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Abstract

Accurate simulation of summertime convection associated with the Asian monsoon trough over the subtropi-
cal western Pacific is important but di‰cult to achieve in many general circulation models (GCMs). This study
reports a case in which bias could be reduced by introducing a higher-resolution regional atmospheric model
(RAM), two-way nested in an atmospheric GCM over the western Pacific. Additional partial-coupling experi-
ments revealed that GCM bias correction was insensitive to the coupling domain. The two-way nesting e¤ect
was similar to one phase of a leading mode of natural variability in the system. This is indicative that the two-
way nesting model provides more realistic tropical heating that e¤ectively excites a correct phase of the intrinsic
dynamical mode to reduce GCM bias.

1. Introduction

The summer monsoon in the western North Pa-
cific is characterized by the Asian monsoon trough
cutting into the western Pacific subtropical high.
Along the western edge of the anticyclone, moist
air is transported toward the rainband called the
Baiu/Meiyu front which brings a humid climate in
the East Asian summer. The interannual and intra-
seasonal variability of the East Asian summer mon-
soon has been extensively investigated. Nitta (1987)
found a teleconnection pattern called the Pacific–

Japan (PJ) pattern, in which a deep convection
anomaly around the Philippines was linked with a
barotropic vortex anomaly around Japan. The pat-
tern is sometimes concurrent with the El Niño–
Southern Oscillation (ENSO), but the precipitation
di¤erence between warm and cold events is similar
to the PJ pattern (Wang et al. 2001). Di¤erences be-
tween summers before and after the El Niño winter
have also been contrasted with variability in the
western Pacific climate (Wang et al. 2003; Xie et al.
2009). Most recent research has suggested that the
PJ pattern can be interpreted as a dynamical mode,
however. Focusing on the dominant pattern of the
western Pacific summer monsoon, Yasutomi (2003)
demonstrated that the pattern could be understood
as a near-neutral dynamical mode using a dry lin-
ear baroclinic model (Watanabe and Kimoto 2000).
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Kosaka and Nakamura (2006) subsequently used
energetics analysis to identify the PJ pattern as
a moist neutral mode. Extending the discussion,
Hirota and Takahashi (2011) emphasized a tripolar
pressure pattern characterized by a high correlation
between Baiu rainfall and deep convection around
the Philippines. The pattern was found in a recently
observed trend (Hirota et al. 2005) and in a global
warming response (Kimoto 2005). This series of
studies might lead to consensus that the leading
variability in the western Pacific summer monsoon
is an easily excited intrinsic dynamical mode. The
leading statistical mode in the western North Pa-
cific based on outgoing longwave radiation (OLR;
Fig. 1; see section 3b for more details) actually
characterizes the vortex east of the Philippines as
anti-correlated with the vortex south of Alaska.
When the anticyclonic (cyclonic) anomaly is lo-
cated east of the Philippines, the OLR is higher
(lower) there. This suggests that convection east of
the Philippines is a key agent in the PJ or tripolar
pattern.

On the other hand, some general circulation
models (GCMs) su¤er from bias over the subtropi-
cal western Pacific. Looking at the GCM climatol-
ogy of Zwiers (1993), there was too much rainfall,
accompanied by a low-pressure anomaly around
the Philippines and a weaker jet stream in the upper
troposphere. More recently, some simulations in
the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change seem to share
this bias (Lin et al. 2008). If, however, a GCM
were to be combined with a regional atmospheric
model (RAM), with the expectation of providing
more realistic simulations, some GCM biases could
possibly be corrected. This notion is encouraged by
Ji and Vernekar (1997), who nested a RAM in a
GCM and successfully simulated the Indian sum-
mer monsoon in both the warm and cold events of
ENSO.

The conventional nesting system, however, needs
a vast domain to investigate the e¤ect of tropical
diabatic heating to mid-latitude atmospheric mo-
tion. As an aside, the RAM never includes atmo-
sphere outside of the domain, let alone intrinsic
global modes like the PJ pattern. In any case, real-
ization of a high-resolution GCM is di‰cult, due
to heavy computational requirements. A two-way
nesting climate model, coupling a GCM with an
RAM, may provide a reasonable solution to exam-
ine the global response to accumulated small-scale
forcing in a limited domain, thereby reducing the
need for computation. Specifically, the two-way
nesting model potentially realizes a GCM simula-
tion by automatically and continuously replacing
GCM forcing with forcing simulated in the RAM.
Pioneering work on two-way nesting GCMs
(Lorenz and Jacob 2005) successfully reduced well-
known GCM bias in zonal-mean tropical air tem-
peratures, although the reason for this reduction
was not examined in depth. Chen et al. (2010)
have recently used another two-way nesting system
to improve simulation of the southeast China cli-
mate.

The purpose of the paper is to correct GCM bias
toward low pressure and excessive deep convection
in the subtropical North Pacific by using a two-
way nesting climate model originally developed
by Inatsu and Kimoto (2009). Coupling a GCM
named the Model for Interdisciplinary Research
on Climate (MIROC) with the Japan Meteorology
Agency/Meteorological Research Institute (JMA/
MRI) non-hydrostatic model (NHM), they found
that small mountains in Northeast Asia potentially

Fig. 1. (a) Sea-level-pressure (SLP; contour)
and 850-hPa horizontal wind (vector) and
(b) outgoing longwave radiation (OLR) re-
gressed on the first principal component
(PC) of intra-seasonal variation of OLR in
100�E–180� and 10�S–50�N for the JRA25
reanalysis data. Contour interval is 0.5 hPa
and wind vector reference is at the bottom
right for (a). Shading denotes statistical sig-
nificance at >5% level.
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had a global e¤ect due to modification of local cir-
culation downstream from the mountains. More-
over, they proposed, as a condition for reduction
of GCM bias by the two-way nesting system, that
the RAM nested in the GCM should be able to
simulate a particular phenomenon that the GCM
partially or completely missed. The present study
presents such a case. Since the leading dynamical
mode tends to be excited in the western North Pa-
cific in boreal summer, it is worth noting that
when discussing GCM bias correction in the west-
ern Pacific boreal summer we must inevitably con-
sider this mode. Otherwise, the problem would not
produce a solution such that well-defined forcing
simply excites a particular atmospheric response
in the mid-latitudes. The rest of this paper is orga-
nized as follows. A model experiment and dataset
are described in Section 2. Major results from sensi-
tivity experiments while adjusting the coupling re-
gion and from comparison of the two-way nesting
e¤ect with the leading modes are presented in Sec-
tion 3. Concluding remarks are given in the last sec-
tion.

2. Methodology

The model used in this study is a two-way nesting
climate model named INCL version 3.0 containing
the atmospheric part of MIROC (MIROC4-
AGCM; Sakamoto et al. 2011) and the RAM of
the JMA/MRI NHM (Saito et al. 2006). We
configured the MIROC4-AGCM, calculating the
global atmosphere, with a horizontal resolution of
T42 and 20 vertical sigma levels. We also config-
ured the JMA/MRI NHM, calculating the atmo-
sphere in a limited domain, with horizontal mesh
size of 50 km and 38 vertical levels in terrain-
following coordinates. The ratio between GCM
and RAM is about one-fifth, following the ‘‘Big-
Brother’’ experiments (cf., Denis et al. 2003). The
INCL contains a system in which the RAM takes
GCM outputs as boundary conditions and returns
the aggregation of the finer-mesh RAM result to
the GCM within the nested area every 1 hour,
which is just 3 GCM time steps. In interactive
mode, GCM time increments are modified as a 50/
50 mixing of GCM and RAM time increments in-
side the nesting domain, and the weighting function
is smoothly connected to the no-mixing zone out
of the border of the nesting domain (Fig. 2). Some
sensitivity experiments had a smaller area of feed-
back from the RAM to the GCM. Other points
that are not discussed above are largely the same

as the old version of INCL used by Inatsu and Ki-
moto (2009). The nested domain (Fig. 3) covers the
Asian monsoonal region with the Himalayas and
the Maritime Continent, both of which are quite
important in global climate dynamics. Monthly sea
surface temperatures (SSTs) interpolated to the
daily interval are given in both GCM and RAM
as in Fig. 3a [see Hurrell et al. (2008) for details
related to Atmospheric Model Inter-comparison
Project (AMIP) SST data compilation]. Note that
warm SSTs prevailed from the Indian Ocean to the
tropical eastern Pacific in 1997 summer.

We performed AMIP-type integrations from 15
May 1997 to 11 October 1997, using the o¿ine-
mode and interactive-mode INCL. There were 5
ensemble members starting with di¤erent initial

Fig. 2. The mixing ratio of the general circu-
lation model (GCM) to the regional atmo-
spheric model (RAM) common prognostic
variables in the interactive mode experi-
ments in INCL: (a) two-way standard ex-
periment, (b) Experiment I, and (c) Experi-
ment II. Gray shading as per the reference
at the bottom.
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conditions created from a control MIROC4-
AGCM experiment. We took the atmospheric data
on 15 May of a particular year in the experiment as
the initial condition. Two sensitivity experiments,
both also having five ensemble members, were de-
signed to reveal whether GCM bias correction is in-
dependent of the region where the GCM is coupled
with the RAM. Setting the same RAM domain as
the standard two-way nesting integration, Experi-
ment I connects GCM and RAM only in the Hima-
layas and the Bay of Bengal (Fig. 2b), and Experi-
ment II connects the models only in the tropical
western Pacific (Fig. 2c). The connecting domain
in Experiment I (II) is only the middle (eastern)
one-third of the RAM domain. The dry linear
primitive equation model, a derivative of MIROC,
was used to diagnose the two-way nesting e¤ect,
following the idea of Yasutomi (2003). See Wata-
nabe and Kimoto (2000) for the model description
and section 3c for how to use the model.

The dataset for estimating model biases is 6-
hourly Japanese Meteorological Agency reanalysis
data named JRA25 (Onogi et al. 2007) of which

horizontal mesh is 1:25� � 1:25� and National At-
mosphere and Ocean Administration (NOAA) in-
terpolated OLR data (Liebmann and Smith 1996).

3. Results

3.1 GCM bias correction

Figure 4 illustrates the Asian summer monsoon
in 1997, both by observation and the GCM simula-
tion. Without any caveat the GCM result denotes
the ensemble mean of results in the GCM experi-
ment. Reviewing the summer monsoon (Fig. 4a),
there was a strong clockwise vortex in the North
Pacific with its center of action at 150�E and 35�N,
and another clockwise vortex in the equatorial In-
dian Ocean. The deep convection accompanied by
the tropical low pressure was located in western In-
dia, in the Bay of Bengal, and around the Philip-
pines. Even in the pre-El Niño summer, the western
edge of the summer subtropical anticyclone reached
the coast of China. For the most part, the GCM
simulation (Fig. 4b) captured the structure of the
Asian summer monsoon. However, it overempha-
sized the contrast between the monsoon trough
and subtropical anticyclone, with a noticeable bias
of the intrusion of the monsoon trough toward the
western North Pacific, accompanied by a low OLR
region prevailing around 170�E and 20�N (Fig. 4c).
This bias potentially distorts the climate of North-
east Asia, because it is located at a key region for
dominant variability in the western North Pacific.
Some conventional GCMs su¤ered from the bias,
as was mentioned in the Introduction.

Figure 5 shows the ensemble mean of results in
the two-way nesting GCM, hereafter referred to as
the INCL results. The GCM-RAM coupling better
simulated the subtropical anticyclone. Also cor-
rected were the excessive intrusion of the monsoo-
nal low toward the Philippines, and the fictitious
active convection in the subtropical North Pacific
(Figs. 4b,c). The two-way nesting system therefore
successfully reduced the bias in the western North
Pacific in summer 1997, although the inland low
pressure and Indian monsoonal wind were still too
strong (Figs. 4c, 5b).

Figures 6a,b show the di¤erence between INCL
and GCM results, that is, the impact of the inter-
active nesting. The interactive nesting provided a
high pressure anomaly south of Japan and a low-
pressure anomaly northeast of Japan, both statisti-
cally significant at >95% confidence level. The nest-
ing also made the OLR higher in the subtropical
North Pacific and lower along the Baiu/Meiyu

Fig. 3. (a) The surface height for the GCM
(grayscale values as per the bottom refer-
ence) and sea surface temperatures (SSTs)
averaged in June, July, and August (JJA)
in 1997 (contour interval is 2 K and con-
tours for 10, 20, and 28�C are indicated by
thick dashed lines). (b) The surface height
for the RAM (grayscale values) with the
bu¤er zone between outer and inner thick
lines.
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front in Northeast Asia. Setting the coupling region
in the middle one-third of the nesting domain in
Experiment I (Fig. 6c), the interactive nesting im-
pact is quite similar to the full coupling though
with less statistical significance in the low-pressure
anomaly. Moreover, setting the coupling domain

in the eastern one-third in Experiment II (Fig. 6d),
the interactive nesting impact weakened but Japan
was still sandwiched between the high- and low-
pressure anomalies, as in the full coupling. These
results suggest an intrinsic dynamical mode being
excited by the two-way nesting impact, although
the interactive nesting impact (Fig. 6) is slightly
shifted eastward as compared with the observed dy-
namical mode pointed out in many earlier studies
(Hirota and Takahashi 2011; Kosaka et al. 2009;
Yasutomi 2003).

3.2 Leading statistical modes

As anticipated from the discussion in the Intro-
duction, two-way-nesting successfully corrected the
western North Pacific bias from which some GCMs
su¤er, and results were not sensitive to the domain
size where the GCM collected RAM information.
The mechanism by which the INCL reduces GCM
bias is likely excitation of a leading dynamical
mode inherent in the western North Pacific. In this
subsection, we will compare the INCL results with
the leading statistical mode in the GCM.

Figure 7 shows the regression map onto the first
principal component (PC) of intra-seasonal vari-
ability of OLR, simulated by the uncoupled GCM
during the JJA 1997 experiment. To calculate the
PCs, we first archived the pentad-mean OLR data

Fig. 4. SLP (contour), 850-hPa horizontal
wind (vector), and OLR (shading) aver-
aged in JJA 1997 (a) for the Japanese
JRA25 reanalysis data and (b) for the
ensemble-mean of the Atmospheric Model
Inter-comparison Project (AMIP)-type
simulation using an uncoupled GCM ex-
periment. Contour interval is 2 hPa, thick
labeled every 4 hPa; a vector reference is
shown in the bottom right, and a shading
reference is shown in the bottom of (b). (c)
GCM bias for SLP and OLR, with contour
interval 0.5 hPa and shadings as per the
bottom reference.

Fig. 5. Same as Figs. 4b,c, but for the two-
way nesting GCM.
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in 100�E–180� and 10�S–50�N for every ensemble
of the uncoupled GCM experiments from 1 June
to 31 August, and next solved the eigenvalue prob-
lem of the covariance matrix for all the ensemble
data. This method in principle included both sea-
sonal and intra-seasonal variability in the PC time
series. The seasonal trend is quite weak in all en-
semble time sequences of the first PC during JJA
1997 (Fig. 8a), while it significantly projected onto
the third PC (not shown). Moreover the first mode
explains more than 30% of the total variance (Fig.
8b), with a clear separation from the higher modes
by testing following Navarra (1993). The spatial
pattern (Fig. 7) shows that the mode had a large
SLP variation south of Japan, anti-correlated with
a weak SLP signal in the extratropical Pacific. As
for the circulation anomaly, the convection is sup-
pressed (enhanced) in the subtropical Pacific when
the anticyclonic (cyclonic) circulation is dominated
there.

Comparing two-way nesting impact (Figs. 6a,b)
with the uncoupled GCM’s leading statistical
mode (Fig. 7), there is much similarity between
them. The most important features are the anti-
cyclonic circulation south of Japan and the sup-
pression of convection in the subtropical North
Pacific. Note that the opposite sign could have ap-
peared as the leading mode with the same probabil-

Fig. 6. SLP di¤erence between two-way nesting GCM and uncoupled GCM in JJA 1997. Contour interval is
0.5 hPa with thick labels every 1 hPa. Shading denotes statistical significance at >5% level. (b) Same as (a),
but OLR with contour interval 5 W m�2. (c,d) Same as (a), but for (c) di¤erence from Experiment I and (d)
di¤erence from Experiment II.

Fig. 7. (a) SLP (contour) and 850-hPa hori-
zontal wind (vector) and (b) OLR re-
gressed on the first principal component
(PC) of intra-seasonal variation of OLR in
100�E–180� and 10�S–50�N for all ensem-
ble members of the uncoupled GCM simu-
lation. Contour interval is 0.5 hPa and
wind vector reference is at the bottom right
for (a). Shading denotes statistical signifi-
cance at >5% level.
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ity. The enhancement of convection in Northeast
Asia seems to be symbiotic with suppressed convec-
tion in the subtropical North Pacific, and this is
more strongly emphasized in the two-way nesting
impact. The cyclonic circulation in the extratropical
North Pacific is a clear signal of two-way nesting
impact, while it is slightly shifted westward in the
observed mode. The discrepancy between leading
mode and two-way nesting impact was found in
OLRs in the Indian Ocean, simply because the PC
analysis was performed in the region east of 100�E.
The similarity between the leading statistical mode
and two-way nesting impact is suggestive of the
excitation of a near-neutral mode, as mentioned in
the Introduction.

We remarked on the di¤erence between the un-
coupled GCM leading mode and the observed one.
Looking at a regression map onto the first PC of
the NOAA OLR from 1980 to 1999 (Fig. 1), the
uncoupled GCM leading mode is similar to the ob-
served one, while it much more strongly empha-
sized the signal in the subtropical North Pacific.
The slight di¤erence of the leading mode between
the observation and the uncoupled GCM run is
probably due to di¤erences in the basic state (not
shown).

3.3 Leading dynamical modes

As described in the Introduction, the dominant
variability in the East Asian summer monsoon can
be interpreted as a moist neutral mode easily ex-

cited in the dynamical system (Hirota and Takaha-
shi 2011; Kosaka et al. 2009). Consider a linear dy-
namical system and decompose its linear operator
as L ¼ USV T , following Navarra (1993). The re-
sponse x to a prescribed forcing f is then written

as x ¼
P

k
ðuk ; f Þ
sk

vk, so that the response depends
on both the projection of the forcing to the left
singular vector (SV) uk and the magnitude of the
singular value sk. Assuming that the two-way nest-
ing impact is similar to one phase of the right SV
for the gravest mode m, vm, in principal one could
calculate the corresponding forcing of um. How-
ever, the e¤ective forcing pattern of the atmosphere
is di‰cult to identify definitely, because the vector
um is formally derived from higher derivatives of
vm.

Here, we used a simple method to calculate the
leading dynamical modes in the western North Pa-
cific, using the dry linear primitive equation model
for the uncoupled GCM result (Watanabe and Ki-
moto 2000). We first prepared the linear operator
for the JJA-mean basic state of the uncoupled
GCM result, and next calculated the left SVs esti-
mated by the leading statistical modes of every re-
sponse to temperature forcing at a single grid point
over the domain of 60�E–180� and 10�N–30�N (cf.
Watanabe and Kimoto 2000). The temperature
forcing was prescribed by mimicking observed trop-
ical diabatic heating with the forcing at the mid-
troposphere of 5:0� 10�5 K s�1 (Fig. 9a). Forcing
was embedded on 330 grid points, noting that the

Fig. 8. The first PC of intra-seasonal variation of OLR in 100�E–180� and 10�S–50�N for JJA 1997 in the
uncoupled GCM simulation. Thin solid lines denote normalized PCs for each ensemble run and the heavy
dashed line denotes the ensemble average. (b) Variance ratio (%) of each PC mode to the total variance.
The x-axis denotes the number of modes and error bars estimated following North et al. (1982).
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grid system was reduced to T21 in the linear model
calculation.

Figures 9b,c show the first and second SVs on the
uncoupled GCM basic state. Note that we are not
able to draw the SLP picture for the SV modes, be-
cause the SLP is not a component of the response
vector in the linear model. The first and second
modes explain 15.9% and 14.6% of the total vari-
ance, respectively, and they do not separate from
each other but rather from the higher modes (North
et al. 1982). The first SV (Fig. 9b) contains a large
vortex prevailing over South Asia, while the second
SV (Fig. 9c) is characterized by a smaller vortex in
the western North Pacific. The second SV (Fig. 9c)
is similar to the leading statistical mode (Fig. 7a),
although the extratropical signals are quite weak
in the SV mode. The first SV (Fig. 9b) is partially
similar to the second empirical orthogonal function
(EOF) mode (not shown). This suggests that the
uncoupled GCM leading variability found in the
western North Pacific is in fact one of the dynami-
cal modes, while the other modes with a larger-
scale circulation over South Asia are comparably
dominant. Moreover, an opposite phase of the sec-
ond SV (Fig. 9c) is similar to the two-way nesting
impact. This demonstrates that the INCL improved
the regional tropical diabatic heating that excited

one phase of the second SV in the western North
Pacific to successfully correct the GCM bias. Fur-
ther analysis could reveal how heating around the
western North Pacific could e¤ectively excite the
second SV, but this is beyond the scope of this
paper.

4. Concluding remarks

We have tried to improve GCM bias in the west-
ern Pacific summer monsoon by using a two-way
nesting system in which the RAM is nested in the
GCM and both models are simultaneously inte-
grated with continuous communication between
them. The two-way nesting GCM has successfully
improved the excessive intrusion of the monsoon
trough into the Pacific and the fictitious convection
in the subtropical North Pacific, both of which
some GCMs have commonly su¤ered from. Addi-
tional partial-coupling experiments revealed that
the GCM bias correction was insensitive to the
domain where GCM coupled with RAM in the
two-way nesting system. On the other hand, a lead-
ing statistical mode was characterized by the two
opposite-signed vortex pairs north and south of
Japan. A leading SV pattern simply estimated by
using a linear dynamical model more strongly em-
phasized the vortex south of Japan. These statistical

Fig. 9. (a) The vertical profile of the single-gridpoint temperature forcing in the singular vector (SV) calcula-
tion (10�5 K s�1) based on the uncoupled GCM background. (b) Horizontal wind vector at 850 hPa and its
horizontal rotation as components of the first SV estimated as the first empirical orthogonal functions
(EOFs) for every response to single-gridpoint temperature forcing scattered over 60�E–180� and 10�N–
30�N. (c) Same as (b), but for the second left SV.
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and dynamical patterns were actually similar to the
two-way nesting impact. We suggest that once the
two-way nesting model provides a diabatic heating
anomaly in the tropics, the climate system will be
shifted along the leading dynamical mode inherent
in the western North Pacific. In other words, the
GCM bias correction by the INCL can be inter-
preted as the excitation of a near-neutral mode of
the system by the INCL.

We would like to add some remarks on pioneer-
ing work by Lorenz and Jacob (2005) using a two-
way nested GCM. First, looking at a zonal-mean
temperature plot (not shown), we did not find any
signals to relieve the temperature bias in the tropi-
cal mid-troposphere found in our GCM run (not
shown). Second, despite their nesting domain being
much smaller than ours, we presume that in their
experiment the leading mode would come out in
boreal summer. If so, the experiment could relieve
the summer monsoon bias, although the di¤erence
of the basic state is expected to provide a di¤erence
in the leading mode. Extending the discussion in
Neale and Slingo (2003), who suggested that dia-
batic heating attributed to sea-breeze circulation
had a significant impact on the global climate in
the context of a simple forcing-response problem,
the inherent dynamical mode(s) should be empha-
sized not only for GCM bias correction, but also
for understanding the role of the tropical western
Pacific in the global climate. This paper showed
only a single example in 1997 summer, but similar
analyses with di¤erent years or with di¤erent sea-
sons should be carried out for a deeper understand-
ing of the dynamics in this region.
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