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Abstract

We statistically analyzed both the reproducibility of the present climate, and future climate projec-
tions in the Asian monsoon region, using two Regional Climate Models (RCMs), nested into the MRI-
CGCM2.2 to assess regional climate projections associated with global warming. Both GCM-RCM sys-
tems reproduced the present regional surface air temperature well. Also, they indicated about the same
temperature increases as that of GCM for all regions over the Asian continent. The reproducibility of the
present-climate precipitation amounts, in the lower-latitude regions was not as good as that of the sur-
face air temperature, although it was better simulated in the higher-latitude regions. The future precip-
itation increase was not statistically significant. It was also statistically revealed that precipitation in
future projections, with GCM-RCM systems, tended to converge in regions where the model biases were
small. This result suggests the importance of an accurate reproduction of the present regional climate
using physically based dynamical models, in order to analyze regional climate changes.

1. Introduction most cases, the horizontal resolution of general
circulation models (GCMs) is insufficient to
assess regional-scale climate change. There-
fore, high-resolution regional climate models
(RCMs), nested into GCMs are often utilized
for regional-scale climate change studies. Here-
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Regional-scale temperature, and precipita-
tion changes associated with global warming,
would greatly impact our lives. However, in
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this approach (e.g., Bhaskaran et al. 1996;
Jones et al. 1997; Nobre et al. 2001; Noda
2004), primarily because of superior repre-
sentation of the orographic precipitation (e.g.,
Giorgi and Means 1991). However, previous
works mostly discussed patterns of climate
change, and did not reveal statistical ap-
proaches. Previous works that reveal statistical
approaches are limited, but Giorgi et al. (2004)
tried statistical analysis over the European
region.

Some intercomparison studies used reanaly-
sis data as the lateral boundary condition.
Christensen et al. (1997), used seven RCMs
with reanalysis data as boundary conditions,
and simulated the present climate of Europe.
They found that both local-, and global-scale
phenomena influenced the reproducibility of
surface temperature, and precipitation amount.
These influences resulted from deficiencies
in land surface schemes and radiation codes,
biases in the activity of extratropical cyclones,
and the difference in the mean sea level pres-
sure (MSLP) patterns. However, they analyzed
only two months’ data out of one year, or two
months’ integrations, so that statistical conclu-
sions were not derived. More recently, Fu et al.
(2005) made an inter-comparison of regional
climate models for Asia, using reanalysis data
as the boundary condition.

It has been reported that the climate repro-
ducibility of RCMs in present-climate simula-
tions improves with the use of the reanalysis
data, as the boundary condition instead of the
GCM results (e.g., Seth and Rojas 2003; Rojas
and Seth 2003). However, for future projection
of the regional climate using RCMs, the GCM
results are used as the boundary condition.

In this study, the aim is to clarify the statisti-
cal tendency in future projections of regional
climate, utilizing nested RCMs and their rela-
tionship with present-climate reproducibility.
Simulations are compared, by two different
RCMs nested into a GCM. Both models have
been used to perform future projection experi-
ments, using the SRES A2 scenario (IPCC
2000). Results from the present climate (control
run), and for the future climate (50 years of
SRES A-2 scenario runs), are compared be-
tween the two. In this study, the models are in-
tegrated over ten years, which is much longer
than Christensen et al. (1997) or Fu et al.
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(2005), and then utilize the whole period of
data for the statistics. The relation between
model reproducibility of the present climate,
and the results of future projection is discussed.

2. Models and experiments

In this study, the Central Research Institute
of Electric Power Industry’s RegCM3 (CRIEPI-
RegCMS3, hereafter referred to as C-R) is used,
and the Meteorological Research Institute’s
Regional Climate Model (MRI-RCM, hereafter
referred to as M-R), nested into the MRI-
CGCM2.2 (Version 2.2 of the Meteorological
Research Institute’s atmosphere-ocean coupled
general circulation model, Yukimoto et al. 2001;
hereafter, we refer to this CGCM as M-G).
RegCMS3 is an improved version of the NCAR
RegCM2 (Giorgi et al. 1993a,b), whose dynami-
cal framework is the fourth-generation NCAR/
Penn State Mesoscale Model (MM4; Anthes
et al. 1987). As for the physics parameteriza-
tion schemes, the radiation model of the Com-
munity Climate Model 3 (CCM3: Kiehl et al.
1996), and the Land Surface Model 1 (LSM1;
Bonan 1996) are implemented in RegCM3. The
dynamical framework of MRI-RCM is the Ja-
pan Meteorological Agency’s Regional Spectral
Model (JMA-RSM; the Numerical Prediction
Division/JMA 1997). The grid size of these
RCMs is 60 km, and they have 151 x 121 grid
points (C-R), or 171 x 121 grid points (M-R).

The largest difference between the two RCMs
concerning precipitation is their convection
schemes: C-R uses the Kuo scheme (Anthes
1977), while M-R uses the prognostic Arakawa-
Schubert (1974) scheme for cumulus convec-
tion, with its roots in the planetary boundary
layers (Moorthi and Suarez 1992; Randall
and Pan 1993). A moist convective adjustment
scheme (Benwell and Bushby 1970; Gadd and
Keers 1970) is added in M-R for middle-level
convection (the Numerical Prediction Division/
JMA 1997).

C-R and M-R are both directly nested into
M-G. For both models, prognostic variables are
nudged to the values given by M-G, within ten
grids from the boundary. In the M-R, the spec-
tral boundary coupling method proposed by
Kida et al. (1991), and developed by Sasaki
et al. (1995, 2000) was additionally used for
levels above the altitude of 500 hPa. Ten-year
runs of the present climate and future (50 years
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Fig. 1. Taylor diagram (Taylor, 2001) for
the annual mean surface air tempera-
ture versus ERA (European Centre of
Medium-Range Weather Forecast Re-
Analysis) —15 data (lower-case letters),
and the annual total precipitation of
the models versus Global Precipitation
Climatology Project (GPCP) data (capi-
tal letters). Area is 10° to 50°N and 70°
to 140°E. C: C-R, M: M-R, MG: M-G.
T indicates TRMM-PR2A25 data vs.
GPCP data, for area 10° to 35°N and
70°E to 140°E.

ahead) projections, nested into the SRES A2
scenario runs of GCMs were performed.

In the following analysis, all nudged regions
were removed from the analysis area.

3. Present climate

Figure 1 presents a Taylor diagram (Taylor
2001) covering the area of 10° to 50°N and 80°
to 140°E. Here the total standard deviation
is plotted, normalized by the observed value
(NSD), and the correlation coefficients between
the two fields (COR), for the simulated annual
mean surface air temperature, against ERA-
15’s 2.5° x 2.5° grid data (Gibson et al. 1997),
averaged over ten years (1981 to 1990), and
those for the simulated annual precipitation
amounts against GPCP (Global Precipitation
Climatology Projection) 2.5° x 2.5° grid climate
values (averaged from 1979 to 2005) (Adler
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et al. 2003). All models’ grid values are inter-
polated into the GPCP 2.5° x 2.5° grid. The
reproducibility of the surface air temperature
was good, with values of COR = 0.8-0.9, and
NSD =1 for the MRI-CGCM and two RCMs.
However, the reproducibility of the precipita-
tion amount varied among the models. Each
model exhibited a correlation coefficient from
0.6 to 0.8, with the GPCP observation data.
The percentage differences in simulated stan-
dard deviations to the observed one were +20%
for the M-G, and —30% and +90% in the RCMs.
Larger variations were evident in the standard
deviation of precipitation between the two
RCMs, compared to the MRI-CGCM, although
the precipitation estimate of the GPCP tended
to be too smooth in spatial variability, com-
pared to the Tropical Rainfall Measuring Mis-
sion (TRMM) (indicated with T). It is generally
accepted that the reproducibility of the precipi-
tation amount is not as good as that of the sur-
face air temperature of AOGCMs (IPCC TAR
2001). A GCM-RCM nested modeling systems
in our study clearly had a similar tendency.

Next, how the models reproduced the present
regional climate was examined. For this pur-
pose, the Asian region into seven sub-regions
(Fig. 2) was divided. Generally, temperature
differences between model results and ERA-15
(1981-1990) were small for southern regions
(#1, #2, #4, and #5), while decreases in reprodu-
cibility were found for high-latitude or inland
regions (#3, #6, and #7) (not shown). However,
the variation of the annual total precipitation
was larger for the low-latitude regions (#1
and #2) and for the Tibetan Plateau (#3) (not
shown). In the low-latitude regions, the bias
in the simulated precipitation amount against
GPCP became larger in RCMs, compared to
their mother GCM, due to the convective
schemes utilized in RCMs.

The precipitation over the ocean at low lati-
tudes, was compared by comparing the histo-
gram of the daily precipitation amount with
the TRMM-3B42RT data. The TRMM data was
smoothed into 0.5 x 0.5 grids, for direct com-
parison with 60 km grid model data. Figure 3
depicts precipitation histograms only for oce-
anic grid points within the area of 80°-140°E,
10°-25°N, binned with daily precipitation
amounts. For the moderate (10 to 31.6 mm
day1) to strong (31.6 to 100 mm day~!) rain

NI | -El ectronic Library Service



Met eor ol ogi cal Soci ety of Japan

514 Journal of the Meteorological Society of Japan

Vol. 85, No. 4

BON

D0N 1

40N b A
3

kR Iy
20N T

TON -

i ‘Q(-\:i

;

!

. 7oAy : :
. Ny . B

B “ A . »

. 5 2 N . .

Nl b :

Pl R I I

EQ : ; i ; ; . .
40E 50E BOE 70E SOFE  90E 100E 110F 1

LOE 150F 160F

Fig. 2. Definition of regions used in this study. 1. Indian Sub-continent, 2. Indochina Peninsula,
3. Tibetan Plateau, 4. Southeast China region, 5. Korea-Japan region, 6. Mongolian region, and
7. North China region. The fan-shaped solid line indicates the area of M-R, and the broken line
indicates the area of C-R. The thick broken line indicates 3000 m AGL.

bins, the precipitation amount was overesti-
mated in M-R and underestimated in C-R.
Over half of the precipitation came from the
convective precipitation in this region (58%
in C-R, and 88% in M-R). As shown in Fig. 4,
both at high latitudes and over the land, C-R
had the same precipitation pattern as the
TRMM observation data. However, M-R under-
estimated the precipitation over land. Because
C-R, and M-R were nested into the same GCM,
it was suggested that the difference in physics
schemes, resulted in large differences in precip-
itation amount.

Around the Tibetan Plateau (#3), all GCMs
and RCMs exhibited large positive biases, in
precipitation compared to GPCP. It is well
known that the influence of the horizontal reso-
lution on the orographic precipitation is very
large around the Tibetan Plateau, and the low-
resolution (T42) GCMs tend to overestimate
precipitation along the southern periphery of
the Tibetan Plateau. Kobayashi and Sugi
- (2004) demonstrated that increasing the hori-
zontal resolution can alleviate this deficiency.

In all RCMs, the precipitation peak around

the southern periphery of the plateau appeared
sharper than that of GCM (Fig. 4). A sharper
precipitation maximum in this region was also
distinct in TRMM 3B42RT data, while it was
not as clear in GPCP. In C-R, another precipi-
tation peak appeared at the northern edge of
the plateau around 37° to 38°N, but it was not
found in GPCP or in the TRMM data. The pre-
cipitation pattern in M-R was patchy compared
to that of the TRMM. The low COR of RCM pre-
cipitation, with the GPCP was partly due to the
fake peaks in the northern periphery of the Pla-
teau of C-R, and partly due to the too-smooth
distribution of the GPCP precipitation, because
of its coarse resolution.

The predicted precipitation amount of the
RCMs, exhibited better agreement with the
GPCP in higher-latitude regions (#4 to #7). Par-
ticalarly in C-R, the difference between the
model simulated values, and the GPCP values,
was within one standard deviation.

4. SRES A2 scenario runs

In this section, future projections in surface
air temperature was compared and precipita-
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Fig. 3. Histogram of daily precipitation
amounts binned to 0-1.0, 1.0-3.16,
3.16-10.0, 10.0-31.6, 31.6-100, 100-
316, and >816 mm day ! for (a)
TRMM3B42RT, (b) C-R, and (c) M-R
(bar graphs from left to right), obtained
from the ocean grids of 80°E—140°E and
10°N-30°N. The ordinate is the precipi-
tation amount per BIN. The 95% t-test
intervals are also drawn.

tion between the two GCM-RCM nested model-
ing systems. Figure 5a compares the annual
mean surface air temperature change in the
next 50 years (from 2046 to 2055). The temper-
ature increases for all seven regions with all
the RCMs. Both RCMs have about the same
temperature increase as that of their mother
GCMs.

Figure 5b indicates the changes in the area’s
average annual precipitation amounts. Similar
to the surface air temperature, the total precip-
itation mostly increases, except in region #2.
However, the statistics indicate that the in-
crease is significant in only the higher-latitude
regions (#3, #6, and #7) in C-R or M-R. These
results suggest that the precipitation amount
will increase in the next 50 years, but the sig-
nal is still not significant. It is beyond the scope
of this paper to estimate the influence of the
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decadal oscillation, because we integrate only
for 10 years long. If a linear trend is assumed,
with time and no change in the 95% confidence
interval, the signal would become significant
within 60 to 70 years from now in the C-R or
the M-R. In contrast, when the same hypothe-
sis is adopted with the surface air temperature,
the temperature increase would become signifi-
cant ten years from now.

5. Relationship between the present-
climate simulations and the future
projections of precipitation

In the previous sections, the reproducibility
of the present climate was examined, and fu-
ture projections of the RCMs were examined
separately. Here, we examine the relationship
between the reproducibility of the present cli-
mate and the future projection. For this pur-
pose, we compared the “reproducibility” of the
precipitation patterns of the current climate
and the “convergence” of the future projections.
While a true validation for the future projection
is not possible, convergence of results from dif-
ferent models can be one of the measures of re-
liability in projections.

As for the “reproducibility” index (Index-P),
we calculated a normalized square root vari-
ance of precipitation against the GPCP esti-
mates for two models in the area of 80—-140E,
10-55N from dJune through September, as
follows:

M N 9
1 Z Z(xim — GPCPI)
m=1i=1

IndexP = ————
GPCP

MN -1 ’
(1)

where x;,, is the precipitation amount at grid
number i of model number m, M is the number
of models to compare, and N is the number of
grids in the comparison area. We smoothed all
RCM grid values into the GPCP’s 2.5° x 2.5°
grid. GPCP; is the precipitation amount
of Z\(;TPCP at grid number i, and GPCP =

lZGPCPi. However, in order to represent
N =

the “convergence” of future projections (Index-
F), we calculated a normalized square root vari-
ance of two RCMs against the model average,
as follows:
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Fig. 4. Precipitation amount around the Tibetan Plateau for JJAS of (a) GPCP 2.5 degrees data, (b)
TRMM-3B42RT 0.25 degrees data (2002—2004), (¢c) M-G, (d) C-R, and (e) M-R. The thick broken

line denotes 3000 m AGL.

M N 9
2. 2 (Xim — %)
m=1 l=1 , (2)

IndexF = UN =1

R =

where x;,, is the future precipitation amount at
oo 1 _ 1,
grid point i, X; = % inm and x = N,in.

=1 =1
Here we divided the \:vnhole area (80° to 1140°E,
10° to 55°N) into 36 rectangular regions
(10.0° x 7.5°), and made a scatter diagram of
Indices-P against Indices-F (Fig. 6). A signifi-
cant positive correlation between Indices-P
and Indices-F (correlation coefficient of 0.73)
strongly indicated that where the reproducibil-
ity of the current precipitation distribution was
high, the future projections tended to converge.
Both Index-F and Index-P had smaller values
in higher latitudes than in lower latitudes.
Note that the variance of the precipitation also
represents the characteristics of the precipita-

tion. Therefore, the correlation between Index-
F and Index-P provides information on the fu-
ture predictability of precipitation depending
on both precipitation characteristics and inter-
model convergence.

6. Conclusions

Two RCMs with a horizontal resolution of
60 km, nested into a GCM with a horizontal
resolution of 280 km, were utilized to repro-
duce the regional climate at the end of the 20
century and to project the future climate in the
2050s with the SRES A2 scenario. The RCMs
covered the Asian monsoon region, including
the Indian subcontinent, Tibetan plateau, Indo-
china Peninsula, China, and the Korea-Japan
region. Both RCMs represented the surface
air temperature well. In addition, they indi-
cated large annual temperature increases for
all seven sub-regions over the Asian continent.
The reproducibility of the precipitation amount
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Fig. 5. The differences of (a) the annual
mean surface air temperature and (b)
total precipitation simulated by C-R,
M-R, and M-G. The 95% ¢-test intervals
of the difference between future and
present are also drawn for seven re-
gions, as indicated in Fig. 2.

was not as good as that of the surface air tem-
perature for lower-latitude regions. However,
the precipitation amount indicated better re-
producibility in the higher-latitude regions.
The precipitation increase 50 years from now,
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Fig. 6. Scatter diagram of Index-F

against Index-P for monthly total pre-
cipitation of the mean value of June to
September (JJAS). Triangles (10°—
32.5°N) and rectangles (32.5°-55°N) in-
dicate values of 36 rectangular regions
(10.0° x 7.5°) within the whole area
(80°—140°E, 10°~55°N).

was not as significant as that of the surface
air temperature. Detailed examinations of the
RCM precipitation, revealed that future projec-
tions tended to converge in regions where the
model biases were small. This result suggested
the importance of the accurate reproduction of
the present regional climate, using physically
based dynamical models, in order to analyze re-
gional climate changes. Undeniably, the same
trend in different models could result from dif-
ferent causes, which is a possibility left for fu-
ture studies.
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