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ABSTRACT

A recent study suggested that the relationship between the East Asian summer monsoon (EASM) and
the western North Pacific summer monsoon (WNPSM) experienced a decadal change around 1993-94.
Based on a longer-term integration of a hybrid coupled model, the present study investigates decadal
variations in the relationship between the EASM and the WNPSM. Apparent decadal variations in the
above relationship have been identified in the model simulation.

The authors have analyzed the spatial pattern and variability during strong and weak EASM-WNPSM
correlation periods. The purpose of this study is to understand potential reasons for decadal variations in
the relationship between the two submonsoons. It is found that the precipitation variability associated with
the WNPSM (ENSO) is enhanced over the East Asia and western North Pacific regions during periods
when the EASM-WNPSM relationship is strong (weak). The large variability in precipitation associated
with the WNPSM during strong periods strengthens the Pacific-Japan-like atmospheric teleconnection from
the tropical western Pacific. In contrast, the Pacific-Japan-like pattern is not significant during weak
periods. On the other hand, the large ENSO amplitude during weak periods results in an enhanced
precipitation variability associated with ENSO. The results suggest that ENSO can destructively interfere
with the relationship between the EASM and the WNPSM.

1. Introduction EASM is considered a subtropical monsoon. Earlier
studies have investigated structures and main compo-
. . ) nents of each monsoon subsystem (Krishnamurti 1985;
into three subsystems, that is, the East As¥a.n summer . ©o 4 Chen 1987: Chen et al. 1992: Murakami and
monsoon (EASM), the western North Pacific summer Matsumoto 1994). Many recent studies emphasize the

monsoon (WNPSM)’ and the. Indian summer MONSOON s nnections among them (Wang and Fan 1999; Wang et
(Wal_lg and LinHo 2002). Figure 1 shows' the spatial ) 2003). [Previous studies investigated the influence of
location of the three subsystem.s. The Indian summer WNPSM on EASM (Lau et al. 2000; Wang et al. 2001;
monsoon and WNPSM are tropical monsoons, and the Wu and Wang 2002; Wu et al. 2003); the influence of
the Indian summer monsoon on EASM (Kripalani and
. Kulkarni 2001; Krishnan and Sugi 2001; Wu and Wang
Corresponding author address: Sang—Wook Yeh, Korea Ocean 2002); and the connections between the Indian summer
Research and Development Institute, 1270 Sa-2-dong, Ansan, ’
426-744, South Korea. monsoon and WNPSM (Wang and Xu 1997; Terray et
E-mail: swyeh@kordi.re.kr al. 2003).]

The Asian—Pacific summer monsoon can be divided
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FiG. 1. The spatial location of the three subsystems, i.e., the
Indian summer monsoon (ISM), the western North Pacific sum-
mer monsoon (WNPSM), and the East Asian summer monsoon
(EASM), and schematic regions to calculate the monsoon indices.

The EASM covers eastern China, Japan, and Korea
and it is associated with the rainfall variability along the
so-called Mei-yu, Baiu, and Changma frontal bands,
respectively. These major rainbands stretch over thou-
sands of kilometers and affect the regional climate. The
EASM is controlled by both tropical and subtropical
influences (Tao and Chen 1987; Lee et al. 2005). The
relationship between the EASM and tropical sea sur-
face temperature (SST) has been the long-standing sub-
ject of many studies in the past decade (Huang and Wu
1989; Liu and Ding 1992; Shen and Lau 1995; Zhang et
al. 1996; Chang et al. 2000; Wang et al. 2000; Lau and
Weng 2001; Wu et al. 2003). It was found that there is
a strong biennial signal in the correlations between the
EASM and the tropical Pacific SST (Shen and Lau
1995). Yoo et al. (2004) showed that very different at-
mospheric circulation patterns appeared over East Asia
during the summers of 1993 and 1994, which are asso-
ciated with the SST variability in the western North
Pacific (WNP) region. Furthermore, Chang et al. (2000)
argued that there are interdecadal variations in the re-
lationship between the EASM and the tropical Pacific
SST and attributed these to interdecadal changes in the
basic state of SST and winds in the Pacific. Wu and
Wang (2002) also showed that there are changes in the
interannual relationship between the EASM and FEl
Nifio—Southern Oscillation (ENSO) in the late 1970s,
which is concurrent with the so-called Pacific climate
shift (Graham 1994).

Recently, the relationship between the EASM and
the WNPSM has received much attention. The
WNPSM is an oceanic monsoon system and is mainly
driven by the meridional gradient of SST (Tao and
Chen 1987). The WNPSM circulation is characterized
by a northwest-southeast oriented monsoon trough
with intense precipitation, low-level southwesterlies,
and upper-tropospheric easterlies (Murakami and Mat-
sumoto 1994). A strong linkage in the meridional di-
rection among the climatic factors in East Asia and the
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WNP (Wang et al. 2001; Lu 2004) has been noted. For
instance, the convective activity over the WNP displays
pronounced interannual variability and has consider-
able impacts on weather and climate over East Asia
(Nitta 1987; Wu and Wang 2000; Wang et al. 2001; Lu
2004; Lee et al. 2005; Lee et al. 2006). The summer-
mean precipitation anomaly over the East Asia region
exhibits a tendency to be negatively correlated with the
intensity of the WNPSM (Lau et al. 2000). Lee et al.
(2005, 2006) argued that the intensity of the anomalous
WNP subtropical high is a key factor in the EASM
variation. Furthermore, Kwon et al. (2005, hereafter
KO05) recently argued that the relationship between the
EASM and the WNPSM is much stronger in the recent
decade (1994-2004) than in the epoch before 1994
(1979-93). This suggests that the EASM-WNPSM re-
lationship has experienced a significant decadal change
around 1993-94. K05 showed that the leading mode of
summer-mean precipitation over the East Asia and
WNP region has changed from a so-called ENSO-
related mode in the period from 1979 to 1993 to a
WNPSM-related mode in the recent decade (1994-
2004).

The results in K05 raise questions regarding the de-
cadal variation of the EASM-WNPSM relationship.
Because of the short target period (1979-2004), K05
was able to analyze only a decadal change in the
EASM-WNPSM relationship. The current study aims
to identify decadal variations in the relationship be-
tween the EASM and the WNPSM in a long-term simu-
lation using a hybrid coupled model (HCM). We also
suggest a possible mechanism responsible for such low-
frequency variations. Section 2 describes the model and
methodology. In section 3, we briefly describe the per-
formance of the HCM used in this study. We show the
rainfall variability and decadal variations in the rela-
tionship between the EASM and the WNPSM simu-
lated in the HCM and its possible mechanism in section
4. Our summary is given in section 5.

2. Model and methodology

a. Model

The HCM presented here was developed by Yeh
(2001). The HCM applies a coupling strategy similar to
that originally developed by Kirtman and Zebiak
(1997). The HCM has a complex atmospheric general
circulation model (AGCM) coupled to the ocean com-
ponent of the Zebiak and Cane (ZC) ocean model (Ze-
biak and Cane 1987) in the tropical Pacific region
(19°N-19°S, 130°E-90°W, ). Outside the oceanic model
domain, SSTs for the AGCM are prescribed based on
the observed annually varying climatology. The atmo-
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spheric component is the Seoul National University
AGCM (SNUAGCM) (Kim et al. 1998), which is a
global spectral model with T31 resolution (approxi-
mately 2.5° latitude X 3.5° longitude). There are 17
unevenly spaced sigma-coordinate vertical levels in the
model. The SNUAGCM is based on the Center for
Climate System Research/National Institute of Envi-
ronmental Studies (CCSR/NIES) AGCM of Tokyo
University (Numaguti et al. 1995) but has some major
changes including the land surface process, shallow
convection, and PBL processes (Kim et al. 1998). The
ocean component is the ZC ocean model described by
linear shallow-water equations, which produce ther-
mocline depth anomalies and depth-averaged baro-
clinic currents. The annual cycles of the prescribed
mean currents, temperature, and thermocline depth are
included in the model. The ZC ocean model used in this
study has a new parameterization for the temperature
of subsurface water entrained into the ocean mixed
layer (Yeh 2001).

In coupling the SNUAGCM to the ZC ocean model,
we use an anomaly coupling strategy, following Kirt-
man and Zebiak (1997). Given a SST field, the AGCM
produces a total wind stress field that has been empiri-
cally corrected (Huang and Shukla 1997). The AGCM
wind stress climatology is subtracted and the wind
stress anomalies are passed to the ocean component.
The AGCM wind stress climatology is computed with
respect to an uncoupled simulation with observed SST
for the period from 1979 to 1996. Given a wind stress
anomaly, the ZC ocean model produces a predicted
SST anomaly (SSTA) in the tropical Pacific. The SSTA
is superimposed on the observed annually varying glob-
al SST climatology and is then passed to the AGCM.
The coupling frequency of the model is once every 10
days with mean values being exchanged between the
ocean and the atmosphere. The advantage of the
anomaly coupling strategy is to prevent the rapid cli-
mate drift seen in coupled models. The HCM is inte-
grated for 159 years for this study. This is an additional
integration from the HCM simulation analyzed by Yeh
et al. (2004).

b. Methodology

In the present study, the EASM variability is mea-
sured using the summer-mean [June-August (JJA)]
rainfall anomaly averaged over the East Asia region
(30°-50°N, 115°-150°E), following Lee et al. (2005).
For convenience, this East Asian summer rainfall
anomaly is used as an index that represents the EASM
variability. The WNPSM variability is measured by us-
ing two indices. The first one is a dynamical monsoon
index defined by Wang et al. (2001). This WNP mon-
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soon index (WNPMI) is defined as the difference of
850-hPa zonal wind anomalies between two areas (5°—
15°N, 100°-130°E) and (20°-30°N, 110°-140°E). The
other one is a rainfall index, defined by the summer-
mean rainfall anomaly averaged over the WNP region
(10°-20°N, 120°-150°E). For simplicity, this index is re-
ferred to as the WNP rainfall anomaly. Figure 1 shows
the regions used to calculate these indices. K05 showed
that the WNP rainfall anomaly and WNPMI are highly
correlated (0.81) during the period from 1979 to 2004.
As in observations, the simulated WNP rainfall
anomaly and WNPMI are also well correlated with the
simultaneous correlation coefficient, 0.90 for the entire
period. In this study we use both WNPMI and WNP
rainfall anomaly to measure variability of the WNPSM.
In addition, the present study uses the Nifio-3 SST in-
dex, defined as the averaged SST anomalies (SSTAs)
over the Nifio-3 region (5°N-5°S, 90°-150°W), as an
ENSO index. Note that all indices used in this study are
the same as those in KO05.

Some model results presented herein are compared
with the corresponding observation fields obtained
from the Climate Prediction Center (CPC) Merged
Analysis of Precipitation (CMAP) dataset for the pe-
riod from 1979 to 2004 (Xie and Arkin 1997), the re-
analysis products of the National Centers for Environ-
mental Prediction (NCEP) (Kalnay et al. 1996), and
monthly mean observed SST data for the period of
1950-2006, which were recently released by the Na-
tional Climatic Data Center (Smith and Reynolds
2004).

3. Model performance

The performance of SNUAGCM has been rigorously
tested by Kang et al. (2002) in terms of the climatolog-
ical variations of summer monsoon rainfall in the Cli-
mate Variability and Predictability (CLIVAR)/Mon-
soon Intercomparison Project. According to Kang et al.
(2002), the SNUAGCM simulates excessive precipita-
tion in the subtropical western Pacific, but the maxi-
mum precipitation is shifted to the north by 5°-10°
compared to observations. The model composite of
SNUAGCM produced a stronger than observed mon-
soon circulation around the Asian continent; in particu-
lar the strong monsoon westerlies penetrate all the way
to the western Pacific, resulting in heavy precipitation
in the subtropical western Pacific. Yeh (2001) tested the
performance of the HCM in terms of the 500-hPa geo-
potential height in comparisons with observations and
showed that the dominant mode of 500-hPa geopoten-
tial height variability exhibits a notable spatial corre-
spondence with the Pacific-North America pattern,
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Fi1G. 2. The first EOF of the SSTA (a) simulated in the HCM for
the 159-yr period and (b) for observations during the period from
1950 to 2006.

indicating that the tropics—midlatitude teleconnections
are effectively simulated. In addition, Yeh et al. (2004)
analyzed intensively the characteristics of interannual
and decadal ENSO variability simulated in the HCM.
They showed that the spatial structure of the interan-
nual ENSO variability in the HCM is similar to obser-
vations. The simulated spectral density for the Nifio-3
SST index in the HCM is similar to observation with a
peak around 40 months. The El Nifio simulated in the
HCM has a tendency to be locked to the end of the
calendar year. Moreover, fluctuations in the ENSO pe-
riod and amplitude are significant on decadal time
scales, which is evident in observations (Wang and
Wang 1996).

We show the leading empirical orthogonal function
(EOF) of the SSTA simulated in the HCM for the 159-
yr periodfor the assessment of model performance (Fig.
2a). Figure 2b is the same as in Fig. 2a except for the
observations during the period from 1950 to 2006. The
maximum variance of the model EOF is located in the
eastern tropical Pacific, which is slightly shifted to the
west compared to the observation. The HCM shows a
distinct feature in the meridional scale of the anomaly,
which is similar to the observation. The time series of
the first EOF principal component (PC) is highly cor-
related with that of the Nifio-3 SST index simulated in
the model (not shown). The simulated Nifo-3 SST in-
dex is reasonable in terms of period, amplitude, and
ENSO irregularity compared to observations. One
standard deviation of the simulated Nifio-3 SST index
for the entire simulation period is 0.65°C, which is rela-
tively smaller than the observation (0.79°C). The am-
plitude of cold and warm events in the model is about
—1.5° and 2.5°C, respectively.
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4. Results

a. Modes of rainfall variability

To identify the dominant modes of rainfall variability
over the East Asia and the WNP region, we first per-
form an EOF analysis for summer-mean precipitation
in observations for the period 1979-2004. Figure 3
shows the first two leading EOFs (i.e., EOF1 and
EOF2, Figs. 3a,b) and their corresponding principal
components (Figs. 3c,d). For comparison, we include
the time series of the Nifio-3 SST anomalies and the
WNPMI in Figs. 3c,d, respectively.

The EOF1 and EOF2 account for 24.8% and 19.5%
of the total summer precipitation variance, respectively.
The first two EOFs in observations are clearly sepa-
rated from the rest according to the criterion of North
et al. (1982), indicating that the first two EOFs repre-
sent a robust feature of rainfall variability over East
Asia. The spatial pattern of the EOF1 is dominated by
a large east-west contrast between the Maritime Con-
tinent and the equatorial western Pacific. This pattern
is similar to that of observed precipitation during the
developing phase of ENSO (KO05). Indeed, the EOF1
PC time series (solid line in Fig. 3¢) is highly correlated
to the Nifio-3 SST index (dashed line in Fig. 3c) for the
period of 1979-2004 with the simultaneous correlation
coefficient 0.77. Following K05, we refer to this mode as
an ENSO-related mode. On the other hand, the spatial
pattern of the EOF2 is characterized by maximum
variability over the east of the Philippines. Figure 3b
indicates that the anomalous rainfall over the WNP re-
gion (10°-20°N, 120°-150°E) is negatively correlated
with that over the East Asia region (30°-50°N, 115°-
150°E), which is largely consistent with previous stud-
ies on the negative simultaneous relationship between
the EASM and the WNPSM (Lau et al. 2000; Wang et
al. 2001; Lee et al. 2005). The spatial structure of the
EOF?2 reflects the fluctuations of precipitation and as-
sociated latent heat forcing in the WNP monsoon
trough (KO05). Moreover, the corresponding PC time
series (solid line in Fig. 3d) is well correlated with the
WNPMI (dotted line in Fig. 3d) with the significantly
high correlation coefficient, 0.90. Therefore, we refer to
this mode as a WNPSM-related mode. These results
indicate that the rainfall variability over the East Asia
and WNP region during summer is dominated by two
leading modes of variability, that is, an ENSO-related
mode (EOF1) and a WNPSM-related mode (EOF2)
(Nitta 1986, 1987).

We apply the same analysis to the HCM simulation.
Figures 4a—d are the same as Figs. 3a—d except that the
data used come from the model simulation. The first
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Fi1G. 3. Eigenvectors of the summer-mean rainfall over a specified region 10°S-50°N, 110°E—
180°: (a) the first mode and (b) the second mode for the period 1979-2004. Contour interval
is 0.03. (c) The first principal component of the EOF along with JJA-mean Nifio-3 SST index.
(d) The second principal component of the EOF along with the WNPMI. All principal
components, the WNPMI, and the JJA-mean Nifio-3 SST index are normalized.

and second leading modes explain 19.7% and 12.3% of
total summer precipitation variance, respectively. Ac-
cording to the rule of thumb (North et al. 1982), the
first two EOFs in the HCM are well separated from the
remaining EOFs. The spatial pattern of EOF1 is char-
acterized by a triplelike structure in the meridional di-
rection. This mode has both similarities to and differ-
ences from EOF2 in observations. Both display a large
positive loading to the east of the Philippines and a
negative loading over East Asia. Differences are seen
over the equatorial western Pacific where the model
EOF1 has a large negative loading, while the observed
EOF2 has a small loading. Interestingly, the EOF1 PC
time series (solid line in Fig. 4c) is significantly corre-
lated to the WNPMI simulated in the HCM (dotted
line in Fig. 4c) with the simultaneous correlation coef-
ficient, 0.75. This result indicates that the EOF1 mode
represents the rainfall variability associated with the

WNPSM in the model. On the other hand, the spatial
pattern of the EOF2 simulated in the HCM (Fig. 4b)
has both similarities to and differences from the EOF1
in observations (Fig. 3a). The simulated EOF2 has a
negative loading over the equatorial western Pacific,
which is opposite to observations. This discrepancy re-
flects a systematic bias of the ENSO-related JJA rain-
fall pattern along the equatorial Pacific in the HCM. In
the HCM, ENSO-related JJA rainfall anomalies dis-
play an eastward shift of about 30° longitude along the
equatorial Pacific, which leads to the appearance of
negative rainfall anomalies over the western equatorial
Pacific. The simulated EOF2 has a negative loading
over the subtropical western North Pacific, which
agrees with observations. The magnitude in this region,
however, is larger compared to observations. In spite of
these discrepancies, the PC time series of the model
EOF2 (solid line in Fig. 4d) is well correlated with the
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FIG. 4. (a), (b) Same as Figs. 3a,b, but for the summer-mean rainfall anomalies simulated by
the HCM for the period of 159 yr. (c) The first principal component of the EOF along with
the WNPMI and (d) the second principal component of the EOF along with JJA-mean Nifio-3

SST index.

Nifio-3 SST index simulated in the HCM (dashed line in
Fig. 4d) with a high correlation coefficient, 0.62, signif-
icant at the 95% confidence level.

To clarify whether the first two EOFs simulated in
the HCM have a physical meaning similar to observa-
tions, we project the modeled fields onto the observed
EOFs and perform a correlation analysis on the pro-
jected time series. Table 1 shows the correlation coef-
ficients between the simulated WNPMI and Nifio-3

TABLE 1. Correlation coefficients (r) between the simulated in-
dices (i.e., the WNPMI and Nifio-3 SST index) and the projected
time series.

Projected time series

Observed EOF1: Observed EOF2:
r ENSO-related mode WNPSM-related mode

0.31 0.88
—0.65 —0.003

WNPMI
Nifio-3 SST index

SST index and the projected time series. The correla-
tion coefficient between the simulated WNPMI and the
projected time series onto the observed EOF2 (i.e., a
WNPSM-related mode, Fig. 3b) is 0.88 and that be-
tween the simulated Nifio-3 SST index and the pro-
jected time series onto the observed EOF1 (i.e., an
ENSO-related mode, Fig. 3a) is —0.65. This negative
sign is again due to a systematic bias of the ENSO-
related JJA rainfall pattern along the equatorial Pacific
in the model compared to the observations. Both cor-
relation coefficients are statistically significant at the
95% confidence level. On the other hand, the correla-
tion coefficients between the simulated WNPMI
(Nifio-3 SST index) and the projected time series onto
the observed EOF1 (EOF2) are not statistically signif-
icant. This result suggests that the model can simulate
the two different modes, one related to ENSO and the
other related to the WNPSM, consistent with observa-
tions.

Unauthenticated | Downloaded 06/22/25 06:55 PM UTC



1 JuLy 2008

- (a) 1st mogije (PRCP)

40N A

30N A

10N 1

£Q 45 4%’

YIM ET AL.

3171

20N

(b) 1st mode (SST)

10N
EQ4- 5
105 X

105 ez

50N

40N A

30N>

AR O ?

20S

180  150W  120W  9OW

(d) 2nd mode (SST)

Q'
105 -

NS

120 140E  160E
F1G. 5. Horizontal distribution of the (a),

= 20s
180

150E 180  150W 120W  90W
(b) first and (c), (d) second CCA modes of

summer-mean precipitation and SSTA in observations, respectively. The contour interval for
precipitation and SSTA is 0.03 and 0.01, respectively.

For more physical understanding of the first two pre-
cipitation EOFs, we perform a canonical correlation
analysis (CCA) between the precipitation and the
tropical Pacific SSTs for both observations and model
simulation. The first CCA mode of precipitation and
the tropical Pacific SSTs derived from observations are
shown in Figs. Sa,b, and Figs. 5c,d are as in Figs. 5a,b
but for the second CCA modes. The first CCA mode of
precipitation (Fig. 5a), which quite resembles the
ENSO-related mode (i.e., Fig. 3a) in terms of its spatial
pattern, is coupled with the El Nifio-like SSTA pattern
(Fig. 5b). This indicates that the first EOF of precipi-
tation (Fig. 3a) is a mode forced by the tropical Pacific
SSTA. On the other hand, the second CCA mode of
precipitation (Fig. 5c), which is similar to the WNPSM-
related mode (i.e., Fig. 3b), is coupled with a pattern of
mixed positive and negative SSTAs in the central and
eastern equatorial Pacific. This result suggests that the
role of SST forcing for the WNPSM-related mode is
much less compared to the ENSO-related mode and
the WNPSM-related mode could be more related to
internal atmospheric variability. Furthermore, the CCA
analysis between the precipitation and the tropical Pa-
cific SSTs based on model simulation (not shown) in-

dicates that the second EOF of precipitation (i.e., the
ENSO-related mode, Fig. 4b) is coupled with the
ENSO variability in the HCM, whereas the first EOF of
precipitation (i.e., the WNPSM-related mode, Fig. 4a)
is correlated with a mixed positive and negative SSTA
pattern in the equatorial Pacific.

As in observations, the simulated summer rainfall
variability in the HCM is dominated by a WNPSM-
related mode and an ENSO-related mode. However,
different from observations, the WNPSM-related mode
(i.e., simulated EOF1) is more dominant than the
ENSO-related mode (i.e., simulated EOF2) in the
HCM. The reason why the order of the first two EOF
modes in the HCM differs from observations might be
associated with the difference of ENSO amplitude be-
tween the observation and the HCM. We calculated the
standard deviation of the Nifio-3 SST index during sum-
mer in observations (0.59°C) and the HCM (0.41°C).
The smaller ENSO amplitude simulated in the HCM
than observations may explain why the EOF1 in the
observation is related to ENSO, whereas the EOF2 is
related to the ENSO in the model. Another plausible
factor for the discrepancy in the order of the two lead-
ing EOFs in observations and the model is the WNPSM
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F1G. 6. Sliding correlation coefficients between the East Asian
summer rainfall anomaly and WNPMI (thick curve) and between
the East Asian summer rainfall anomaly and WNP rainfall
anomaly (thin curve) with a window of 15 yr. A horizontal straight
line denotes the 95% confidence level.

intensity. For example, a stronger WNPSM in the
model may enhance the percent variance explained by
the WNPSM-related mode. However, the standard de-
viation of the WNPMI in observations (i.e., 2.60 m s~ ')
is slightly larger than that simulated in the HCM (i.e.,
2.29 ms™!). This result suggests that the ENSO vari-
ability is a key factor in determining the dominant rain-
fall variability over the East Asia and the WNP region.

b. Changes in the EASM-WNPSM relationship

To show changes in the EASM-WNPSM relation-
ship, a 15-yr sliding correlation coefficient of the time
series of the East Asian summer rainfall anomaly and
the WNPMI (thick line in Fig. 6) is presented in Fig. 6.
Note that the correlation value at the 95% significance
level is —0.48, and the mean sliding correlation value
for the entire period is —0.32. When the same analysis
is applied to the time series of the East Asian summer
monsoon rainfall anomaly and the WNP rainfall
anomaly (thin line in Fig. 6), similar results are ob-
tained. The most striking feature in Fig. 6 is that the
relationship between the EASM and the WNPSM
shows apparent decadal variations. There are periods
when the EASM-WNPSM is strongly negatively corre-
lated and periods when the EASM-WNPSM is weakly
negatively correlated. Moreover, the HCM simulated
even a positive relationship between the EASM and the
WNPSM during the early simulation period (i.e., model
period 25-40 yr).

To further demonstrate changes in the EASM-
WNPSM relationship, we compare distinct epochs with
a marked difference in the relationship between the
EASM and the WNPSM, that is, strongly negatively
correlated periods and weakly negatively correlated pe-
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TABLE 2. The explained variances of the WNPSM-related mode
and the ENSO-related mode, and the correlation coefficients with
the WNPMI and the Nifio-3 SST index for the entire period,
period S, and period W in the model.

Explained variance Correlation coefficient

WNPSM- ENSO- WNPSM- ENSO-
related related related related mode
mode mode mode and  and Nifio-3
(%) (%) WNPMI SST index
Entire period 19.7 12.3 75 .62
Period S 26.2 12.1 .85 .66
Period W 15.9 19.5 .69 .87

riods' (hereafter period S and period W, respectively).
Note that the mean sliding correlation coefficient for
period S is —0.64 and for period W, —0.15. We perform
EOF analyses for both periods S and W. Table 2 sum-
marizes the explained variances of the WNPSM-related
mode and the ENSO-related mode, and its correlation
coefficients with the WNPMI and the Nifio-3 SST index
for the entire period, period S, and period W in the
model.

We first show the dominant modes of summer rain-
fall variability over the East Asia and the WNP region
during period S and period W. Figures 7a—d are as in
Figs. 4a—d, but for period S. The first and second lead-
ing EOFs for period S (Figs. 7a,b) account for 26.2%
and 12.1% of total variance, respectively. The spatial
pattern of the EOF1 and EOF2 for period S shares very
similar structure with the WNPSM-related mode (Fig.
4a) and the ENSO-related mode (Fig. 4b) for the entire
period, respectively. The EOF1 (Fig. 7a) is character-
ized by a triplelike structure in the meridional direc-
tion, and the EOF?2 (Fig. 7b) is dominated by the maxi-
mum variance of rainfall anomalies in the equatorial
western Pacific, which is largely consistent with Figs.
4a,b. The simultaneous correlation coefficient between
the EOF1 PC time series and the WNPMI for period S
is 0.85 (Fig. 7c) and that between the EOF2 PC time
series and the Nifio-3 SST index for period S is 0.66
(Fig. 7d), both statistically significant at the 95% con-
fidence level. It is noteworthy that the explained vari-

! Strong correlated periods of the EASM-WNPSM are based
on periods when the sliding correlation coefficients between the
East Asian summer rainfall anomaly and WNPMI exceed —0.48
(i.e., 95% significance confidence level). The model years 56-75
and 147-165 are chosen as the strong periods. On the other hand,
weak correlated periods of the EASM-WNPSM are based on
periods when the sliding correlation coefficients do not exceed
—0.48 with somewhat long-lasting periods. The model years 88-97
and 110-130 are chosen as the weak periods.
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F1G. 7. Same as Fig. 4, but for the period S.

ance of the WNPSM-related mode for period S in-
creases from 19.7% to 26.2%, and the simultaneous
correlation coefficient with the WNPMI also increases
from 0.75 to 0.85 compared to the entire period (Table
2). On the other hand, the explained variance of the
ENSO-related mode (EOF2) and the correlation coef-
ficient of the EOF2 PC with the Nifio-3 SST index are
not much different between period S and the entire
period. These results indicate that the rainfall variabil-
ity associated with the WNPSM increases over the East
Asia and WNP region for period S compared to the
entire period.

For period W, the most dominant mode of summer
rainfall variability over the East Asia and WNP region
is associated with ENSO. Figures 8a—d are as in Figs.
5a—d but for period W. For period W the EOF1 (Fig.
8a) and EOF2 (Fig. 8b) represent the rainfall variability
associated with ENSO and the WNPSM, respectively,
which is a reversed relationship compared to the entire
period and period S. The pattern correlation between
the EOF1 in period W (Fig. 8a) and the EOF2 in the
entire period (i.e., the ENSO-related mode; Fig. 4b) is

0.87. The simultaneous correlation coefficient between
the EOF1 PC time series and the Nifo-3 SST index is
0.87 (Fig. 8c) and that between the EOF2 PC time se-
ries and the WNPMI is 0.69 (Fig. 8d).? Both the ex-
plained variance of the ENSO-related mode (19.5%)
and the simultaneous correlation coefficient between
its PC time series and the Nifio-3 SST index (0.87) for
period W increase compared to the entire period (i.e.,
12.3% and 0.62; Table 2). On the other hand, the ex-
plained variance of the WNPSM-related mode (15.9%)
and the simultaneous correlation coefficient with the
WNPMI (0.69) for period W decreases compared to the
entire period (i.e., 19.7% and 0.75; Table 2).

A similar result has been obtained by K05 in obser-
vations. K05 showed that the explained variance of the
WNPSM-related mode is 38.26% and that of the
ENSO-related mode is 16.68% for period S (i.e., 1994—

2 The correlation coefficient between the EOF1 PC time series
and the WNPMI is 0.27 and between the EOF2 PC time series and
the Nifio-3 SST index, 0.02.
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F1G. 8. Same as Fig. 4, but for the period W.

2004). For period W (i.e., 1979-93), in contrast, the
explained variance of the WNPSM-related mode is
13.86% and that of the ENSO-related mode is 36.7%.
Again, the rainfall variability associated with the
WNPSM increases over the East Asia and WNP region
for period S and vice versa for period W in observa-
tions.

Gershunov et al. (2001) suggested that stochastic
processes can induce large changes in the sliding cor-
relation. To check this possibility, we examine the
changes in the sliding EASM-WNPSM correlation
based on the Gershunov et al. (2001) test. The standard
deviation of the correlation time series shown in Fig. 6
is 0.30, slightly below the 95% confidence level in a
one-tailed test according to Gershunov et al.®> There-
fore, we infer that stochastic processes may also have
contributions to variations in the EASM-WNPSM cor-
relation.

3 Note that the 95 and 5 percentile confidence limits of the time
series shown in Fig. 6 are 0.31 and 0.16, respectively. The std devs
must be outside these limits to be considered significant.

c¢. Plausible mechanism for changes in the
EASM-WNPSM relationship

Previous studies have suggested that the EASM
tends to be correlated negatively with the WNPSM
(Lau et al. 2000; Wang et al. 2001; Wu and Wang 2002;
Wu et al. 2003; Lee et al. 2005). K05 identified a de-
cadal change in the relationship between the EASM
and the WNPSM around 1993-94. Based on a much
longer time series from a HCM, we suggest that there is
a robust low-frequency modulation in the relationship
between the EASM and the WNPSM. Understanding
such changes in the relationship between the EASM
and the WNPSM may be very useful for better predic-
tion of the interannual variability of the Asian—Pacific
summer monsoon system. In this subsection we inves-
tigate potential physical mechanisms for decadal varia-
tions in the relationship between the EASM and the
WNPSM.

The results in the previous subsection clearly indicate
that the summer-mean precipitation variability over the
East Asia and the WNP region is more attributed to the
WNPSM for period S and more to the ENSO for period
W. In other words, the more the precipitation variabil-
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TABLE 3. Std dev of the WNP rainfall anomaly time series and
the Nifio-3 SST index for period S and period W in observations
and in the model.

Observation Model
WNP Nifo-3 WNP Nifio-3
rainfall SST rainfall SST
anomaly index anomaly index
(mm day ') (°0) (mm day ') (°C)
Period S 1.99 0.81 1.81 0.58
Period W 1.88 0.81 1.37 0.77

ity associated with the WNPSM (ENSO) is enhanced
over the East Asia and WNP region, the stronger
(weaker) is the relationship between the EASM and
the WNPSM. This implies the possibility that changes
in the EASM-WNPSM relationship may be related to
changes in the variability of the WNPSM and ENSO.
For example, a stronger WNPSM may impose a larger
impact on the EASM, which in turn may lead to a
stronger EASM-WNPSM correlation.

To support this argument, we count the number of
extreme rainfall events associated with the WNPSM for
period S and period W. The extreme rainfall events are
based on the time series of the WNP rainfall anomaly
either exceeding one standard deviation or being less
than minus one standard deviation. Note that the WNP
rainfall anomaly is defined by the summer-mean rain-
fall anomaly averaged over the WNP region (10°-20°N,
120°-150°E). The number of extreme rainfall events for
period S (i.e., 20) is more than two times as many as
that for period W (i.e., 8), suggesting that the precipi-
tation variability associated with the WNPSM is quite
large for period S compared to period W. Furthermore,
we calculated the standard deviation of the time series
of the WNP rainfall anomaly for period S and period
W. The rainfall amplitude over the WNP region for
period S is 1.81 mm day ', which is much larger than
that for period W [1.37 mm day ' (Table 3)], suggesting
that the rainfall variability associated with the WNPSM
is reduced over the East Asia and WNP region from
period S to period W. This is consistent with the result
that the explained variance of the WNPSM-related
mode for period S is higher than that for period W.
Similar relationships can be found in observations.
Based on the results in K05, we compared the standard
deviation of the time series of the WNP rainfall
anomaly in observations for the period 1994-2004 (i.e.,
strong period) and for the period 1979-93 (i.e., weak
period). The rainfall amplitude associated with the
WNPSM for the period 1994-2004 is 1.99 mm day ',
which is larger than that for the period 1979-93 [1.88
mm day ' (Table 3)].
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F1G. 9. Maps of correlation coefficients between the JJA-mean
geopotential height at 500 hPa and the WNPMI (a) for the period
S and (b) for the period W. The regions exceeding the 95% con-
fidence level are shaded.

Large variability in precipitation associated with the
WNPSM is connected with the strength of atmospheric
teleconnections between the East Asia region and the
WNP region. Wang et al. (2001) suggested that convec-
tive activities over the WNP region are associated with
the stationary wavelike pattern in the midlatitudes. Fig-
ures 9a and 9b show maps of the simultaneous correla-
tion between the summer-mean geopotential height at
500 hPa and the WNPMI for period S and period W.
Note that the shading indicates the statistically signifi-
cant regions exceeding the 95% confidence level. The
most striking features between the two periods are in
the Pacific-Japan (PJ)-like pattern (Nitta 1987) of the
500-hPa geopotential height in the meridional direc-
tion. For period S the two polarities of the PJ-like pat-
tern are located in the Philippine Sea and the northeast
Asian region. The anomalous high over northeastern
China, Korea, and Japan emerges in a strong WNPSM.
The pattern bears a resemblance to a barotropic Rossby
wave response to a subtropical forcing near the Philip-
pines (Huang and Sun 1992). For period W, however,
the significant geopotential height at 500 hPa associated
with the WNPMI is zonally localized within the WNP
region and the Bay of Bengal. There is no significant
atmospheric teleconnections between the WNP region
and the East Asia region, although overall spatial struc-
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ture of the 500-hPa geopotential height is reminiscent
with the PJ-like pattern. Compared to period S, the _g4/
anomalous high over the East Asia region is weak and
even negative anomalies appear over northeastern -0.61 V U W
China and Korea. This explains the weak negative re-
lationship between the EASM and the WNPSM. The %]
processes of how the WNPSM influences the EASM

could be as follows: the WNP convective heating gen-
erates a meridional teleconnection pattern, as sug-
gested in previous studies (i.e., the PJ-like pattern;
Nitta 1986, 1987), and this induces height anomalies
over East Asia. Such atmospheric circulation anomalies
then affect the rainfall anomalies over East Asia.

We argue that the summer-mean precipitation vari-
ability over the East Asia and the WNP region is more
associated with ENSO than with the WNPSM for pe-
riod W. Here we show the difference in the SSTA stan-
dard deviation between period S and period W (Fig.
10). The SSTA standard deviation is largely reduced in
the equatorial Pacific basin for period S compared to
period W and the maximum differences are located in
the eastern tropical Pacific. The spatial structure of dif-
ferences of SSTA standard deviation between the two
periods is similar to that of the first EOF of the SSTA
simulated in the HCM (Fig. 2a), indicating that ENSO
variability for period S is weak and vice versa for period
W. As expected, the standard deviation of the Nifio-3
SST index for period S is 0.58°C, which is smaller than
that for period W (0.77°C, Table 3). Large ENSO vari-
ability for period W may contribute to the increase in
precipitation variability associated with ENSO over the
East Asia and WNP regions. As a result, the most dom-
inant mode of rainfall variability over the East Asia and
the WNP region becomes the ENSO-related mode for
period W. We also calculated the 15-yr window Nifio-3
SST index variance over the same period (thin line in
Fig. 11) and compared it with the time series of the
15-yr sliding correlation between the East Asian sum-
mer rainfall anomaly and the WNPMI (thick line in Fig.
11). From Fig. 11, it is clear that the two weakest cor-
relation periods correspond to periods of large ENSO
variability. The strong correlation periods, however,

30 40 50 60 70 80 90 100 110 120 130 140 150 160
Fi1G. 11. Time series of the 15-yr window Nifio-3 SST index

variance (thin) and the 15-yr sliding correlation coefficient of the
East Asian summer rainfall anomaly and the WNPMI (thick).

are not necessarily associated with weak ENSO vari-
ability, suggesting that ENSO is not the only factor for
changes in the EASM-WNPSM relationship. We
speculate that the rainfall variability due to enhanced
ENSO variability may interfere with the WNPSM-
related rainfall variability over the East Asia and the
WNP region, resulting in a weakened relationship be-
tween the EASM and the WNPSM in the meridional
direction. We applied the same calculation to observa-
tions and compared the standard deviation of the
Nifio-3 SST index in observations for the periods 1994—
2004 and 1979-93. Unlike the model, the standard de-
viation of the Nifio-3 SST index for the period 1994—
2004 (0.81°C) is similar to that for 1979-93 (0.81°C,
Table 3). In spite of little difference in the Nifio-3 SST
variance between the two epochs, according to K0S, the
explained variance of the ENSO-related mode for the
period 1994-2004 (i.e., strong period) is smaller than
that for 1979-93 (i.e., weak period).

In summary, the change in the WNPSM-EASM re-
lationship could be related to changes in the magnitude
of both the Nifio-3 SST index and WNP rainfall
anomaly. In the model, both effects favor our argu-
ment. In observations, the ENSO effect is not favorable
for this relationship change, but the WNPRA effect is
favorable, although changes in the WNP rainfall
anomaly amplitude are not as large as in the model. In
other words, a larger WNP rainfall anomaly variability
could lead to a stronger WNPSM-EASM relationship,
although the ENSO effect is the same.
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FiG. 12. Std dev of the JJA SSTA simulated in (a) the control
run and (b) the idealized run for the entire analyzed period. Con-
tour interval is 0.2°C; shading is above 0.4°C.

d. An idealized model experiment

In the previous section, we hypothesized that the
rainfall variability due to enhanced ENSO variability
can destructively interfere with the relationship be-
tween the EASM and the WNPSM. A stronger ENSO
may impose a larger impact on rainfall variability over
the East Asia and WNP region, which in turn may lead
to a weaker EASM-WNPSM correlation. To test this
hypothesis we conduct an idealized run in which the
ENSO is shut down in the model. In this run, the ther-
mocline depth anomaly is set to zero in the model,
following the methodology of Xie and Saito (2001). We
run the model for a period of 50 years.

Figures 12a and 12b show the standard deviation of
the JJA SSTA simulated in the control run and the
idealized run for the entire analyzed period. As ex-
pected, the SSTA variability is greatly reduced in the
idealized run compared to the control run, indicating
that the ENSO is mostly suppressed in the idealized
run. The standard deviation of simulated JJA Nifio-3
SST index in the control run is 0.67°C and in the ide-
alized run 0.13°C. Figure 13 shows the first leading
mode for summer-mean precipitation in the idealized
run and it explains 27.2% of the total summer precipi-
tation variance. The spatial pattern of the EOF1 (Fig.
13) is quite similar to that of the WNPSM-related mode
(Fig. 4a) simulated in the control run for the entire
analyzed period. The EOF1 is characterized by a triple-
like structure in the meridional direction and displays a
large positive loading to the east of the Philippines and
two negative loadings over the equatorial western Pa-
cific and East Asia. The pattern correlation between
the EOF1 (Fig. 13) and the WNPSM-related mode
simulated in the control run (Fig. 4a) is high, 0.87. Fur-
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F1G. 13. The first leading mode for summer-mean precipitation

in the idealized run and its explained variance (27.2%). Shading is
for positive loading; contour interval is 0.03.

thermore, the EOF1 PC time series are significantly
correlated with the simulated WNPMI with a simulta-
neous correlation coefficient, 0.93, suggesting that the
EOF1 represents a WNPSM-related mode in the ideal-
ized run. The explained variance of the WNPSM-
related mode increases from 19.7% in the control run to
27.2% in the idealized run, suggesting that a stronger
WNPSM enhances the percent variance explained by
the WNPSM-related mode in the idealized run. Fur-
thermore, the correlation coefficient of the time series
of the East Asian summer rainfall anomaly and the
WNPMI for the entire analyzed period is —0.57 in the
idealized run, significant at the 95% confidence level.
This correlation coefficient is higher than that in the
control run for the entire analyzed period (—0.33). The
results of this experiment support our hypothesis that a
stronger WNPSM-EASM relationship could be pos-
sible when the ENSO is suppressed.

5. Summary

Understanding the relationship between the submon-
soon systems and its decadal changes is important to
predict the interannual variability of the Asian—Pacific
summer monsoon. Recently, KOS5 found that the nega-
tive relationship between the EASM and the WNPSM
is much stronger in the recent decade (1994-2004) than
in the epoch before 1994 (1979-93). Owing to limited
data availability,* however, it is unclear how significant
is the low frequency modulation in the relationship be-
tween the EASM and the WNPSM. Using a much

*We also extended the analysis of the observed EASM-
WNPSM relationship using longer records. The EASM index is
constructed based on land-only precipitation from the Climate
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longer time series from the HCM, we investigated de-
cadal variations in the relationship between the two
submonsoon systems.

There are two distinct modes of rainfall variability
simulated in the HCM over the East Asia and the WNP
region, that is, a WNPSM-related mode and an ENSO-
related mode, which are consistent with observations
except for the relative explained variance. The
WNPSM-related mode of variability is highly corre-
lated with the WNPMI. On the other hand, the ENSO-
related mode of variability has a significant simulta-
neous correlation with the simulated Nifio-3 SST index
in the HCM. Unlike observations, the rainfall variabil-
ity associated with the WNPSM is more dominant than
the ENSO-related variability for the entire period in
the HCM. Based on the sliding correlation coefficients
of the East Asian summer rainfall anomaly and the
WNPMLI, it is found that decadal variations are appar-
ent in the relationship between the EASM and the
WNPSM in the HCM. On decadal time scales there are
periods when the EASM-WNPSM is strongly nega-
tively correlated (i.e., period S) and periods when the
EASM-WNPSM is weakly negatively correlated (i.e.,
period W). For period S the WNPSM-related mode of
rainfall variability is enhanced over the East Asia and
the WNP region. In contrast, for period W the ENSO-
related mode of rainfall variability is enhanced com-
pared to the entire period. The dominant mode of rain-
fall variability is associated with the WNPSM (ENSO)
over the East Asia and the WNP region for period S
(W). This result indicates that the precipitation vari-
ability associated with the WNPSM (ENSO) is en-
hanced over the East Asia and WNP regions when the
relationship between the EASM and the WNPSM is
stronger (weaker).

Large variability in precipitation associated with the
WNPSM is connected with the strength of atmospheric
teleconnections between the East Asia and the WNP
regions. The PJ-like pattern of the 500-hPa geopoten-
tial height is significant for period S, but it is localized
within the WNP region and the atmospheric linkage
over the East Asia region is weak for period W. We
argue that the relationship between the EASM and the

Research Unit data (New et al. 2000) for the period of 1948-2002.
The dynamical index for the WNPSM is constructed from the
NCEP reanalysis. The decadal variations in the EASM-WNPSM
relationship are readily apparent, although sliding correlation co-
efficients are weaker compared to the model (not shown). How-
ever, it is still difficult to apply our hypothesis to these results
because distinct epochs with a marked difference in the EASM-
WNPSM relationship are relatively short and not suitable for a
comparison and the precipitation variance is much larger over the
ocean than over land.
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WNPSM for period S is largely dependent on an en-
hancement or reduction of the precipitation variability
associated with the WNPSM over the East Asia and the
WNP region. On the other hand, the summer-mean
precipitation variability over the East Asia and WNP
region is more closely linked with ENSO than with the
WNPSM for period W. The ENSO amplitude is largely
enhanced in period W compared to period S, which
increases the precipitation variability associated with
ENSO over the East Asia and the WNP region. We
speculate that the rainfall variability due to enhanced
ENSO variability interferes with the WNPSM-related
rainfall variability over the East Asia and the WNP
region, resulting in a weakening in the relationship be-
tween the EASM and the WNPSM. To support this
speculation we conducted an idealized experiment
where the ENSO is suppressed by switching off the
thermocline-SST feedback in the model. A stronger
WNPSM enhances the percent variance explained by
the WNPSM-related mode in the idealized run. Fur-
thermore, the EASM-WNPSM relationship is stronger
in the idealized run than that in the control run, sug-
gesting that a larger WNP rainfall anomaly variability
leads to a stronger WNPSM-EASM relationship when
the ENSO is suppressed.
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