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Abstract The reproducibility of the interannual vari-
ability of the summertime FEast Asian circulation is
examined using an atmospheric general circulation model
(AGCM). An ensemble experiment is conducted using
observed sea surface temperature (SST) of recent 20 years
as a lower boundary condition. The spatial pattern associ-
ated with the first principal mode of observation of
geopotential height at 500 hPa is characterized by a
meridional wavy pattern extending over eastern Siberia, the
vicinity of Japan and the subtropical western Pacific. The
principal component (PC) time series of the leading mode
is represented well by a high-resolution version of the
AGCM with horizontal resolution T106 and with 56 ver-
tical levels (T106L56), while with a lower resolution
version, T42 and 20 vertical levels, the reproducibility is
considerably degraded. The reproducibility by the AGCM
suggests the importance of SST as a boundary condition.
However, the simulated interannual variations show the
alternating appearance of two distinct circulation regimes,
a cold summer regime and a hot summer regime, exhibiting
interesting bimodality in probability density distribution in
PC phase space. This implies that the system’s response to
the continuously varying boundary condition includes
nonlinearity. The nature of this nonlinearity is suggested to
be wave breaking in the westerly region of the high lati-
tudes that requires high resolution for the reproduction.
Using the T106L56 model, another ensemble experiment
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was carried out with doubled CO,. The climate change
appears as an increase in residence frequency of the cold
summer regime of the principal patterns of the present-day
climate.

1 Introduction

Summertime East Asian climate is substantially influenced
by the intensity and the meridional position of the East
Asian summer monsoon (EASM) front, which is observed
as an extratropical rain band elongated from South China to
the western Pacific, and is regarded as a part of the East
Asian monsoon (e.g., Ninomiya and Murakami 1987). The
rainband lies between the two anticyclones, which develop
from early summer.

One of these anticyclones, the western Pacific sub-
tropical high, plays a primary role in influencing the East
Asian summer monsoon front because the southwesterly
located western periphery of the high brings warm moist
air from the low latitudes. Thus, many studies of the
EASM front or the summertime East Asian climate have
been dedicated to investigating the effect from the south,
the tropical and subtropical Pacific. The convective
activities in the tropical western Pacific influence the
East Asian monsoon circulation and western Pacific
subtropical high via Rossby wave propagation, and it is
pointed out that they have a close relationship with El
Nino-Southern Oscillation (ENSO; Nitta 1987; Huang
and Sun 1992; Nitta and Hu 1996; Wu et al. 2003).
Moreover, the intrerannual variation of the meridional
position of the EASM front is influenced by sea surface
temperature anomalies related to ENSO (Tomita et al.
2004).
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In addition to the important influences from the south,
the Okhotsk high located to the north of the EASM front
has also been regarded as an important factor for the
interannual variation of the EASM front (Kurashima
1969; Wang 1992). This northern anticyclone has an
equivalent barotropic structure in most of the upper tro-
posphere and is closely related to a blocking anticyclone
over eastern Siberia and the Sea of Okhotsk. The Okh-
otsk high brings a cold northeasterly surface wind, called
Yamase in Japanese, to the northeastern Japan when it is
active (Ninomiya and Mizuno 1985; Kodama 1997).
Thus, the development of the summertime Okhotsk high
or blocking anticyclone is an important factor for
anomalous cold summer in Japan. The eastward propa-
gation of Rossby wave along the polar frontal jet, which
develops in early summer by a strengthened meridional
temperature gradient between Eurasian landmass and the
Arctic Ocean, is essential for formation of blocking
anticyclone over eastern Siberia and the Sea of Okhotsk
(Wang and Yasunari 1994; Nakamura and Fukamachi
2004). It is also pointed out that the surface temperature
over Siberia is closely correlated with the activity of
blocking anticyclone (Tachibana et al. 2004; Arai and
Kimoto 2005).

The observational trend for the last half of the 20th
century of EASM rainfall shows the increase in central
China and the decrease in northern China (Yatagai and
Yasunari 1994; Hu et al. 2003). Hu et al. (2003) also
pointed out that the future prediction of summertime Asian
continental precipitation by coupled general circulation
models (CGCM) has some uncertainty. However, intensi-
fication of the rain band elongated from Japan to the
western Pacific, which is accompanied by East Asian
summer monsoon, has shown in an ensemble of 17 CGCM
(Kimoto 2005) and the high resolution atmospheric general
circulation model (AGCM; Kusunoki et al. 2006) under the
influence of global warming. Many of the results of global
warming projection by CGCMs also show large increases
in surface temperature over the continents (the latest
results can be seen in the IPCC Data Distribution Centre
website; http://www.ipcc-ddc.cru.uea.ac.uk). This means
that summertime land—sea temperature contrast increases,
and it is inferred that monsoonal circulation over East Asia
is intensified (IPCC 2001). However, there is little agree-
ment so far on the future summertime East Asian climate,
which is predicted by different CGCMs (Giorgi et al.
2001).

In this study, we investigate the possibility of repro-
ducing the interannual variability of the summertime East
Asian climate using a relatively high resolution AGCM.
The climate change due to global warming is also exami-
ned by the AGCM in association with the present-day
interannual variations.
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2 Experiments and data

The model used in this study is the atmosphere and land
components of the CCSR/NIES/FRCGC coupled climate
model, MIROC (K-1 model developers 2004). The resolu-
tion is spectral T106 truncation in horizontal and 56 vertical
levels. This horizontal resolution corresponds to a 125 km
grid size on the equator. To represent the interannual vari-
ation of the present climate, a five-member ensemble
experiment is performed; each run of the experiment is
integrated from different initial conditions, while the same
observed sea surface temperature (SST) and sea ice con-
centration from January 1979 to December 1998 are used as
boundary conditions. To investigate the resolution depen-
dence of the reproducibility of the summertime East Asian
circulation, a three-member ensemble experiment is also
performed under the same boundary condition except with a
model horizontal resolution T42 and 20 levels in the vertical.
Another ensemble experiment with resolution T106L56
under the doubled CO, condition is performed to simulate
climate change due to global warming. The SSTs used for
these integrations are evaluated as observed SST from 1979
to 1998 plus climatological increments by global warming
for each month, which are estimated by seven kinds of
CGCMs (see Inatsu and Kimoto 2005 for detail). The
experiments under the present-day CO, concentration with
the horizontal resolution T106 and T42 are referred to as
PD_hi and PD_mid, respectively while we call the experi-
ment under the doubled CO, condition 2CO,, hereafter.

The observational dataset used for diagnosing PD_hi
and PD_mid is the European Centre for Medium—Range
Weather Forecasts 40-year re-analysis (ECMWF ERA-40).
Only for precipitation, we used Climate Prediction Center
merged analysis of precipitation (CMAP) compiled by the
National Oceanic and Atmospheric Administration,
Cooperative Institute for Research in Environmental Sci-
ences (NOAA-CIRES; Xie and Arkin 1997).

The model performance to represent the summertime
East Asian monsoon is examined by a comparison with the
observational climatology of precipitation in summer. The
20-year climatology of June—July—August (JJA) averaged
precipitation of the observation and the models are shown
in Fig. 1. The East Asian rain band that is observed from
eastern China to northwestern Pacific (Fig. 1a) is not suf-
ficiently represented by the simulation with T42 (Fig. 1c)
as pointed out by Kang et al. (2002). On the other hand, in
the climatology of AGCM with T106 (Fig. 1b), precipita-
tion over the Korea and Japan is enhanced as large as the
observation although the EASM rain band is not extended
to the east as that of observation. This dependency of the
representation of the East Asian rain band on the horizontal
resolution of AGCM has also been pointed out by Kawa-
tani and Takahashi (2003) and Kusunoki et al. (2006).
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Fig. 1 Climatology of JJA

(a) clim(rain)Obs.

(€) clim(rain)T42

(b)clim(rain)T106

precipitation for 20 years
(1979-1998). Contour interval
is 2 mm/day. a The observation
from CMAP, b AGCM with
horizontal resolution T106, and
¢ AGCM with horizontal
resolution T42
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3 The summertime leading EOF modes

To assess the extent to which the model can represent the
current interannual variation of the summertime East Asian
climate, we inspect JJA averaged geopotential height
anomaly at the 500 hPa level, over the East Asia and the
western North Pacific area (80°E-160°E, 20°N-70°N). We
perform an empirical orthogonal function (EOF) analysis
for 20 summers for the observation and for 20 x 5 sum-
mers of the PD_hi experiment. The anomaly of PD_hi is
defined as difference between JJA-mean value for each

Fig. 2 The regressed patterns
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year of each run and that for 20-year climatology of the
five-member ensemble average.

Figure 2 shows linear regression maps of the 500 hPa
geopotential height (Fig. 2a, b), and those of precipitation
and sea level pressure (c, d) against the first principal
component (PC1) time series (Fig. 2e). This mode explains
35.0 and 31.2%, for observation and PD_hi, respectively,
of the total variance. The regressed patterns correspond to
ones for unit standard deviation of PC1, and the time series
plotted in Fig. 2e is normalized. Characteristics of the
EOF1 spatial patterns of observation and PD_hi are quite
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similar (Fig. 2a, b); a meridional wavy structure, consisting
of anomaly centers over high- and low-latitudes and
opposite sign region over mid-latitude, is dominant over
the East Asia and over the western Pacific. This mode
accompanies an enhanced rain band from South China to
the western Pacific (Fig. 2c, d), corresponding to the region
of negative height anomaly in 30°N—40°N as depicted in
Fig. 2a and b. Moreover, it is remarkable that interannual
variation of this mode is faithfully reproduced by the
AGCM. Most of the timing of peaks of the PC1 time series
of PD_hi corresponds with that of observation (Fig. 2e);
the correlation coefficient of PC1 between observation and
PD_hi ensemble mean is 0.65. This principal mode consists
of an anomaly in the Okhotsk high area over east Siberia
and the Sea of Okhotsk and the subtropical Pacific-Japan
(P-J) pattern, as its spatial pattern shows. The correlation
coefficient between PCIl and an index to represent the
interannual variation of blocking activity over east Siberia
and the Sea of Okhotsk, defined as an area average of
geopotential height at 500 hPa over 120°E-140°E, 55°N-
70°N (the area shown as blue rectangular in Fig. 2a), is
0.52 for observation and 0.38 for PD_hi. On the other hand,
the correlation between PC1 and area averaged outgoing
long wave radiation (OLR) over the subtropical western

Fig. 3 Same as Fig. 1 but for
PC2

(@) EOF2 obs. 17.7%

Pacific area (145°E-150°E, 15.7°N-20°N) which is a
source region of P—J pattern (Nitta 1987) is 0.52 and 0.39
for observation and PD_hi, respectively. The correlation
coefficients of PC1, with the geopotential height over
eastern Siberia and with northwestern Pacific OLR attain
the 99% significance for observation and PD_hi. Thus, the
two distinctive features of the summertime interannual
variation in East Asia could be extracted as the first prin-
cipal mode.

The spatial pattern of the second EOF mode is charac-
terized by a dipole structure between high- and mid-
latitudes (Fig. 3a, b). Waves are zonally elongated and the
contrast between positive and negative anomaly centers is
larger than that of the first mode. The positive zone of
30°N—45°N corresponds to a dry area as shown in Fig. 3b
and d. The correlation coefficient of PC2 between obser-
vation and PD_hi is again relatively high, 0.50 (exceeds the
99% significance level). Therefore, we conclude that the
East Asian interannual variability represented by this
AGCM is sufficiently realistic. Moreover, these two modes
must be strongly influenced by boundary conditions, such
as SST. Spatial patterns of the leading modes show that an
influence upon the summertime East Asian rain band is
from the north, in addition to the subtropical monsoonal
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flow, which has been pointed out as key factor of the
interannual variation of the EASM front (Ninomiya and
Murakami 1987). The characteristics of spatial pattern and
the PC1 time series of the principal modes did not change
when the reference domain used for the EOF analysis was
varied and when the rotated EOF analysis was applied.
The use of lower resolution degrades the similarity to
observations. Figure 4 shows the regressed spatial pattern
and time series associated with the first and second EOF
mode of PD_mid experiment. The center of action over
northeastern Siberia, which is a prominent feature on the
spatial pattern of EOF1 derived from observation and
PD_hi ensemble experiment (Fig. 2a, b), move to the west
to the central Siberia as seen in Fig. 4a. The center of
action in high latitude also exists over the Kamchatka
which lies to the southeast of the center of action of the
observation and PD_hi. The middle- and low-latitude
centers are reasonably simulated although the centers of
action are located to the north of the original latitude. The
correlation coefficient between the PC1 time series
(Fig. 4e) of the ensemble mean and that of the observation
is 0.32 with 90% significance. The spatial pattern of the
second principal mode is similar to that of observation
(Fig. 4b), but, the correlation coefficient between the PC2
time series of PD_mid and that of the observation is —0.19
(Fig. 4f). The experiment of PD_mid does not represent the

Fig. 4 Same as in Fig. 1 but for
three-member ensemble
experiment with T42. The
regressed patterns of
geopotential height at the

500 hPa level against PC1 is

a and that for PC2 is b. The
regression with precipitation
and sea level pressure against

connection between the principal modes and lower
boundary conditions, in contrast with PD_hi.

4 Relationship between principal modes and SST
variation

The PC1 time series of all ensemble members of the high-
resolution PD experiment have very similar characteristics
to that of the observed PC1 as shown in Fig. 2e. This means
that the prescribed boundary condition controls the sum-
mertime principal pattern over East Asia to a large extent.
The global surface temperature anomaly associated with the
first EOF mode of the present-day interannual variability is
depicted in Fig. 5 in order to understand which areas are
related to the principal mode of PD; geopotential height on
the 500 hPa level and 2 m temperature regressed against
PC1 of observation (a) and PD_hi (b) and PD_mid (c) are
shown. Since the air temperature near the sea surface is
forced by SST as the boundary condition, 2 m temperature
should reflect the local SST variation. In fact, the variability
of 2 m temperature was equivalent to that of SST.

The position of warm surface temperature anomaly over
the Eurasian Continent corresponds to that of anticyclone;
warm anomaly over the anticyclone which is a part of the
meridional wavy structure over the Far East and the East

(b) EOF2 T42 15.9%
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are also shown as a black solid
line. Time series are normalized
by each standard deviation

20N -

20N
80E 100E 120E 140E 160E 180 80E

(e) PC1

100E 120E 140E 160E 180
-1 -08 -06 -04 -02 0 02 04 06 08 1

(f) pcz

r=

~0.186

-3 -
1980198219841986198819901992199419961998

1980198219841986198819901992199419961998

@ Springer



440 M. Arai, M. Kimoto: Simulated interannual variation in summertime atmospheric circulation

0 66E 120E 180 120W 60W 0

(¢) T2 & Z500 T42

120W  60W 0

0 60E 120E 180

-06 -05 -04 -03 -02 -01 0 01 02 03 04 05 06

Fig. 5 The regression map of 2 m temperature (shaded) and 500 hPa
geopotential height (contour) anomaly against PC1 for a ERA-40, b
PD with T106 and ¢ PD with T42. Only more than 90% significant
areas are shaded

Asia associated with PC1 is particularly outstanding for
observation and for PD_hi. On the other hand, the coun-
terpart of PD_mid is not seen because the anticyclone is
located to the east compared with observation. The
regression pattern of the PD_hi resembles that of observa-
tion not only over the land surface but also over the ocean.
The common feature of the subtropical Pacific surface
temperature is a warm anomaly over the western subtropical
Pacific and a cold anomaly over the central-eastern tropical
Pacific. The SST anomalies of these areas influence the
interannual variation of the EASM front and the East Asian
monsoon (Nitta 1987; Lau et al. 2000). This result seems to
conflict with Wang et al. (2005), who suggested that Asian
summer monsoon rainfall is reproduced by coupled models
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because of the importance of local air—sea interaction in the
tropical western North Pacific. However, as deduced from
the meridional wavy structure, the spatial pattern associated
with PC1 can be regarded as a remotely forced pattern. We
further examine which determines the first principal mode
later in this section.

The interannual variation of SST in the tropics is closely
related to the local convective heating. The regressed pat-
terns of OLR against PC1 are also depicted in Fig. 6. The
tropical convective activities have the western Pacific
subtropical dry (positive) and equatorial wet (negative)
anomalies. The meridional dipole seen in the convective
activity anomaly over the western Pacific is very similar to
P-J pattern found by Nitta (1987). It is consistent with the
high correlation coefficient between PC1 and convective
activities over the subtropical western Pacific, which was
mentioned in Sect. 3. The negative anomaly of OLR over
the equatrial western Pacific is not apparent and subtropical
positive anomaly is zonally elongated in the regressed
pattern of PD_mid (Fig. 6¢) compared with that of PD_hi.
On the other hand, the intensity of the convective activities
over the subtropical western Pacific is better simulated by
PD_mid than PD_hi. However, the observed see—saw
structure between the subtropics and the equatorial area
over the western Pacific is well simulated by both of PD_hi
and PD_mid models.

The large OLR anomalies associated with PC1 are
restricted over the subtropics and tropics although the
action center of the spatial geopotential pattern associated
with PC1 extends to the high-latitude. Can the horizontal
pattern associated with the first EOF mode be regarded as
a remotely forced pattern? To understand the role of
tropical and subtropical convective heating due to SST
variations on the principal pattern of current interannual
variation over the East Asia, we performed a linear
response experiment. A linear model to estimate the
steady response from tropical thermal forcing in this
study is a dry linear baroclinic model of Watanabe and
Kimoto (2000, 2001). As a prescribed forcing for the
model, diabatic heating obtained by cumulus and large-
scale condensation heating for each PD experiment with
T106 and T42 and precipitation for observation, are
given. The vertical profile of heating for observation is
defined by an empirical function proposed by Reed and
Recker (1971). A basic state is defined as the JJA mean
of 20-year climatology for observation, while JJA-mean
climatology of ensemble averages for the AGCM experi-
ments with T106 and T42 are used for the linear response
experiments with a corresponding resolution. The reso-
lution of the linear model is T42 in horizontal and 20
levels in the vertical.

Figure 7 shows the prescribed thermal forcing and cor-
responding steady response of geopotential height on the
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Fig. 6 The regression map of outgoing long wave radiation (shaded)
and 500 hPa geopotential height (contour) anomaly against PC1 for a
ERA-40, b PD with T106 and ¢ PD with T42. Only more than 90%
significant areas are shaded

500-hPa level obtained by the linear baroclinic model. The
tripolar meridional wavy pattern that consists of subtropical
ridge, mid-latitude trough, and high-latitude ridge can be
seen in the response pattern to the observed forcing (Fig. 7b)
and that to PD_hi (Fig. 7d). However, relative strength of
the anticyclone in high latitude is much smaller than that
shown in EOF pattern of observation and PD_hi. Moreover,
the position of the anticyclone shifts southward. The mid-
latitude negative center of PD_hi shifts westward, compared
with the observation and PD_mid. The anticyclone in high
latitude is not recognized in the response pattern from the
T42 linear response experiment (Fig. 7f). The see-saw
between the tropics and mid-latitude shifts to the north
although the meridional position of the thermal forcing is not

so different from those for observation and PD_hi. The
northward shift of the see—saw is also seen in horizontal
structure associated with PC1 of the PD_mid experiment
(Fig. 4a). When the linear response experiment is performed
with the thermal forcing of PD_mid and with the basic state
of observation, an anticyclone over in high-latitude is not
seem in the steady response of geopotential height. It is
suggested from this result that the detailed expression of
spatial structure of imposed forcing is essential to simulate
the summertime East Asian circulation.

These results show that the summertime East Asian first
EOF mode is almost regarded as a linear response from the
thermal forcing in the subtropical western Pacific. How-
ever, as shown in Fig. 7a and b, the action center of the
high latitude is not predominant compared with the action
center of the principal pattern associated with PC1 (Fig. 1a,
b). Moreover, the position of the northern action center of
linear response pattern is located to the south of that of the
first EOF pattern. It is possible that the interannual varia-
tion of the summertime East Asian first EOF mode is not
simply determined by forcing from the subtropical western
Pacific, especially for the northern part of the domain. In
general, atmospheric nonlinearity is more important in the
mid- and high-latitude than in the subtropics. An analysis
from this point of view will be presented later.

5 The effect of global warming on summertime
East Asian climate

5.1 Two regimes in the simulated East Asian
circulation

In this section, we consider the summertime East Asian
climate change due to global warming using 2CO, experi-
ment. First of all, 20-year climatology of 2CO, and that of
PD_hi are compared. Figure 8 shows the difference in
climatology of JJA averaged 500 hPa geopotential height,
2 m temperature and precipitation between ensemble mean
of 2CO, and that of PD. Taking into account of the global
rise of the 500 hPa surface due to warming, the difference
of globally averaged climatology between PD and 2CO, is
subtracted from the 500 hPa geopotential field of 2CO,.
Under the doubled CO, condition, surface temperature is
preferentially increased over the northeastern Siberia and
geopotential height on the 500 hPa over the northeastern
Siberia and Sea of Okhotsk increases (Fig. 8a). Precipita-
tion along the rain band from East Asia to the western
Pacific becomes more pronounced (Fig. 8b) as previous
studies have reported (Kimoto 2005; Kusunoki et al. 2006).
The increase in rainfall over the western China is also
similar to some results of global warming simulation (Hu
et al. 2003; Bueh et al. 2003).
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Fig. 7 The vertically averaged
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We further examine how the interannual variation of
summertime East Asian circulation changes due to global
warming. In order to examine the change in the interannual
variation, the characteristics of the interannual variation of
PD_hi have to be clarified first. Samples of each month of all
the ensemble members are mapped onto a two dimensional
phase space extended by EOF1 and EOF2 of PD. The left
hand panel of Fig. 9 shows the probability density function
(PDF) of JJA monthly geopotential height of all the mem-
bers of PD_hi. The value on the abscissa and the ordinate is
standardized using the standard deviation of PC1.

The interannual variation of PD_hi exhibits interesting
bimodality; i.e., two distinct regimes are found, which are
discriminated by the sign of projection onto PC1. The
geopotential anomaly field of positive PC1 case is charac-
terized by the enhanced anticyclone over the Far East and
over the western subtropical Pacific, and vice-versa.
Moreover, there are positive temperature anomalies over
eastern Siberia and negative temperature anomaly over
northern part of East Asia in composite map with positive
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PC1, and vice-versa. Thus, the regime with positive PC1
will be called as cold summer regime, and that with
negative PC1 as hot summer regime referring to surface
temperature characteristics in the vicinity of Japan. The
bimodal feature in PDF is not recognized very clearly in a
similar figure for the observation (Fig. 8c). Note that
number of samples used in the observed plot is one fifth of
that of PD_hi and the variability of PDF estimation should
be lower. However, a trace of weather regimes is seen;
some isolated high probability density areas are distributed
over the PC phase space, and the positions of some of them
correspond to those of regimes for PD_hi.

5.2 Possible contributing factor for bimodality

Although the principal mode of the summertime East Asian
circulation may be almost determined by interannual vari-
ability of tropical SST and convective activity, the influence
of tropical SST anomalies on the northern anticyclone is
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Fig. 8 The difference in 20-
year climatology of JJA-mean 80N
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relatively weak according to the linear response experiment
presented in the previous section. There must be a process
other than the influence of the tropical and the subtropical
SST anomalies in the development of the northern anticy-
clone. For example, the quasi-stationary Rossby wave
propagation along the polar frontal jet, which is developed
in summer, is one of the principal factors to develop
blocking anticyclones over the East Siberia and the Sea of
Okhotsk (Nakamura and Fukamachi 2004). An evolution of
a blocking anticyclone can be seen as an irreversible mixing
of the potential vorticity due to a breaking Rossby waves
(Hoskins et al. 1985).

To clarify the role of the irreversible mixing process due
to a Rossby wave breaking on the two distinct regimes, we

T T T T 20N
100E 120E 140E 160E 180 80E

3 35 4 45 5 55

{00E 120E 140E 160E 180

-08 -04 0 04 08 12 16 2 24

compare the characteristics related to the quasi-stationary
Rossby wave propagation for each regime. Since the
intrinsic time scale of Rossby wave train is larger than that
of synoptic eddies and less than a month, 11-day running
averaged daily dataset is used to extract Rossby wave train
and to subtract the synoptic disturbances. A phase-inde-
pendent wave activity flux (Takaya and Nakamura 2001) is
helpful to diagnose the statistical property of propagation
of wave packets. A transient component of a potential
vorticity flux v'¢’ is related to the time mean flow by the
time mean potential vorticity equation without friction,

07 _ . (awqd  ovq
6t+v Vq_ V (VQ)_ (ax + ay ) (1)

Fig. 9 Probability density
function of PD_hi (a) and 2CO,
(b) in the phase space spanned
by EOF1 and EOF2 of PD_hi.
The PDF of observation is
depicted in panel (c) as
projection upon the observed
EOFs. Contour intervals are
0.002 in all the panels. Light
shadings denote exceeding 0.01
while heavy shadings exceeding
0.015
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where V and g are velocity and potential vorticity of mean
flow, v/ = (i/,v') and ¢’ the velocity and potential vorticity
of the transient part. The overbar and prime in the equation
are designated variables associated with the time mean
flow and the transient, respectively. Here, we suppose
mean flow to be a low-frequency field that varies with time
scales more than a month, while the transient part is eddy
with sub-monthly time scale, which is evaluated by 11-day
running averaged daily dataset. Therefore, the composite of
the transient part is made by figuring out the running
averaged daily time series whose calendar month belongs
to the cold or hot summer regime.

The difference between cold and hot summer regimes is
depicted in Fig. 10 in which the panel (a) is a composite
map with observation and (b) is that with PD_hi. Since cold
and hot summer regime is defined on the basis of PC1 of
observation, the months for making composites are only 9
and 8, respectively. On the other hand, composites with
PD_hi are calculated for 81 months in cold summer regime
and for 82 months in hot summer regime. Because the
meridional component of the potential vorticity flux
divergence (the latter term of the right hand side of (1)) is
dominant over the zonal one, the horizontal pattern of the
contribution from the meridional component of the

(a) Pos—Neg VQ250 & WAF250 Obs.

TETSTSSY —

80N

60N P

40N 1579

20N

0  20E 406 60E  80E 100 120E 140E  160E 180
50

(b) Pos—Neg VQ250 & WAF250 T106

6 26E 46E 6(')E 86E 1dOE 12'0E 1 4'0E 1 6'0E 1 éO
—
—1.5-1.2-0.9-0.6-0.3 0 0.3 0.6 0.9 1.2 1.5 S0

Fig. 10 The difference of wave activity flux (arrow) and meridional
component of potential vorticity flux (shade) at the 250 hPa level
between cold summer and hot summer regimes. The climatology of
ensemble averaged potential vorticity in JJA is also depicted by green
solid lines. The panel a is with observation and b with PD_hi
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potential vorticity flux is shown by shades in Fig. 10.
According to Eq. 1, convergence of the transient vorticity
flux makes a positive contribution to a time mean potential
vorticity, and vice versa.

The feedback by the breaking Rossby waves can be seen
in the observation albeit with limited sample size. In the
both panels, the eastward anomaries of wave activity is
dominant during cold summer regime from the central to
eastern Siberia (80°E-140°E, 60°N-70°N) although the
route of Rossby wave propagation for observation indi-
cated by the wave activity flux is southeastward compared
with that of PD_hi. Thus, more quasi-stationary Rossby
waves propagate along the polar frontal jet, and the wave
activity converges over the eastern Siberia during cold
summer regime. The wave activity convergence that
appears in composite map suggests that a Rossby wave
breaking occurs more frequently during cold summer
regime than during hot summer regime. Diffluence of the
mean flow is seen in the climatological potential vorticity
(green solid lines in Fig. 10), just downstream of the wave
activity convergence in the area of 110°E-120°E, 50°N-
60°N for observation and 130°E-140°E, 50°N—-60°N for
PD_hi. There is a negative potential vorticity flux, namely
downgradient potential vorticity flux area, near the wave
activity convergence area, located at 110°E-120°E, 50°N-
70°N for observation and 130°E-140°E, 50°N-70°N for
PD_hi. The downgradient transient potential vorticity flux
accompanied with a convergence to the south and a
divergence to the north reinforces the diffluence of the
mean flow.

The possible feedback process from Rossby wave
propagation over eastern Siberia to a diffluent flow is
illustrated schematically in Fig. 11. When the mean flow
with monthly to seasonal time scale is diffluent over east-
ern Siberia, potential vorticity anomaly is negative in the
northern part of the diffluence and positive in the southern
part. As can be seen in Fig. 10, downgradient meridional
potential vorticity is dominant in the diffluence region.
Thus, the negative anomaly in the north and the positive
anomaly in the south of the diffluence are both enhanced.
This means that the diffluence in the mean flow is amplified
by the divergence/convergence of the transient potential
vorticity flux associated with breaking Rossby waves.
Therefore, once the system resides in one of regimes, it
tends to and shows the distinct bimodality. This process is
consistent with that the interannual variation of the East
Asian circulation is determined by the prescribed SST. A
similar feedback effect is well known during the formation
and the maintenance of blocking flows over the northern
Pacific and over the northern Europe from synoptic dis-
turbances rather than quasi-stationary Rossby waves found
in this study (Shutts 1983; Mullen 1987; Nakamura et al.
1997).
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APV

Fig. 11 Schematic diagram of the feedback process of meridional
potential vorticity flux of transient eddies to potential vorticity
anomaly of the mean flow. The abscissa is potential vorticity anomaly
and the ordinate denotes latitude from 40°N to 70°N

The simulation of the wave breaking process should
require high horizontal resolution. From this point of view,
experiments with T106 model are advantageous over those
with T42.

5.3 Change in the interannual variation due to global
warming

We project the interannual variation of 2CO, onto EOFs of
PD to consider the change in the interannual variation
under the global warming. Figure 9b is PDF projected on
the phase space given by EOF1 and EOF2 of PD_hi. The
residence probability in the cold summer regime of 2CO,
increases compared with that of PD, while that in the hot
summer regime of 2CO, decreases. As can be inferred from
Fig. 7, the climatology of 2CO, changes in the positive
direction of the abscissa from PD, and the interannual
variation of 2CQO, is shifted to prefer one side of weather
regimes of the cold summer. It should be noted that the
increase of the cold summer regime event is in a warmer
background by global warming.

The climatological change in the geopotential field and
precipitation by global warming owing to the CO, increase
(Fig. 9), is caused by changes in the residence frequency of
regimes of the present-day climate, as discussed by Palmer
(1999) and Corti et al. (1999), although the principal mode
in this study may not be a purely natural mode of atmo-
sphere-only variability because of its correlation with

SSTs. Palmer (1999) and Corti et al. (1999) discussed an
AGCM experiment and observed tropospheric circulation
during boreal winter. In addition, it is found in this study
that the climate regime shift due to global warming exists
also in the simulated summertime East Asian climate.

6 Discussion and conclusion

In this study, we succeeded in reproducing the interannual
variation of summertime large-scale circulation over the
East Asia of the present-day, using a relatively high reso-
lution AGCM. The simulated interannual variation of
summertime East Asian circulation shows distinct bimo-
dality; cold summer regime and hot summer regime in
Japan. The projection of the interannual variation under
global warming onto the principal modes of PD shows that
the residence of the cold summer regime becomes more
frequent. This change in the appearance frequency of the
regimes leads to the climatological enhancement of the
anticyclone over the eastern Siberia and rain band along the
EASM front. Such change in the residence frequency of
regimes has been discussed by Palmer (1999) for natural
variability using a simple climate model. It would be very
interesting to examine the model dynamics, which causes
such bimodal distribution of the summertime East Asian
interannual variability. A clue to bimodality is given in this
study. Since every member of the leading PC time series of
PD_hi resembles much to the observed one, it is possible
that the interannual variation of the seasonal mean can
largely be considered as a response to the boundary con-
dition, e.g., SST. This is in contrast to the previous general
notion that the potential predictability of the summertime
East Asian climate is not very high (Brankovic and Palmer
1997, 2000). Since this study is focused the eastern part of
the EASM frontal rainfall and upper tropospheric circula-
tion over the East Asia, we can reproduce the interannual
variation of the summertime East Asian monsoon by
AGCM. However, as Wang et al. (2005) pointed out, there
is some incoherence in other parts of the Asian summer
monsoon rainfall. For example, the rainfall pattern over the
central and southwestern China that is apparent in EOF1
for the observation is poorly reproduced by AGCM_hi
(Fig. 2a, b). The first principal pattern in this study is, as
described in the Sect. 4, recognized as a teleconnection
pattern forced by the subtropics. On the other hand, Wang
et al. (2005) suggest that the Asian monsoonal rainfall is
caused by local air-sea interaction. The discrepancy
between the result of this study and that of Wang et al.
(2005) can be due to whichever of a local or a remote
forcing is paid attention.

In addition to the influence from the tropical western
Pacific, the nonlinearity associated with Rossby wave
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breaking in the westerly region of the high latitude may
also play a key role in the interannual variation of the
summertime principal pattern over East Asia. The com-
posite of cold summer regime shows clear active Rossby
wave propagation followed by wave breaking in the
vicinity of large-scale diffluence, compared with that of hot
summer regime. The substantial downgradient potential
vorticity flux due to an enhanced Rossby wave breaking is
shown over eastern Siberia; the northern negative anomaly
and the southern positive anomaly of the low-frequency
mean flow, which has from monthly to seasonal time scale,
is enhanced by breaking Rossby waves. This positive
feedback by breaking Rossby waves must contribute the
bimodality in the simulated interannual variation of sum-
mertime East Asian circulation.

The interannual variation of the summertime East Asian
principal mode is affected by the tropical western Pacific
convection anomaly associated with tropical SST vari-
ability. The convective activity anomaly is very similar to
that of P-J pattern (Fig. 6). It is also pointed out that P-J
pattern has an intimate relationship to ENSO (Nitta 1987).
The lag correlation coefficient between PC1 and SST
anomaly in the previous winter of Nino3.4 area, which is
defined as 5°N-5°S, 120°W-170°W is very high; 0.55 for
observation and 0.46 for PD_hi. On the other hand, the
simultaneous correlation during summertime is not signi-
ficant; —0.18 for observation and 0.05 for PD. However, as
shown in Fig. 5, SST over the west offshore of South
America shows a meaningful positive anomaly; the corre-
lation coefficient between PC1 and SST anomaly over the
eastern part of the tropical Pacific (5°N-5°S, 80°W-
120°W), attains the 95% significant level, 0.22 and 0.19,
for the observation and for PD, respectively. The most of
the climatology of prescribed SSTs for the 2CO, experi-
ments, which were evaluated by CGCMs under the doubled
CO,; condition, show El Nino-like change in the tropical
eastern Pacific. The change in the tropical Pacific to El
Nino is a key role of the change in the residence frequency
to cold summer regime. Wang et al. (2000) mentions that
the anomaly in subtropical wind over the western Pacific
associated with wintertime ENSO is preserved until early
summer. This seasonality of the impact from the ENSO
calls for further investigation.

It is interesting that the surface temperature variations
over the northeastern Siberia associated with the leading
500 hPa variability is also the common characteristics in
the observation and PD_hi, although the land surface
temperature is interactively calculated in PD_hi (Fig. 5a,
b). A part of the surface temperature anomaly must be
corresponding to the geopotential height anomaly however,
it has already been mentioned in previous studies that a
blocking anticyclone associated Okhotsk high is correlated
well with surface temperature over the northeast Siberia
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(Nakamura and Fukamachi 2004; Tachibana et al. 2004;
Arai and Kimoto 2005). This relationship between the high
surface temperature anomaly and enhancement of an
anticyclone over Siberia is consistent with the change due
to global warming as shown in Fig. 8. Moreover, an
AGCM experiment by Kimoto (2005; his Fig. 4) demon-
strates that Siberian surface warming contributes to the
strengthening of the downstream anticyclone. Summertime
high surface temperature over Siberia can link the blocking
anticyclone over the northeast Siberia as the following:
when surface temperature over Siberia is high, a large
meridional temperature gradient between the Arctic Ocean
and the Eurasian Continent enhances the polar frontal jet
which becomes a wave guide of quasi-stationary Rossby
waves. Increased Rossby waves propagating along the
polar frontal jet break over the eastern Siberia and positive
feedback proposed in the Sect. 5 will be observed more
frequently than usual. Further investigation is necessary to
confirm whether the above process can be reproduced in an
AGCM experiment. Moreover, the role of the surface
temperature over eastern Siberia in the positive feedback
between the diffluence in the mean flow and breaking
Rossby waves would be clarified; whether the high surface
temperature over Siberia is a only result of a warm air
advection due to the anticyclone over the northeast Siberia
or an precursor of blocking anticyclone incident to wave
breaking.
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