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Abstract Regional climate experiments focusing on the Baiu frontal precipitation were performed on the 
Earth Simulator using a non-hydrostatic cloud-system-resolving atmospheric model (NHM) with a horizontal 
resolution of 5 km (5km-NHM) and 1 km (1km-NHM). The outputs of an atmospheric general circulation 
model (AGCM) with a horizontal resolution of about 20 km were used as the boundary of 5km-NHM. The 
time-slice method in both the present and future climates was applied for the experiments of the AGCM and 
NHM. In the present climate experiments, it was evaluated that the precipitation distribution and precipitation 
frequency spectrum (PFS; frequency with intensities) of the 5km-NHM were well reproduced in comparison 
with those observed. Here, the AGCM in the present climate well reproduced the large-scale characteristics of 
the Baiu frontal precipitation. The Intergovernmental Panel on Climate Change (IPCC) A1B CO2 emission 
scenario was used to project changes in the precipitation property around the Baiu front due to global warm-
ing in the future climate around the end of the 21st Century. The 5km-NHM projects not only an increase in 
precipitation around Western Japan associated with the elongation of the Baiu front due to global warming 
but also an intensification of precipitation associated with the enhancement of the convectively unstable strat-
ification. The 1km-NHM experiment demonstrates the effects of the high resolution and shows further quality 
improvements of the PFS and higher reproducibility of extreme precipitation events associated with the 
organizations of convective systems than the 5km-NHM experiment. 

Keywords: regional climate, non-hydrostatic model, Baiu front, global warming 

1. Introduction 
Climate changes due to global warming are receiving 

much attention from the viewpoints of economic activity 
and the global environment (IPCC, 2001 [1]). Among 
them, the change in the frequency of intense precipitation 
is an urgent and important problem. In Japan, intense pre-
cipitation is mainly brought by tropical cyclones and the 
Baiu frontal activity and sometimes results in serious dis-
asters, such as floods. In this study, we focus on the Baiu 
frontal precipitation. The Baiu is the rainy season in East 
Asia that is formed by the monsoon circulation in early 

summer. The Baiu fronts are seen as wide and quasi-sta-
tionary zones of precipitation and clouds extending in an 
east-west direction from China to the Japan Islands. The 
Baiu front has complicated multi-scale structures in asso-
ciation with precipitation systems (Ninomiya et al. 1992 
[2]), and the precipitation processes play an important 
role in the Baiu frontal activity. The projections of cli-
mate changes in precipitation along the Baiu front in the 
future climate is one of the important social and scientific 
concerns in Japan. 

In general, to project climate changes due to global 
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warming, atmosphere-ocean coupled general circulation 
models (CGCM) with well-tuned up physical schemes are 
used in many studies. The models are integrated with 
some CO2 emission scenarios. Kimoto et al. (2005) [3] 
reported a current result of their climate experiments with 
an atmosphere-ocean CGCM named the Model for 
Interdisciplinary Research on Climate (MIROC) calculat-
ed on the Earth Simulator (ES), one of the best perform-
ance experiments among those recently reported. 
However, the horizontal resolution on the atmosphere of 
the experiment was about 110 km. This model can well 
resolve large-scale atmospheric circulations, but it cannot 
express the structures of disturbances, such as tropical 
cyclones and Baiu frontal disturbances. 

Another approach to examine the changes in precipita-
tion was performed by Mizuta et al. (2006) [4] and 
Kusunoki et al. (2006) [5]. Their research group devel-
oped a high-resolution atmospheric general circulation 
model (AGCM) with a horizontal resolution of about 20 
km (20km-GCM) on the ES. The 20km-GCM can 
resolve large-scale disturbances, such as tropical 
cyclones. Using the time-slice method, the sea surface 
temperature (SST) was fixed with the exception of sea-
sonal variations, and the cost of required calculations 
was reduced. Here, the increase of SST in the future cli-
mate should be obtained from another result of atmos-
phere-ocean CGCM with lower resolution. In this man-
ner, for example, the changes in global frequency and 
property of tropical cyclones could be examined 
(Yoshimura et al. 2006 [6]; Oouchi et al. 2006 [7]). 
Their impressive results projected that the number of 
tropical cyclones would decrease over the Western 
Pacific Ocean and that the number of intense cyclones 
would increase in the future climate. The changes in the 
Baiu frontal activities, as well as that of the cyclones, 
were also examined (Kusunoki et al. 2006 [5]). The Baiu 
frontal precipitation was also well simulated by the 
20km-GCM, and the results of their analyses are refer-
enced in later sections. However, the horizontal resolu-
tion of about 20 km is too large to resolve each of the 
mesoscale precipitation systems and cumulonimbus 
clouds, which often cause heavy precipitation events. 

One-way downscale nesting experiments of AGCMs 
are often performed using atmospheric regional climate 
models (RCMs). RCM experiments have often been used 
to focus on fine structures in atmospheric fields within 
the defined domain (e.g., Wang et al. 2004 [8]; Kurihara 
et al. 2005 [9]; Sasaki et al. 2005 [10]). In the RCM cal-
culation, while high-resolution results are calculated, the 
domain is limited to a regional scale. The resources of the 
experiments are due to the computer performances. 

In this study, a non-hydrostatic and cloud-system-

resolving regional atmospheric model with a horizontal 
resolution of 5 and 1 km is newly used as the RCM on 
the ES. In their horizontal grid size, the model should be 
described as a cloud-system-resolving model rather than a 
cloud-resolving model. The model can explicitly express 
convective precipitation phenomena. The success of the 
experiments is due to the high performance of the ES. By 
using a non-hydrostatic model, the reproducibility of con-
vective precipitation phenomena is significantly 
improved. One of the main focuses in this study is the 
frequency of heavy precipitation in the Baiu season 
(mainly in June and July) around Japan. In addition, 
changes in the Baiu frontal precipitation in the future are 
projected. Several results of this project have already 
been published as papers (Yoshizaki et al. 2005 [11]; 
Yasunaga et al. 2005 [12]; Yasunaga et al. 2006 [13]; 
Wakazuki et al. 2005 [14]; Kanada et al. 2005 [15]; 
Hashimoto et al. 2005 [16]). In this paper, we introduce 
some points of their studies and current results of the 
experimental analyses. In Section 2, the numerical model 
and experimental design are described. In Section 3, the 
reproducibility of the present climate state simulated by 
the non-hydrostatic model with a horizontal resolution of 
5 km is examined. In Section 4, projections of regional 
climate changes in the precipitation associated with the 
Baiu frontal activity due to the global warming are intro-
duced. In Section 5, an advantage of application of hori-
zontal resolution of 1 km is discussed. Finally, the sum-
mary is presented in Section 6. 

2. Numerical model and experimental design 
To examine the climate changes of the Baiu frontal 

activities due to global warming, three steps of experi-
ments including two steps of regional climate experi-
ments were conducted. First, global experiments with a 
time-slice method were performed using an AGCM with 
a horizontal resolution of 20 km (Mizuta et al. 2006 [4]; 
Kusunoki et al. 2006 [5]; 20km-GCM). The 20km-GCM 
assumes a hydrostatic state, and the precipitation is pro-
duced by large-scale condensation and sub-grid scale 
convective parameterization schemes. The 20km-GCM 
experiments on the ES have the highest resolution among 
AGCM experiments for climate changes. In the present 
climate experiment, the observed climatological SST 
averaged from 1982 to 1993 with a seasonal variation is 
used as the bottom boundaries of 20km-GCM. Kusunoki 
et al. (2006) [5] verified that the 20km-GCM could repro-
duce the Baiu frontal rainband extending from East China 
to the Japan Islands. In the experiment for future climate 
(around 2080–2099), on the other hand, the difference in 
the SST from the present climate is added to the observed 
climatological SST. The difference was estimated by the 
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projection using an atmosphere-ocean CGCM (MRI-
CGCM-2.3; Yukimoto et al. 2006 [17]), which was 
developed at the Meteorological Research Institute (MRI) 
of the Japan Meteorological Agency (JMA), under the 
A1B CO2 emission scenario. 

Second, regional climate experiments, which are one-
way downscale nesting experiments, were performed by 
a non-hydrostatic cloud-system-resolving model with 
a horizontal resolution of 5 km in the present and future 
climates. The lateral boundaries of the regional experi-
ments were made from the outputs of the 20km-GCM 
experiments. The domain of the regional experiments was 
4000 × 3000 km (800 × 600 grids) over East Asia, as 
shown in Fig. 1. Integrations up to 40 days were per-
formed twice (from 21 May to 29 June and from 20 June 
to 29 July) every year for 10 years in both the present and 
future climates. 

The regional climate model used in the experiments is 
the JMA Non-Hydrostatic Model (NHM; Saito et al. 2006 
[18]). The NHM was developed for operational numerical 
weather prediction by the JMA. The configuration of 
operational prediction of the NHM was introduced by 
Saito et al. (2006) as that of a 10-km resolution mesoscale 
model. The NHM used in our climate experiments is opti-
mized for the ES, which is a super computer with vector 
processors, from the original NHM which was developed 
for scalar computers. Here, the NHM experiment with a 
horizontal resolution of 5 km (5km-NHM) requires a 
computer cost of about 260 node-hours for a 5-day inte-
gration on the ES. For the cloud and precipitation 
processes of the NHM, microphysical processes with five 
categories of liquid and solid water substances, i.e., cloud 
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Fig. 1 Domains of numerical experiments of the NHM. The 
whole-domain and inner-box regions are used for the 
5km- and 1km-NHM experiments, respectively. The 
color is the height of the model topography. 

water, rain, cloud ice, snow, and graupel, are explicitly 
calculated with the bulk parameterization (Ikawa and 
Saito 1991 [19]). A two-moment cloud physical scheme, 
which predicts the mixing ratio and number concentra-
tion, is also applied to hydrometeor categories 
(Hashimoto et al. 2005 [16]) in our climate experiments. 
We do not use any cumulus parameterization schemes, 
although the horizontal grid size is slightly large for 
resolving each cumulonimbus. The left panels of Fig. 2 
show the three-dimensional distributions of hydrometeors 
in association with a precipitation system simulated over 
the Kyushu District located in the westernmost part of the 
Japan Islands, as an example. A large amount of precipi-
tation water is concentrated with a band shape in the 
lower atmosphere, and cloud water and cloud ice spread 
widely in the upper-level atmosphere. Thus, the NHM 
can explicitly express the three-dimensional structure and 
behavior of hydrometeors associated with precipitation 
systems. 

The configuration of our climate experiments with the 
NHM includes some schemes newly applied for long-
term climatological integrations, which are different 
from those for the operational run. The differences of 
schemes and configurations of the NHM are summarized 
in Table 1. One of them is the spectral boundary cou-
pling (SBC) method (Yasunaga et al. 2005 [12]). For 
long-term integrations of regional models, an adjustment 
of inconsistencies between the external and internal 
model states is necessary. For example, differences in 
the propagations of larger-scale disturbances and those 
in radiative-convective equilibrium states often cause 
unnatural and unrealistic precipitation. In the SBC 
method, the large-scale wave components of internal 
model values are replaced by those of external model 
values with an interval. In the experiments, the interval 
and minimum horizontal scale are configured to be 20 
minutes and about 500 km, respectively. The variables 
replaced by the SBC are U, V, and θ above a height of 5 
km in a z*-plane. 

Third, NHM experiments with a horizontal resolution 
of 1 km (1km-NHM), which are also one-way downscale 
nesting experiments, were performed with the lateral 
boundaries of 5km-NHM results. The domain of experi-
ment is also shown in Fig. 1. The number of horizontal 
grids was 1600 × 1200. Integrations up to 18 days were 
calculated from 30 June to 17 July, in which the Baiu 
frontal precipitation was significantly present. The calcu-
lation had a large computational cost (about 1,425 node-
hours for a 3-day integration on the ES). A 1-year experi-
ment was performed for each of the present and future 
climates. Figure 2 shows the differences in the distribu-
tion of hydrometeors associated with the precipitation 
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Table 1 Schemes and configurations of the NHM in our climate experiments in comparison with those in Saito et al. (2006) 
[18]. Prognostic variables include x-, y-, and vertical-direction momentums (U, V, W), pressure perturbation (P), 
potential temperature (θ), and turbulent kinetic energy (ETK) as dynamic parameters. Variables for the moist processes 
are the mixing ratio of cloud water (qc), cloud ice (qci), rain water (qr), graupel (qg), and snow (qs). In addition, their 
number concentrations (Nc, Nci, Nr, Ng, Ns) are used. 

Schemes Routine; Saito et al. (2006) [18] Our Climate Experiments 

Dynamics Non-hydrostatic 

Basic equations Full compressible system 

Boundary condition Rayleigh damping is used for lateral and upper boundaries 

Horizontal discretization Arakawa C 

Vertical coordinate Terrain following z* coordinate 

Schemes of dynamics and physical processes 

Prognostic Variable U, V, W, P, , qv , qc, qi, qr , qs , qg 

U, V, W, P, , ETK, qv , qc, qi, qr , qs , qg, 
Nc, Ni, Nr, Ns, Ng 

Treatment of sound waves Horizontally explicit and vertically implicit (HE-VI) 

Advection 
Flux form fourth-order with advection 

correction and time splitting 
Flux form second-order with 

advection correction, No time splitting 

Turbulent closure Diagnostic TKE scheme 
Prognostic TKE scheme 

(Deardorff 1980 [20]), Level 2.5 

Convective 
parameterization 

Modified Kain-Fritsch scheme 
Original: Kain (2004) [21] 

None 

Moist physics 
Three-ice bulk microphysics; 
Ikawa and Saito (1990) [19] 

Three-ice two-moment microphysics; 
Hashimoto et al. (2005) [16] 

Gravity waves Time splitting No time splitting 

Boundary layer 
turbulence 

Sun and Chang (1986) [22] with 
anisotropy mixing length 

Anisotropy mixing length 

Secondary inner 
forcing 

None 
Spectral Boundary Coupling (SBC); 

Yasunaga et al. (2005) [12] 

Radiation Cloud amount is determined by relative humidity. 

Ground temperature 4 layer heat conduction model (bottom layer is climatological constant) 

Land surface flux 
Monin-Obukhov similarity law with a bulk coefficient of 

Louis et al. (1982) [23], Stomatal resistance 

Sea surface flux Bulk coefficient: Kondo (1975) [24] 
Bulk coefficient: Louis et al. (1982) [23], 
Roughness: Beljaars et al. (1995) [25] 

Experiment Design 

Mapping Lambert conformal projection 

Vertical Grid 
40 layers 

dz is stretched from 40 to 1180 m 
48 layers 

dz is stretched from 40 to 960 m 

Horizontal grid size 361 × 289 (10km) 800 × 600 (5km) 

Horizontal grid size (fine mesh experiment) 1600 × 1200 (1km) 
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Fig. 2 Three-dimensional distributions of hydrometeors associated with a precipitation 
system simulated around the Kyushu District located to the westernmost part of the 
Japan Islands as an example. Colors show the summations of qr and qg. White-
black regions show the summations of qc and qci. Solid contours are qs. Left and 
Right panels are results of 5km- and 1km-NHM experiments, respectively. These 
maps are sliced at 100, 3,000, 7,000 and 12,000 m levels with a z*-plane. 

system between 5km-NHM and 1km-NHM. Fine cellular 
features of rain water associated with cumulonimbus 
clouds are found in the 1km-NHM results, although they 
are not present in the 5km-NHM results. The horizontal 
size of the cumulonimbus clouds is about 10 km in gener-
al. It is considered that the NHM with a horizontal grid 
size of about 1 km is sufficient to resolve each cumu-
lonimbus. In this calculation, the SBC method is not 
applied because of the narrow domain. 

3. Reproducibility of the present climate state 
Radar-raingauge analyzed precipitation (R-A) is used 

as one of the observed precipitation data for verifications 
of model outputs. The R-A is precipitation distribution 
data that is estimated using a meteorological radar net-
work modified by the Automated Meteorological Data 
Acquisition System (AMeDAS) raingauge data. 
However, the accumulated precipitation amounts of the 
R-A are overestimated in comparison with those of 
AMeDAS even near the AMeDAS point. Figure 3 shows 
a ratio of the precipitation estimated by the R-A from that 
estimated by the AMeDAS raingage data averaged with 
variable grid sizes. The overestimation rate is estimated 
in this paper to be about 14 %, which is the ratio at the 

averaging grid size (spatial representativeness) of zero. 
Here, non-data grids of the R-A (non-observations or 
errors) are assumed to be non-precipitation ones. This 
correction method, newly applied in this paper, is simple. 
The corrected R-A is used for the verifications of the 
experiment results. 
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Fig. 3 Ratio of the mean precipitation amount estimated by the 
R-A to that estimated by AMeDAS raingage data aver-
aged with variable grid sizes. 
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Fig. 4 Observed and simulated precipitation amounts averaged from 22 May to 20 July. (a) Pentad 
GPCP precipitation averaged from 1982 to 1993. (b) Same as (a) but averaged from 1995 to 
2004. (c) Modified R-A precipitation around Japanese main islands averaged from 1995 to 2004. 
Reproduced precipitations averaged for 10 years in the present climate, which are simulated by 
(d) 20km-GCM and (e) 5km-NHM. 

The results of statistical analysis of 5km-NHM in the 
present climate are expected to have a quality almost 
equal to those observed. Figure 4 shows the distributions 
of precipitation amounts of the corrected R-A, Global 
Precipitation Climatology Project (GPCP), 20km-GCM, 
and 5km-NHM within the period from 22 May to 20 July 
in the present climate. The present climate simulated 
with the time-slice method is based on the period from 
1982 to 1993. On the other hand, the R-A data was creat-
ed only after 1995. Figures 4a and 4b show that the dif-
ference of precipitation distributions in the Baiu season 
within the period from 1982 to 1993 and that from 1995 
to 2004 is not large, except for a slight increase around 
the Kyushu District. The 20km-GCM (Fig. 4d) roughly 
reproduces the Baiu frontal precipitation distribution. 
The 5km-NHM (Fig. 4e) can also reproduce the Baiu 
frontal precipitation with finer structures. In particular, 
peaks are found over the Kyushu District and Western 
Japan along the shoreline of the Pacific Ocean. This 
characteristic is consistent with that of the R-A precipita-
tion (Fig. 4c). In this area, a large amount of precipita-
tion is brought by the moisture flux along the Baiu front 

and the anti-cyclonic circulation of the quasi-stationary 
Pacific high. The moist flow generates convections 
around the mountain areas over Western Japan. The 
large-scale characteristics of thermodynamic fields in 
5km-NHM should be almost the same as those of 20km-
GCM. However the precipitation property of 5km-NHM 
is largely different from that of 20km-GCM. Here, the 
precipitation distribution of 5km-NHM seems to express 
finer structures associated with not only the finer topog-
raphy but also the explicit precipitation processes of the 
model because the 5km-NHM can often reproduce pre-
cipitation systems with heavy rainfall. 

The precipitation property in 5km-NHM around Japan 
is verified by dividing the area into five sub-regions, as 
shown in Fig. 5. The precipitation amount in each sub-
region in Fig. 6 shows that 5km-NHM well reproduces 
the observed precipitation amount within each sub-
region. A figure similar to Fig. 6 is also shown in 
Yoshizaki et al. (2005) [11]. They reported problems in 
which the precipitation amount of 5km-NHM was under-
estimated. However, the problems are roughly resolved 
with a correction of the accumulated R-A precipitation 
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Fig. 5 Distribution of five sub-regions divided from the 
Japanese area limited to the ranges within 100 km from 
the AMeDAS points and below 2000 m height of the 
lowest radar beam centers. This division is also used in 
Yoshizaki et al. (2005). The sub-regions of SW, KS, CJ, 
EJ, and NJ mean Southwestern Japan, Kyushu District, 
Central Japan, Eastern Japan, and Northern Japan, 
respectively. 

R–A Present 5km–NHM Present 
5km–NHM Future 20km–GCM Present 

mm/h 5km–NHM/R–A Present 5km–NHM Future/Present 

0.5 1.4 

Fig. 7 Precipitation frequencies for variable intensities with a 
grid size of 20 km. Each integrated area of the curve is 
equal to 1. They are estimated with a period from 22 
May to 20 July for 10 yeas of data. The black, yellow, 
green, and red lines are R-A, 20km-GCM (Present cli-
mate), 5km-NHM (Present climate), and 5km-NHM 
(Future climate) experiment results, respectively. (a) Left 
and (b) right panels are results over all regions and the 
KS region, respectively, in Fig. 5. 
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Fig. 6 Precipitation amounts over the divided regions (Fig. 5) 
averaged from 22 May to 20 July. The blue bars are the 
observed (corrected R-A) precipitation amounts. The 
green and purple bars are the precipitation in the present 
climate reproduced by 5km-NHM and 20km-GCM, 
respectively. The orange bars are the precipitation in the 
future climate projected by 5km-NHM. The black line 
shows the reproducibility of 5km-NHM (5km-NHM 
(Present climate) / R-A). The red line shows the rate of 
increase due to the global warming projected by 5km-
NHM (Future climate / Present climate). The JP means a 
total sum region of the five sub-regions. 

and a fine-tuning of the NHM. The precipitation amount 
and the intense precipitation frequency were underesti-
mated as a result of mistakes in the calculation of the 
NHM that were found after the publication of the study 
by Yoshizaki et al. (2005) [11]. The precipitation amount 
of the NHM noted in Fig. 6 is corrected to remove the 
influence of the mistakes. 

Figure 7 shows the precipitation frequency spectrum 
(PFS) with intensities (mm h–1). The PFS of the 20km-
GCM experiments is inconsistent with that of R-A; pre-
cipitation in intensities below 3 mm h–1 is heavily overes-

R-A. This shows that the NHM can simulate the realistic 
precipitation property. However, the reproducibility is not 
perfect. The PFS of 5km-NHM is slightly underestimated 
in intensities below 20 mm h–1 in comparison with the 
R-A (Fig. 7). This problem is considered to be mainly 
caused by a large grid size in the 5km-NHM experiment 
for precipitation phenomena. Grid scale updrafts simulat-
ed by 5km-NHM are considered to be too strong com-
pared with real convections, while the frequency of weak 
and moderate precipitation decreases. The targeted mois-
ture diffusion (TMD; Saito et al. 2006 [18]) scheme was 
implemented to suppress excessive updrafts caused by 
diabatic heating by condensation. In the scheme, water 
vapor within strong updrafts is diffused. However, the 
TMD was not sufficient for the PFS to be quite realistic. 
In Saito et al. (2006) [18], this problem is also noted. 
They used convective parameterization (modified Kain-
Fritsch scheme) as well as an explicit cloud physical 
scheme in the NHM experiment with a horizontal grid 
size of 10 km. The combination of those schemes is need-
ed to obtain more realistic simulations with 5km-NHM in 
future studies. 
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Fig. 8 Precipitation frequencies defined in Fig. 7 over the divid-
ed regions (Fig. 5). The intensities are (a) 1mm h–1, (b) 
4mm h–1, and (c) 30mm h–1 with a grid size of about 
20km. The blue bars are the observed (R-A) precipitation 
frequencies. The green and purple bars are those in the 
present climate reproduced by 5km-NHM and 20km-
GCM, respectively. The orange bars are those in the 
future climate projected by 5km-NHM. The black line 
shows the reproducibility of 5km-NHM (5km-NHM 
(Present climate) / R-A). The red line shows the increase 
rate due to global warming estimated by 5km-NHM 
(Future climate / Present climate). 

4. Regional climate changes in the Baiu frontal 
activity 
Kusunoki et al. (2005) [5], Yoshizaki et al. (2005) [11], 

Yasunaga et al. (2006) [13], and Wakazuki et al. (2005) 
[14] reported that the Baiu season is prolonged and total 
precipitation amounts along the Baiu front increase in the 
future climate. Figure 9 shows time-latitude cross sec-
tions of surface precipitation amounts averaged within a 
longitudinal range from 130 to 140 E and for 10 years in 
the present and future climates simulated by 20km-GCM. 
In the present climate, the precipitation zone associated 
with the Baiu front propagates to the north from June to 
July and becomes unclear in approximately mid-July. On 

the other hand, in the future climate, the Baiu front is sta-
tionary in the latitudinal zone from 30 to 35 N until late 
July. Consequently, the precipitation amount over 
Western Japan increases, while that over Northern Japan 
and the Korean Peninsula decreases in the Baiu season. 
Changes in precipitation over the sub-regions projected 
by 5km-NHM are shown in Fig. 6. The precipitation 
amount in Japan is projected to increase, and the rate of 
increase is estimated to be about 10% from 22 May to 20 
July. In particular, the precipitation amount in the KS 
region reaches approximately 20%. On the other hand, 
precipitation in the EJ and NJ regions decreases by about 
5%. Kusunoki et al. (2006) [5] discussed the elongation 
of the Baiu season due to global warming. The future pre-
cipitation change is mainly attributable to the changes in 
the horizontal transport of water vapor flux and its con-
vergence associated with the intensification of a subtropi-
cal high. This can be interpreted as an atmospheric 
response to the El Niño condition of the ocean. Here, 
MRI-CGCM-2.3 (Yukimoto et al. 2006 [17]) projected 
the SST change in the future climate similar to the SST 
anomaly in the El Niño condition (not shown). 
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Fig. 9 Time-latitude cross sections of the surface precipitation 
amount averaged within a longitudinal range of 
130–140E and for 10 years of data in the (a) present and 
(b) future climates. They are projected by 20km-GCM. 
Inter-diurnal variations are removed. Arrows show 
schematic feature of propagations of the Baiu frontal 
precipitation. 
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Another change in the precipitation property around the 
Baiu front is the intensification of precipitation due to 
convectively unstable stratification. Figure 8 shows the 
rate of increase of the precipitation frequency (red lines). 
The rates of increase are larger with more intense precipi-
tation. For example, the rate of increase is about 1.9 with 
an intensity of 30 mm h–1 in the KS region. The rate with 
intensities of 1 and 4 mm h–1 is from 0.9 to 1.2. The inten-
sification of precipitation was also reported by Wakazuki 
et al. (2005) [14]. They noted that the intensification of 
precipitation was brought by the enhancement of the con-
vectively unstable stratification in the lower atmosphere. 
This is due to a significant increase of water vapor in the 
lower atmosphere caused by the temperature increase. 

The intensification of precipitation suggests an increase 
in the diabatic effect associated with disturbances along 
the Baiu front. Wakazuki et al. (2005) [14] examined the 
vertical axis of depressions accompanied by strong precip-
itation along the Baiu front. The increase in the number of 
eastward tilting depressions was significantly larger than 
that of westward tilting depressions (not shown). Previous 
studies have shown that eastward tilting depressions are 
generated in association with large diabatic effects (e.g., 
Tokioka, 1973 [26]; Yanase and Niino, 2004 [27]; 
Tagami, 2005 [28]). This type of depression is frequently 
observed along the Baiu front. Therefore, the diabatic 
effect could become larger in the future. 
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5. Impact of the 1km-NHM experiment 
Another grid size in which each cellular deep convec-

tive cloud, such as a cumulonimbus, could be resolved is 
also used in the NHM experiments. A grid size of 1 km 
was used to produce the desired degree of restriction. The 
more realistic calculation with a grid size of 1 km results 
in a better reproduction of PFS. Figure 10 shows the PFS 
of 1km-NHM experiments compared with that of 5km-
NHM. The frequencies of moderate precipitation and 
heavy precipitation with intensities from 3 to 18 mm h–1 

Fig. 10 Precipitation frequencies defined in Fig. 7 of 5km-
(green line) and 1km-NHM (red line). These are calcu-
lated by two 15-day data sets of the present and future 
climates with an area of 122–135E, 27–35N. The black 
line indicates a ratio of PFS of 1km-NHM to that of 
5km-NHM. 

(b) 1km-NHM 
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Fig. 11 Distributions of the top values of 24-hour-accumulated precipitation amounts 
(24h-Top) for (a) 5km-NHM, (b) 1km-NHM, and (c) 20km-GCM. These are 
selected from a 15-day data set as an example. 
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and stronger than 18 mm h–1 increase and decrease, 
respectively. The differences in the precipitation property 
between 5km- and 1km-NHM suggest that the inconsis-
tency between the PFS of 5km-NHM and R-A shown in 
Fig. 7 is improved. 

The advantage of 1km-NHM is not only for the realis-
tic PFS. Figure 11 shows the distributions of the top val-
ues of 24-hour-accumulated precipitation amounts (24h-
Top) with a horizontal grid size of 20 km that is calculat-
ed from a 15-day experiment data. Many grids of the 24h-
Top that are larger than 300 mm day–1 are found in the 
5km-NHM experiment (Fig. 11a), while the peak value of 
the 24h-Top is about 200 mm day–1 in the 20km-GCM 
experiment (Fig. 11c). This suggests that 5km-NHM is 

superior to 20km-GCM for the simulation of extremely 
heavy precipitation events. Moreover, for the 24h-Top in 
the 1km-NHM experiment, a cluster of the 24h-Top that 
is larger than 400 mm day–1 is found with a zonal band 
over the central portion of the Kyushu District. 

Figure 12 shows a time series of the distribution of sur-
face precipitation and the low-level wind of a precipita-
tion system that brings the large 24h-Top zone in the 
1km-NHM experiment. In the precipitation phenomenon, 
20km-GCM simulates a large precipitation cluster with a 
maximum precipitation intensity of about 10 mm h–1. On 
the other hand, 5km-NHM simulates several meso-β-
scale (defined as 20-200km by Orlanski, 1975 [29]) pre-
cipitation clusters with heavy precipitation intensities 
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Fig. 12 Time series of the distributions of the surface hourly precipitation and horizontal wind at the 925 hPa 
level, focusing on the precipitation phenomenon, which produced the maximum value of 1km-NHM 
around the center of the Kyushu District (Fig. 11b) as an example. Left, center, and right panels are the 
results of 20km-GCM, 5km-NHM, and 1km-NHM, respectively. 
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above 50 mm h–1. These precipitation clusters bring the 
large 24h-Top over the western part of the Kyushu 
District shown in Fig. 11a. Moreover, 1km-NHM simu-
lates a zonal band-shaped precipitation system. The sys-
tem contributes to the large 24h-Top with the zonal band 
shape. The band-shaped precipitation system is similar to 
that reported by Kato (1998) [30]. He showed that a 
band-shaped precipitation system was maintained by the 
back-building-type process defined by Bluestein and Jain 
(1985) [31]. A new cumulonimbus cloud is successively 
generated by the convergence of environmental low-level 
wind and divergence wind cased by an old cumulonimbus 
cloud. Consequently, such precipitation systems are 
organized by the interaction between the environment and 
cumulonimbus. The organized precipitation systems are 
often observed and sometimes cause extremely heavy 
precipitation events with serious disasters. Therefore, 
high-resolution experiments, such as that with 1km-
NHM, might be required to reproduce extremely heavy 
rainfall events. Further statistical investigations with 
regard to the dependency on the grid size to represent the 
characteristics of extreme precipitation events will be 
needed. On the other hand, the high-resolution experi-
ment generally requires a large cost for computational 
resources. Computers with more progressed performance 
than the ES will be needed for future statistical climato-
logical calculations using 1km-NHM. 

6. Summary 
Regional climate experiments using NHMs of two dif-

ferent horizontal resolutions, 5km-NHM and 1km-NHM, 
were performed with a time-slice method to reproduce 
and project the Baiu frontal precipitation in the present 
and future climate, respectively. The boundary conditions 
of the 5km-NHM were taken from a time-slice experi-
ment using a 20km-GCM. A downscale nesting experi-
ment with 5km-NHM showed that the fine structures of 
the Baiu frontal precipitation are well reproduced, 
because the large-scale structures of the Baiu frontal pre-
cipitation are well reproduced by the 20km-GCM. The 
reproducibility of 5km-NHM in the present climate was 
examined. The 5km-NHM showed much better perform-
ances for the precipitation distribution and the PFS than 
the 20km-GCM. 

In the future climate, the precipitation amounts increas-
es mainly in Western Japan and decreases in Northern 
Japan. This is due to the elongation of the Baiu season 
and stagnation of the Baiu front associated with the 
changes in large-scale circulations. Another notable 
change is due to global warming, in which the precipita-
tion is intensified in almost all regions around Japan. For 
example, the increased rate of precipitation is estimated 

to be about 1.9 for an intensity of 30 mm h–1 with a grid 
size of 20 km in the KS region. 

The performance of the 1km-NHM was also examined. 
The experiments with the 1km-NHM were limited 
because of the large amount of computer resources 
required. However, it is suggested that the 1km-NHM can 
reproduce a more realistic PFS than 5km-NHM. In addi-
tion, it is also suggested that convective parameterization 
schemes are needed for the realistic PFS of the 5km-
NHM experiments. Moreover, the 1km-NHM can accu-
rately simulate extremely heavy precipitation events in 
comparison with the 5km-NHM and 20km-GCM. This 
suggests that a horizontal resolution of 1 km can express 
the organization of convective systems that cause 
extremely heavy precipitation. 

Finally, this study suggests that the regional climate 
experiments using the NHM provide better performance 
for projecting regional climate changes, especially, for pre-
cipitation events. Here, the best performance depends on 
the reproducibility of the boundary data provided by the 
20km-GCM within the defined regional domain for the 
NHM. Further improvements and developments of the 
NHM and AGCM in the future are expected for the projec-
tion of climate changes in precipitation with better quality. 
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