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Under the Kyosei4 Project funded by the Ministry of Education, Culture, Science and Technology (MEXT), unprecedented
high resolution global and regional climate models were develop on the Earth Simulator to investigate the global warming on
tropical cyclones, the Baiu frontal rain band and heavy rainfalls which cannot be resolved in conventional climate models.

Time-slice experiments were performed using an atmospheric general circulation model (AGCM) with a 20-km grid resolu-
tion by prescribing sea surface temperature (SST) as boundary conditions. The SST data were obtained from observation and
IPCC AR4 global warming simulations with the MRI-CGCM?2.3.2 and the MIROC3.2 (hires). The experiments show that the
global number of tropical cyclones (TCs) decreases by about 30% in a warmer climate in spite of a large difference in global
mean SST increase between the models. However, the change in regional TC frequency is found to be sensitive to local SST
changes. In the rainy season, Baiu, over East Asia in summer, precipitation consistently increases over the Yangtze River val-
ley, the East China Sea, and the ocean to the south of the Japan archipelago. It is also found robust that the termination of the
Baiu season tends to be delayed until August.

Non-hydrostatic models nested in the 20-km AGCM were developed to simulate the heavy rainfalls in the Baiu season
around Japan with a horizontal grid size of Skm for 10 years in both the present and future global warming climates. It is
shown that due to the global warming the precipitation amount is projected to increase except eastern and northern Japan, the
rates of increase are larger with more intense precipitations, and the return values of extreme precipitations become larger.
Furthermore, simulations with a grid size of 1km were executed to simulate a more detailed structure of precipitation and to
study the effects of resolution. It is found that 1km-NHM improves Skm-NHM results in producing more realistically the
precipitation-frequency spectrum against precipitation intensity and organization of precipitation system followed by heavy

rainfall.
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1. Subproject 1: Development of a global climate  forced with observed historical and climatological SSTs,
model with a horizontal resolution of 20 km respectively. The AM and AJ runs are forced with the SSTs
1.1 Models and experimental design of coupled atmosphere ocean GCMs, the MRI-CGCM?2.3.2
Global warming projections with a 20-km mesh global (Yukimoto et al. 2006) and the MIROC (hires), respectively.
atmospheric general circulation model (AGCM) were con- The future time-slice experiments consist of four runs (AK,
ducted by adopting so-called the "time-slice” method AN, AS, AY) assuming the [IPCC SRES A1B emission sce-
(Bengtsson et al. 1996; IPCC 2001). This method is defined nario. The AK and AM runs are forced with the SSTs of
as the two-tier global warming projection approach using an MRI-CGCM2.3.2, whereas the AS and AY runs are forced
atmospheric ocean general circulation model (AOGCM) and with the SSTs of MIROC (hires). All the experiments can be
an AGCM whose horizontal resolution is much higher than classified into two types; those with year-to-year SST vari-
that of atmospheric part of the AOGCM. The experimental ability (AT, AM, AN, AX, AY) and those without year-to-
designs and names are summarized in Table 1. The present year SST variability (AJ, AK, AS).
time-slice experiments consist of four runs (AT, AJ, AM,
AX) with different sea surface temperature (SST) fields used
as the surface boundary condition. The AT and AJ runs are
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Table 1 Experimental design.

(a) Present climate

Name (Sseg r[s)urface Temperature integration
. Year-to-year time
Type Period variability (year)
Observation, AMIP Jan 1979 to
AT | un Feb 2006 Yes 27
12 year mean
AJ] | Observed climatology from an 1982 No 20
to Dec 1993
AM | MRI-CGCM2.322 T Yes 20
20 year mean
AX | MIROC (hires) from Jan 1979 No 5
to Dec 1998
(b) Future climate
Name (Sseg ’l§)urface Temperature integration
. Year-to-year time
Type Period variability (year)
Observed climatology
AK | + Change projected 3[6(9)1(1; year No 20
by MRI-CGCM2.3.2
Observed climatology about vear
AS | + Change projected 2093 y No 10
by MIROC hires)
AN | MRI-CGCM2.3.2 T Yes 20
) 20 year mean
AY | MIROC((hires) from Jan 2080 No 5
to Dec 2099

SST change = (year 2080-2099 mean) minus (year 1979-1998 mean)

1.2 Tropical cyclone

We have performed an objective tracking of tropical
cyclones (TCs) in the model outputs, basically following the
criteria used in previous studies (e.g., Sugi et al. 2002). In
addition to our earlier studies, we have investigated sensitiv-
ity of the TC climatology to SST conditions in present-day
and future climate simulations (see Table 1).

Figure 1 shows TC tracks of the observational data and in
a present-day simulation (AT: AMIP experiment with year-
to-year variability in the sea surface temperature condition).
The geographical distribution of simulated TCs is generally
similar to that of the observation. The annual-mean numbers
of TCs in present-day and future simulations are shown in
Fig. 2. The global and hemispheric numbers of TCs in the
model are reduced significantly in all of the future experi-
ments, and the results strengthen our previous findings (e.g.,
Oouchi et al. 2006). In the Western North Pacific Ocean,
the regional number of TCs decreases in the future experi-
ments AK and AY, whereas it increases in another future
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experiment AS. The same SST from an AOGCM experi-
ment (MIROC(hires)) is used in a different way between
experiments AS and AY as described in Table 1. This sug-
gests that consistent changes in the basin-scale number of
TCs could be meaningfully simulated if SST conditions are
properly set and consistency between AGCM and AOGCM
is carefully checked.

We have also examined TC intensities, in terms of maxi-
mum surface wind speed, in the present-day and future sim-
ulations. Figure 3 indicates that frequency of intense TCs
(e.g., wind speed > 50 m/s) increases globally in the future
experiments. The global-mean warming of SST was 1.6 K
for the AK experiment and 3.2 K for the AS and AY experi-
ments, respectively. The intensification of simulated TCs is
significantly larger in the experiments AS and AY, and this
should reflect the difference in the magnitude of global
warming. These results indicate robustness of our previous
results (Oouchi et al. 2006).
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(a) Observation 1979-1998

40N
20N

]

208

408

30E 60E 90E 120E 150 180 150 120W 9OW  GOW 30N

(b) AMIP expt. 1979-2005

> O

0 30E 60E 90E 120E 150E 180  150W 120 90N  6OW  S0W O

Fig. 1 Tropical cyclone tracks of (a) observational data and (b) AMIP present-day experiment.
The tracks detected at different seasons of each year are shown in different colors (blue for
January, February and March; green for April, May and June; red for July, August and
September; orange for October, November and December).

Global & hemispheric numbers of TCs
as simulated in the 20-km-mesh AGCM
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Fig. 2 Annual-mean number of simulated TC formation in the globe, the Northern and Southern
Hemispheres (left), and the Western North Pacific and the North Atlantic (right).
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Fig. 3 Frequency distribution of TCs in the Northern and Southern Hemispheres shown as a function of maximum
wind speed. The abscissa denotes the peak intensity (maximum surface wind speed), attained in the lifetime
of each TC, and the ordinate denotes the annual-mean number of TCs.
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1.3 Baiu

Figure 4 shows the geographical distribution of climato-
logical precipitation for July. In the AJ run (b), the model
well simulates the observed present climatology (a). In the
AM run (c), the model underestimates the observed rainfall
amount over Japan. On the contrary, the AX run (d) overes-
timates rainfall over Japan. These defects are partly due to
the discrepancy between simulated SST by AOGCMs and
the observed SST. As for the future climate change, precipi-
tation consistently increases over the Yangtze River valley,
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the Ease China Sea, and the ocean to the south of the Japan
archipelago (e-f). In contrast, the change of precipitation
over Korea, the Japan Sea, and Northern Japan differs
among the experiments.

Figure 5 shows the seasonal march of precipitation over
the Japan region. In the AJ run (b), the model well simulates
the observed northward migration of the Baiu rain band. In
the AM run (c), the model also simulates the observed north-
ward migration of the Baiu rain band, although the model
underestimates the observed rainfall amount . In the AX run
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Fig. 4 Climatology of precipitation for July (mm/day). (a) Observed precipitation by Global

Precipitation Climatology Project (GPCP, Adler et al. 2003) averaged for 20 years from

1979 to 1998. Horizontal resolution is 2.5 degree. The black box shows the target region for

Fig. 5. (b) Model's present climate simulation with observed SST (AJ). (c) Model's present
climate simulation with MRI-CGCM2.3.2 SST (AM). (d) Model's present climate simulation
with MIROC (hires) SST (AX). (e) Change as future minus present climate simulation (AK-
AJ). Contours show a 90% significance. (f) AN-AM. (g) AS-AJ. (h) AY-AX.
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(d), the timing and location of the Baiu rain band seem to be
erroneous. Future changes (e-h) consistently show that pre-
cipitation increases from the end of July to the beginning of
August around the latitudes 30-35N. This indicates that the
termination of the Baiu season tends to be delayed until
August, which is consistent with the report of Kusunoki et al.
(2006).

2. Subproject 2: Development of non hydrostatic mod-
els (NHMs) with horizontal resolutions of several km
2.1 Changes of precipitation amount and intensity due to the
global warming
Changes in precipitation due to the global warming project-
ed by 5km-NHM are shown in Fig. 6. The precipitation
amount over Japan is projected to increase, and the rate of
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increase is estimated to be about 10%. In particular, the pre-
cipitation amount in the KS region reaches approximately
120% (Fig. 6a). On the other hand, precipitation in the EJ and
NIJ regions decreases by about 5%. The future precipitation
change is mainly attributable to the changes in the horizontal
transport of water vapor and its convergence associated with
the intensification of a subtropical high (Kusunoki et al.,
2006).

Another change in the precipitation property is the inten-
sification of precipitation. The rates of increase of the pre-
cipitation frequency are larger with more intense precipita-
tion. For example, the rate of increase (red line in Fig. 6b) is
about 1.9 with an intensity of 30 mm/h in the KS region. The
rate for intensities of 1 and 4 mm/h is from 0.9 to 1.2 (not
shown).
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Fig. 5 Time evolution of pentad mean precipitation (mm/day) averaged for 125-142E. From pentad 27(11-
15 May) to pentad 46 (14-18 Aug.). The target region is shown by the black box in Fig. 4a. (a)
Observation by GPCP data as in Fig. 4a. (b) Model's present climate simulation with observed SST
(AJ). (c) Model's present climate simulation with MRI-CGCM2.3.2 SST (AM). (d) Model's present
climate simulation with MIROC (hires) SST (AX). (e) Change as future minus present climate sim-
ulation (AK-AJ). Contours show a 90% significance. (f) AN-AM. (g) AS-AJ. (h) AY-AX.
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Fig. 6 (a) Mean precipitation amounts (mm/h) and (b) frequencies of heavy rainfall over Japan (all) and five

regions in June and July. Five regions denoted by SW (Southwest), KS (Kyushu), CJ (Central Japan),

EJ (Eastern Japan), and NJ are shown in (c). In (a) and (b), green and orange columns denote the Skm-

NHM results in the present climate and the Skm-NHM results in the future warmer climate, respective-

ly. The red line shows the increase rate due to global warming (Future climate/Present climate). The
black line shows a ratio, Skm-NHM (Present climate) /R-A(Radar-AMeDAS precipitation data).
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Fig. 7 Return values for 1, 2, 3, 6, 12, 24, 48, 72-hour precipitation as a function of return period over land in

the western Japan, simulated by the Skm-NHM. (Left) present climate, (middle) global warming climate,

(right) ratios of global warming climate to present one.

2.2 Extreme precipitation events

The changes of return values of extreme precipitation in
the global warming climate simulated by the Skm-NHM are
shown in Fig. 7. Here, the return value of extreme precipita-
tion is defined as the rainfall intensity that occurs once every
N year, assuming that the occurrence frequency is represent-
ed by a Gumbel distribution. In a warmer climate, the return
values of extreme precipitation increase by about 10-20%.
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2.3 Structure of Mesoscale Convective Systems (MCSs) in
the global warming climate simulated by NHM

In a warmer climate, two types of MCSs appear in the
vicinity of Kyushu Island. One travels from the Chinese
Continent and the other from the southern part of the East
China Sea to Kyushu Island. These two MCSs often merge
over the sea southwest of Kyushu Island, and they rapidly
develop to bring heavy precipitation to the vicinity of
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Kyushu Island. Among the latter, MCSs with low cloud-tops
of altitude below 4 km are found.

In comparison with the present climate, the averaged
cloud and rain water mixing ratios in the vicinity of Kyushu
Island become much larger, and the peak altitude of the mix-
ing ratios are about 0.5-1.0 km higher in the global warming
climate. The cloud water mixing ratio between the 2-4 km
height increases in the global warming climate, correspon-
ding to MCSs with low cloud-tops.

2.4 Experiment with 1km-NHM

Precipitation frequency spectrum (PFS) of 1km-NHM
compared with that of 5km-NHM are shown in Fig. 8. The
frequencies of moderate (intensities from 5 to 15 mm/h) pre-
cipitations increase and heavy (larger than 20 mm/h) precipi-
tations decrease with 1km-NHM. This suggests that thelkm-
NHM improves the inconsistency between the PES of Skm-
NHM and observation pointed out by Yoshizaki et al.
(2005).

Figure 9 shows the distributions of the top values of 24-
hour-accumulated precipitation amounts (24h-Top) averaged
over a horizontal grid size of 20 km that is calculated from a
15-day experiment data. Many grids of the 24h-Top that are
larger than 300 mm/day are found in the Skm-NHM experi-
ment (Fig. 9a), while the peak value of the 24h-Top is about
200 mm/day in the 20km-GCM experiment (Fig. 9c).
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Fig. 8 Precipitation frequencies of 5km- (green line) and 1km-NHM
(red line) against one-hour precipitation intensity. These are cal-
culated from a 15-day data set of a year in the present climate
over an area of 122-135E, 27-35N. The black line indicates a
ratio of 1km-NHM to that of 5km-NHM.

Moreover, in the 1km-NHM experiment (Fig. 9b), a band-
shaped cluster of the 24h-Top larger than 400 mm/day is
seen over the central portion of the Kyushu District. The
band-shaped precipitation system is similar to that reported
by Kato (1998), which is maintained by the back-building-
type process. The organized precipitation systems are often
observed and sometimes cause extremely heavy precipita-
tion events. Therefore, high-resolution experiments, such as
that with 1km-NHM, and statistical investigations with
regard to the dependency on the grid size might be required.
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Fig. 9 Distributions of the top values of 24-hour-accumulated precipitation amounts (24h-Top)
for (a) Skm-NHM, (b) 1km-NHM, and (c) 20km-GCM. These are selected from a 15-day

data set as an example.
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