990s. The climate of the pseudo-future dataset corresponds to the future climate 8 

(2060-2089), while the variability, such as short-term disturbances and interannual 9 

variability, is similar to that in the 1990s. The PGW-DS runs were conducted using the 10 

pseudo-future six-hourly data. The flow chart of the PGW-DS is summarized in Fig. 5. 11 

 12 

The relative humidity of the future climate was assumed to be equal to that of the 13 

present climate, which means that the absolute amount of water vapor was expected to 14 

increase due to global warming because the saturation vapor pressure increases with 15 

temperature (i.e., the Clausius-Clapeyron relation). It has often been suggested that the 16 
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distribution of relative humidity should remain roughly constant in the warming climate 1 

because the global trend of near-surface relative humidity is very small during recent 2 

decades [Dai, 2006; Trenberth, 2005] and there is no detectable trend in relative humidity 3 

in the upper troposphere [Soden et al., 2005]. 4 

 5 

We conducted seven PGW-DS runs using the seven CGCMs selected in Section 2, 6 

i.e., the PGW-CCCMA, PGW-CNRM, PGW-INGV, PGW-GFDL, PGW-MIROCM, 7 

PGW-MIROCH, and PGW-MRI runs. In addition, another PGW-DS run, called the 8 

PGW-MME run, was conducted using the MME-CGCM. We estimated future climatic 9 

changes in the Baiu rainband with a comparison of the CTRL-ERA40 run with the seven 10 

PGW-DS runs and the PGW-MME run.  11 

 12 

Considering the linear approximation, the pseudo-future six-hourly data satisfies the 13 

hydrostatic equilibrium, the equation of continuity, and the linear terms of dynamical 14 

equations. On the other hand, the balance of nonlinear terms, such as an advection term, is 15 

slightly disrupted. The PGW-DS applies the pseudo-future six-hourly data to only the 16 



 18

initial and lateral boundary conditions. The imbalanced error caused by the nonlinear term 1 

seems to be smaller than the imbalanced errors between the lateral boundary conditions 2 

and interior mesh values.  3 

 4 

A simple numerical experiment was also conducted to investigate the impact of only 5 

the temperature rise on the Baiu rainband (TEMP-RISE run), as in Frei et al. [1998]. The 6 

initial and boundary conditions were provided by the six-hourly ERA40 data in the 1990s, 7 

but 3K in atmospheric temperature at all vertical levels and 2.2K at the sea surface 8 

temperature were added; these were comparable to the temperature rise at lower 9 

atmospheric levels and the sea surface in the MME-CGCM at the end of 21st Century 10 

under the SRES-A1B scenario, respectively. The geopotential height was recalculated 11 

according to the temperature rise. 12 

13 
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4. Results of Downscalings 1 

4.1 Observations and Control Run 2 

Figure 6a shows the distributions of the 10-year mean precipitation in June during 3 

the 1990s observed by in situ stations provided by the China Meteorological 4 

Administration in China and Automated Meteorological Data Acquisition System 5 

(AMeDAS) provided by JMA in Japan. Heavy precipitation exceeding 420 mm/month is 6 

observed over the south of the Yangtze River basin (28°N, 118°E) and around the southern 7 

coast of China. A large amount of precipitation is also observed over Kyushu in Japan. The 8 

amount of precipitation drastically decreases to the north of the Yangtze River. Figure 6b 9 

shows the distribution of the 10-year mean precipitation derived from CMAP. The Baiu 10 

rainband extends from southern China to Japan. 11 

 12 

The CTRL-ERA40 run accurately simulates the Baiu rainband extending from 13 

southern China to Japan and the distribution of precipitation in China, e.g., a large amount 14 

of precipitation over the south of the Yangtze River basin and the southern coast of China, 15 

and a drastic decrease in precipitation to the north of the Yangtze River (Fig. 6c). Some 16 
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previous studies focused on the regional climate modeling without interior or spectral 1 

nudging [e.g., Castro et al., 2005]. The climatic fields of wind and geopotential height 2 

simulated by the CTRL-ERA40 run without interior or spectral nudging have some small 3 

differences from the original ERA40 data. The CTRL-ERA40 run, however, well simulates 4 

the location and strength of the Baiu rainband in the 1990s, as shown in Fig. 6, which 5 

makes it possible to estimate future changes in the Baiu rainband. It should be noted that 6 

the amount of precipitation is overestimated, especially around the center of southern 7 

China (25°N, 118°E). 8 

 9 

4.2 PGW-DS runs 10 

The Baiu rainbands can be simulated from southern China to Japan in all PGW-DS 11 

runs as strongly as in the CTRL-ERA40 run (Fig. 7). Most PGW-DS runs shows that the 12 

amount of precipitation increases over the southern parts of the Baiu rainband but 13 

decreases over the northern parts of the Baiu rainband (Figs.7 and 8). This feature is 14 

strongly simulated by the PGW-INGV run (Fig. 8d) but is not clear in the PGW-MIROCH 15 

and PGW-MIROCM runs in which precipitation increases over the Baiu rainband (Figs. 8g 16 
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and 8h). 1 

 2 

Figure 9 shows the interannual variability of the regional mean precipitation in June 3 

over Region B shown in Fig. 1. Region B is wide enough for almost of the precipitation 4 

around the Baiu rainband to be detected. The amounts of precipitation simulated by the 5 

PGW-MME and PGW-DS runs are 10 - 50 mm/month larger than that simulated by the 6 

CTRL-ERA40 run. The PGW-MME and individual PGW-DS runs show similar 7 

interannual variability to the CTRL-ERA40 run. The PGW-MIROCH, however, simulated 8 

more precipitation than the other PGW-DS runs in 1993 and 1997. The PGW-INGV also 9 

simulated more precipitation in 1991 and 1993. It is noteworthy that the average of the 10 

seven PGW-DS runs (hereafter, MME-PGW-DS) shows quite similar interannual 11 

variability to the PGW-MME run.  12 

 13 

Figure 10 shows the latitudinal distributions of the zonal mean precipitation, which 14 

is averaged every 2.5 degrees over Region B, in June during the 1990s and pseudo warmed 15 

1990s. The maximum precipitation of about 280 mm/month, which signals the peak of the 16 
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Baiu rainband, appears at around 27.5°N - 30°N in the CTRL-ERA40 run. On the other 1 

hand, the maxima appear at around 25°N - 27.5°N in the PGW-MME run and most 2 

PGW-DS runs. The precipitation increases over the southern part of the control Baiu 3 

rainband simulated by the CTRL-ERA40 run (20°N - 27.5°N). Only the PGW-MIROCM 4 

and PGW-MIROCH runs show an increase in precipitation over the control Baiu rainband. 5 

The MME-PGW-DS shows quite a similar change to the PGW-MME run as well as the 6 

interannual variability of the regional mean precipitation (Fig. 9). 7 

 8 

4.3 Comparison between PGW-DS runs and CGCMs 9 

We compare the inter-model variability in the change of precipitation simulated by 10 

the PGW-DS runs (Figs. 7 and 8) and projections of the CGCMs (Figs. 3 and 4) with the 11 

aid of the Taylor diagram [Taylor, 2001]. The observational data are applied to the 12 

reference data in the original Taylor diagram (see Section 2, Fig. 2), while the 13 

MME-CGCM and the MME-PGW-DS are applied to the reference data here. We call this 14 

Taylor diagram the “MME Taylor diagram.” It should be noted that the MME Taylor 15 

diagram cannot be used to evaluate the performances of the models in the future climate. 16 
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The skill score, which shows the skill of CGCM in the original Taylor diagram, refers to 1 

the similarity among the models and the MME mean in the MME Taylor diagram. The skill 2 

score is called a “similarity score” in the MME Taylor diagram. The models with high 3 

(low) similarity scores show similar features to (different features from) the MME mean. 4 

When all models have high (low) similarity scores, the inter-model variability is small 5 

(large). When the variance of the MME mean is much smaller than those of the individual 6 

models, all models have different features. 7 

 8 

Figure 11 shows the MME Taylor diagrams for the spatial distribution of 9 

precipitation in the future climate (11a and 11c) and the difference in precipitation among 10 

the present and future climates (11b and 11d). Figures 11a and 11b show the projections of 11 

the CGCMs and Figs. 11c and 11d show the results of the PGW-DS runs. Figures 11a, 11b, 12 

11c, and 11d correspond to Figs. 3, 4, 7, and 8, respectively. The similarity scores for the 13 

precipitation in the CGCMs are lower than 0.7 (Fig. 11a). The CCCMA, MIROCH, and 14 

MRI have smaller similarity scores than the other models, which indicates that their 15 

projections are far from the MME-CGCM. The location of the rainband in the CCCMA is 16 
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quite different from that in the MME-CGCM (Figs. 3a and 3b), which results in the lowest 1 

correlation coefficient and the smallest similarity scores. The variances in the MIROCH 2 

and the MRI are higher than those of the others depending on the amount of precipitation 3 

around the rainband (Figs. 3e and 3h). The similarity scores for the change in precipitation 4 

are quite low in all CGCMs (Fig. 11b). They are lower than 0.2 except for the MIROCM 5 

and the CNRM. The variance of the MME-CGCM is much smaller than those of the seven 6 

CGCMs. These results indicate that the seven CGCMs show different changes in the 7 

spatial distribution of precipitation, i.e., different changes in the Baiu rainband. 8 

 9 

On the other hand, all PGW-DS runs show much higher similarity scores than the 10 

CGCMs. Their correlation coefficients exceed 0.90 in most PGW-DS runs (Fig. 11c). The 11 

variances of all PGW-DS runs are comparable to that of the MME-PGW-DS. Even the 12 

PGW-MIROCH, PGW-MRI, and PGW-CCCMA show high similarity scores, although 13 

their original CGCMs, i.e., MIROCH, MRI, and CCCMA, show quite low similarity 14 

scores (Fig. 11a). Figure 11c indicates that all PGW-DS runs simulate similar locations and 15 

strengths for the Baiu rainband. Moreover, it is noteworthy that the PGW-MME run, which 16 



 25

is the PGW-DS run using the MME-CGCM, also shows a high similarity score of about 1 

0.96. The similarity scores for the difference in precipitation in the PGW-DS runs are also 2 

much higher than those in the CGCMs (Fig. 11d). They exceed 0.4, except for 3 

PGW-MIROCH and PGW-MIROCM. As in Fig. 11c, the PGW-MME run shows a high 4 

similarity score of about 0.73. The variances of the PGW-DS runs are comparable to that of 5 

the PGW-MME run, except for the PGW-INGV run. The clear contrast of the decrease and 6 

increase of precipitation results in the large variance in the PGW-INGV run (Fig. 8d). The 7 

PGW-MIROCM and PGW-MIROCH runs have low correlation coefficients and low 8 

similarity scores because they simulate different changes in the spatial distribution of 9 

precipitation compared with the other PGW-DS runs and the PGW-MME run (Fig. 8). 10 

Figure 11 suggests that the PGW-DS runs decrease the inter-model variability in the Baiu 11 

rainband relative to the original CGCMs. 12 

 13 

14 
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5. Discussion 1 

A significant assumption of the PGW-DS is the neglect of changes in variability, 2 

such as interannual variability, in the future climate. The future changes in the amplitudes 3 

of the interannual variability obtained by selected CGCMs and their uncertainty were 4 

investigated in regard to the geopotential height at three pressure levels (850 hPa, 500 hPa, 5 

and 200 hPa) over Region B shown in Fig. 1. We estimated the difference in the standard 6 

deviation of interannual variability (hereafter, DSDIV) between the present climate 7 

(1970-1999) and the future climate (2060-2089) simulated by each CGCM as well as the 8 

DSDIV between ERA40 data and each CGCM in the present climate. The DSDIVs 9 

between the present and the future climates were comparable to those between ERA40 data 10 

and the individual CGCMs in the present climate at all of three pressure levels. These facts 11 

indicate that the uncertainty of CGCMs is too large to discuss the change in the amplitudes 12 

of the interannual variability. In addition, the mean of the DSDIVs between the present and 13 

future climates among the CGCMs was much smaller than the standard deviation of the 14 

DSDIVs among the CGCMs. These results suggest that the signal of the change in the 15 

amplitudes of the interannual variability is insignificant in the CGCMs. 16 
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 1 

The PGW-DS based on other decades, such as the 1970s and the 1980s, may 2 

simulate the different changes in the Baiu rainband from those simulated by the PGW-DS 3 

based on the 1990s. We conducted the additional control run (hereafter, CTRL-ERA40-80s 4 

run) and the PGW-MME run (hereafter, PGW-MME-80s run) in the 1980s. Here, the 5 

PGW-MME-80s run is expected to represent the average of all PGW-DS runs using 6 

individual CGCMs in the 1980s (see Figs. 9 and 10).  7 

 8 

The CTRL-ERA40-80s simulates the Baiu rainband extending from southern China 9 

to Japan (Fig. 12a). In comparison with the 1990s, the location of the Baiu rainband is 10 

similar to that in the 1990s, while the amount of precipitation is smaller than that in the 11 

1990s, which is also shown in observational data (figure not shown). Figure 12b shows the 12 

difference in precipitation in the CTRL-ERA40-80s and PGW-MME-80s runs. 13 

Precipitation increases over the southern part of the control Baiu rainband, which suggests 14 

the southward shift of the Baiu rainband. It is noteworthy that the change in the Baiu 15 

rainband simulated by the PGW-MME-80s run is quite similar to the PGW-MME run 16 
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based on the 1990s (Fig. 8a). In consideration with the mechanism to form the Baiu 1 

rainband, it is unlikely that the Baiu rainband locates at a quite different place in the other 2 

present decades. The results suggest that the PGW-DS is expected to obtain similar results 3 

regardless of the selected decade. 4 

 5 

These facts also suggest that the selection of reanalysis data, such as ERA40 data, 6 

the National Centers for Environmental Prediction / National Center for Atmospheric 7 

Research (NCEP/NCAR) reanalysis data, and Japanese 25-year Reanalysis (JRA25) data, 8 

would not affect the results of the PGW-DS run. The differences in the reanalysis data are 9 

much smaller than those between decades, e.g., the 1980s and the 1990s. 10 

 11 

An increase in temperature due to global warming would contribute to the change in 12 

the Baiu rainband because of the increase of the saturation vapor pressure. The PGW-DS 13 

assumes that the relative humidity of the future climate would be equal to that of the 14 

present climate, which results in an increase in the absolute value of water vapor in the 15 

warm future climate following the Clausius-Clapeyron relationships. The impact of a 16 
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temperature rise on the Baiu rainband is estimated by the TEMP-RISE run assuming only 1 

an atmospheric and sea surface temperature rise (see Section 3). 2 

 3 

The black broken lines in Figs. 9 and 10 show the results of the TEMP-RISE run. 4 

The regional mean precipitation increases, as in the PGW-DS runs (Fig. 9), while the 5 

amount of precipitation increases at almost the same rate at all latitudes (Fig. 10). The 6 

southward shift of the Baiu rainband, which is shown in most PGW-DS runs, is not 7 

simulated by the TEMP-RISE run. The TEMP-RISE run suggests that the temperature rise 8 

would contribute to the increase of precipitation around the Baiu rainband, while the other 9 

factors of the PGW-DS runs would influence the shift of the Baiu rainband. It must be 10 

noted that we only indicated the direct effect of the temperature rise in the regional scale 11 

shown in Fig. 1 without considering the indirect effect accompanied with the SST rise, 12 

such as the global-scale atmospheric response to the El Nino conditions of the ocean 13 

pointed out in previous studies [e.g. Kitoh et al., 2005]. 14 

 15 

The change in the location of the Baiu rainband is thought to be affected by the 16 
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change in the large-scale circulation projected by the CGCMs throughout the lateral 1 

boundary of the RCM. Ninomiya [2000] suggested that the differential advection of the 2 

equivalent potential temperature, which consists of a poleward moisture flux by the 3 

low-level jet and cold air advection by the upper-level jet, is a primary factor in the 4 

formation of the active Baiu rainband. Yoshikane et al. [2001] reported that the Baiu 5 

rainband is quite sensitive to the positions of the upper-level jet and the low-level jet. It is 6 

suggested that the future change in summer precipitation in East Asia will be attributable to 7 

the change in the lower moisture flux and its convergence associated with the subtropical 8 

high [Kurihara et al., 2005]. 9 

 10 

Figure 13 shows the difference of the moisture flux at 850 hPa between the 11 

CTRL-ERA40 run and the PGW-MME run. Contour lines represent the zero vorticity at 12 

200 hPa, which mean the axes of the upper-level jet. The poleward moisture flux increases 13 

around the southwestern boundary of the model domain (15°N, 115°E). The eastward to 14 

northeastward moisture flux also increases over the northeastern Pacific Ocean (115°E - 1 15 

45°E, 20°N - 30°N). The increase of the lower-level moisture flux enhances the convective 16 
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instability, resulting in more precipitation around the Baiu rainband in the PGW-MME run 1 

than that in the CTRL-ERA40 run. On the other hand, the zero vorticity contour line shifts 2 

southward (110-140°E), which means that the meandering of the upper-level jet is more 3 

remarkable in the PGW-MME run than that in the CTRL-ERA40 run. The larger amplitude 4 

of the meandering brings cold air more southward in the upper level. It can be summarized 5 

that the enhancement and the southward shift of the Baiu rainband are the results of the 6 

change in the differential advection of equivalent potential temperature caused by two 7 

factors: (1) the increase of the northeastward moisture flux over the northwestern Pacific 8 

Ocean at the lower level, and (2) the increase of the southward cold air advection in the 9 

upper level. However, detailed mechanisms in the shift of the Baiu rainband are still 10 

unknown. Further studies are needed to identify them.  11 

 12 

One major problem is the projection of typhoons in the future climate that would 13 

sometimes strongly affect the amount of precipitation during the Baiu season. The 14 

PGW-DS may not estimate the impact of a typhoon accurately because of the assumption 15 

of PGW-DS on the boundary conditions. To reduce the uncertain impacts of a typhoon, this 16 
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study focuses on only June, when there are fewer typhoons than in the other months. Since 1 

several typhoons annually approach Japan and China from July to September, extreme care 2 

must be exercised regarding typhoons when the PGW-DS is conducted in such months. 3 

Knutson et al. [2008] applied a similar method to the simulation of the Atlantic hurricane 4 

frequency using a wide domain for the RCM. The PGW-DS would require a much larger 5 

domain than has been assumed here when the PGW-DS estimates the change in the Baiu 6 

rainband, including the impact of typhoons. 7 

 8 

The PGW-DS assumes unchanged interannual variability and frequencies of 9 

disturbances. The change in extreme precipitation events might be affected by them. The 10 

usefulness of PGW-DS for extreme events should be examined in future works. We also 11 

assume constant relative humidity between the present and future climates. Rowell and 12 

Joones [2005] suggested that the relative humidity tends to decrease over land in global 13 

warming condition due to the change in large-scale land-sea circulation. The change in the 14 

relative humidity in the regional scale would affect the amount and distribution of 15 

precipitation. It is necessary to conduct further PGW-DSs to investigate the impact of the 16 
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change in the relative humidity.  1 

 2 

The PGW-DS has some limitations in the assessment of future projections. However, 3 

the PGW-DS can reduce the inter-model variability of changes in the Baiu rainband and 4 

contribute to the reduction of uncertainty in the climate changes projected by multiple 5 

CGCMs. 6 

7 



 34

6. Conclusion 1 

For the estimation of the change in the Baiu rainband due to global warming, 2 

multiple PGW-DS runs were conducted using selected CMIP3 multi-model dataset giving 3 

better performance around East Asia in June. Most PGW-DS runs and the PGW-MME run, 4 

which is the PGW-DS run using the multi-CGCM ensemble mean, simulated an increase in 5 

precipitation over the Baiu rainband and the southward shift of the Baiu rainband. The 6 

PGW-MME run has good similarity to the average of all PGW-DS runs, e.g., the change in 7 

the regional mean precipitation and the shift of the Baiu rainband. These facts suggest that 8 

the average of the multi-PGW-DS runs can be replaced by a single PGW-DS using the 9 

multi-CGCM ensemble mean, which significantly reduces the computational expense. The 10 

PGW-MME run based on the 1980s simulated the change in the Baiu rainband with 11 

considerable similarity to the PGW-MME run based on the 1990s, suggesting that the 12 

PGW-DS is expected to obtain similar results regardless of the selection of control decade. 13 

The comparison of the PGW-DS runs and the CGCM projections suggests that the 14 

PGW-DS runs reduce the inter-model variability in the Baiu rainband caused by CGCMs 15 

themselves. Although the PGW-DS assumes an unchanged variability in the future climate, 16 
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the PGW-DS can be used as a new method to assess the regional climate changes due to 1 

global warming. 2 

3 
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Table captions 1 

Table 1. Fifteen CGCMs with the necessary atmospheric and surface variables, which are 2 

available at the CMIP3 database, to conduct the PGW-DS. 3 

 4 

Table 2. Specifications of the simulations. 5 

 6 

7 
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Figure captions 1 

Fig. 1: Geographical map of the analysis area. Enclosed areas drawn by black, red, and 2 

blue lines represent the Model Domain, Region A, and Region B, respectively. 3 

 4 

Fig. 2: Taylor diagram for the June climatological precipitation and 850hPa wind 5 

(1980-1999) for East Asia. Large colored circles represent the seven selected models, and 6 

small black circles represent the other models. 7 

 8 

Fig. 3: Thirty-year mean precipitation in June from 2060 to 2089 simulated by seven 9 

CGCMs and MME-CGCM under the SRES A1B scenario. 10 

 11 

Fig. 4: Difference in the 30-year mean precipitation in June between the 20C3M and SRES 12 

A1B scenario. Blue represents the increase of precipitation under the SRES-A1B scenario. 13 

 14 

Fig. 5: Flow chart of the PGW-DS. 15 

 16 
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Fig. 6: Distributions of ten-year mean precipitation in June during the 1990s (a) observed 1 

by in situ stations provided by the China Meteorological Administration in China and 2 

AMeDAS provided by JMA in Japan, (b) derived from CMAP, and (c) simulated by the 3 

CTRL-ERA40 run. 4 

 5 

Fig. 7: Distributions of June precipitation simulated by the seven PGW-DS runs and the 6 

PGW-MME run. 7 

 8 

Fig. 8: Difference in June precipitation among the CTRL-ERA40 run and each PGW-DS 9 

run. Blue indicates that the precipitation in the PGW-DS runs is larger than that in the 10 

CTRL-ERA40 run. The enclosed area with a red solid line represents the heavy rainfall 11 

area of over 350 mm/month to the east of 110°E simulated by the CTRL-ERA40 run. 12 

 13 

Fig. 9: Time series of the regional mean precipitation in June over Region B shown in Fig. 14 

1b. A thick black solid line represents the CTRL-ERA40 run. The thick red solid and 15 

broken lines represent the PGW-MME run and the average of all PGW-DS runs, 16 
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respectively. The other thin colored lines represent the individual PGW-DS runs. The thin 1 

black broken line represents the TEMP-RISE run. 2 

 3 

Fig. 10: Latitudinal distribution of the ten-year mean precipitation in June averaged 90°E - 4 

150°E and every 2.5 degrees. All lines are the same as those in Fig. 9. 5 

 6 

Fig. 11: MME Taylor diagrams for the ten-year mean precipitation in June projected by (a) 7 

the CGCMs and (c) the PGW-DS runs and changes in precipitation projected by (b) the 8 

CGCMs and (d) the PGW-DS runs. 9 

 10 

Fig. 12: Distribution of (a) June precipitation simulated by the CTRL-ERA40-80s run and 11 

(b) difference in June precipitation between the CTRL-ERA40-80s run and the 12 

PGW-MME-80s run. The enclosed area with a red solid line represents the heavy rainfall 13 

area of over 350 mm/month to the east of 110°E simulated by the CTRL-ERA40-80s run. 14 

 15 

Fig. 13: Difference of the moisture flux at 850 hPa between the CTRL-ERA40 run and the 16 
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PGW-MME run (vector) and the zero vorticity contours at 200 hPa simulated by the 1 

CTRL-ERA40 (bold broken line) and PGW-MME runs (bold solid line) in June. The gray 2 

shading represents that the amount of precipitation in the PGW-MME run is 40 mm larger 3 

than that in the CTRL-ERA40 run. 4 

 5 



Table 1. Fifteen CMIP3 multi-model dataset having enough atmospheric variables to conduct the PGW-DS. 

MODEL NAME 
 in this paper 

CMIP3 I.D. Originating Group(s) Country 

CCCMA CGCM3.1(T47) Canadian Centre for Climate Modelling and Analysis Canada 
CCSM CCSM3 National Center for Atmospheric Research USA 

CNRM CNRM-CM3 
Meteo-France, Centre National de 
Recherches Meteorologiques 

France 

GFDL20 GFDL-CM2.0 US Dept. of Commerce, NOAA 
Geophysical Fluid Dynamics Laboratory 

 USA 
GFDL21 GFDL-CM2.1 
GISS-EH GISS-EH 

NASA/Goddard Institute for Space Studies  USA 
GISS-ER GISS-ER 
IAP FGOALS-g1.0 LASG/Institute of Atmospheric Physics China 
INGV INGV-SXG Instituto Nazionale di Geofisica e Vulcanologia Italy 
INM INM-CM3.0 Institute for Numerical Mathematics Russia 
IPSL IPSL-CM4 Institut Pierre Simon Laplace France 
MIROCH MIROC3.2(hires) Center for Climate System Research (The University of Tokyo), 

National Institute for Environmental Studies,  
and Frontier Research Center for Global Change (JAMSTEC) 

Japan MIROCM MIROC3.2(medres) 

MRI MRI-CGCM2.3.2 Meteorological Research Institute Japan 
PCM PCM National Center for Atmospheric Research USA 
 



Table 2. Specifications of the simulations. 

 
Run Name Initial and boundary conditions  Based years  
CTRL-ERA40 ERA40 1990s 

PGW-MIROCM ERA40+diff_MIROCM 1990s 
PGW-MIROCH ERA40+diff_MIROCH 1990s 
PGW-MRI ERA40+diff_MRI 1990s 
PGW-GFDL ERA40+diff_GFDL21 1990s 
PGW-CNRM ERA40+diff_CNRM 1990s 
PGW-CCCMA ERA40+diff_CCCMA 1990s 
PGW-INGV ERA40+diff_INGV 1990s 
PGW-MME ERA40+diff_MME-CGCM  1990s 

PGW-MME-80s ERA40+diff_MME-CGCM 1980s 
CTRL-ERA40-80s ERA40 1980s 

TEMP-RISE ERA40+ATM3.0K_SST2.2K  1990s 
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RCM: Regional Climate Model
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