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Abstract In the present study the links between spring
Arctic Oscillation (AO) and East Asian summer monsoon
(EASM) was investigated with focus on the importance of
the North Pacific atmospheric circulation and sea surface
temperature (SST). To reduce the statistical uncertainty, we
analyzed high-pass filtered data with the inter-annual time
scales, and excluded the El Nifio/Southern Oscillation sig-
nals in the climate fields using a linear fitting method. The
significant relationship between spring AO and EASM are
supported by the changes of multi-monsoon components,
including monsoon indices, precipitation, and three-
dimensional atmospheric circulations. Following a stronger
positive spring AO, an anomalous cyclonic circulation at
850 hPa appears in southeastern Asia and the western North
Pacific in summer, with the easterly anomalies spanning
from the Pacific to Asian continent along 25°N-30°N and
the westerly anomalies south of 15°N. At the same time, the
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summer western North Pacific subtropical high becomes
weaker. Consistently, the positive precipitation anomalies
are developed over a broad region south of 30°N stretching
from southern China to the western Pacific and the negative
precipitation anomalies appear in the lower valley of the
Yangtze River and southern Japan. The anomalous cyclone
in the western North Pacific persisting from spring to
summer plays a key role in modulating EASM and monsoon
precipitation by a positive air-sea feedback mechanism.
During spring the AO-associated atmospheric circulation
change produces warmer SSTs between 150°E-180° near
the equator. The anomalous sensible and latent heating, in
turn, intensifies the cyclone through a Gill-type response of
the atmosphere. Through this positive feedback, the tropical
atmosphere and SST patterns sustain their strength from
spring to summer, that consequently modifies the monsoon
trough and the western North Pacific subtropical high and
eventually the EASM precipitation. Moreover, the SST
response to AO-circulation is supported by the numerical
simulations of an ocean model, and the anomalous atmo-
spheric circulation over the western North Pacific is also
reproduced by the dedicated numerical simulations using
the coupled atmosphere—ocean model. The observation
evidence and numerical simulations suggest the spring AO
can impact the EASM via triggering tropical air-sea feed-
back over the western North Pacific.

Keywords Arctic Oscillation - East Asian summer
monsoon - North Pacific - Air-sea interaction
1 Introduction

To skillfully predict the East Asian summer monsoon
(EASM) is a challenging issue for climate community,
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which relies heavily on our better understanding of EASM
variability. Previous analyses have noted an evident link-
age between winter-spring Arctic Oscillation (AO)/North
Atlantic Oscillation (NAO) and the EASM. By analyzing
observed precipitation during the 20th century, Gong and
Ho (2003) found a significant out-of-phase correlation
between the late spring AO index and boreal summer
rainfall along the Meiyu-Changma-Baiu rain-belt on
interannual time scales. The Asian climate-AO/NAO links
are also evident at the interdecadal timescales as revealed
by long historical climate records and proxies (Fu and
Zeng, 2005; Feng and Hu 2008). Their time-lag relation-
ship serves well as summer monsoon predictors. For
example, Wu et al. (2009a) used spring NAO and El Nifio/
Southern Oscillation (ENSO) indices as precursory indi-
cators to forecast the EASM, and found that the statistical
model taking into account only these two factors shows
predictive skill comparable to 14 state-of-the-art climate
model ensembles.

The responsible mechanism(s) how winter/spring AO
influence summer climates over East Asia and how AQO’s
memories persist for a couple of months, however, are not
well understood. Some explanations were suggested by
previous studies where the importance of land or ocean
thermal anomalies was highlighted. By producing anoma-
lous temperatures over the Eurasian continent in winter and
spring, AO could keep its influence on Asian climates until
the following summer (Chang et al. 2001; Buermann et al.
2005; Goswami et al. 2006; Feng and Hu 2008). For
example, Chang et al. (2001) reported that in association
with positive NAO and strengthened/poleward shift of the
jet stream over the North Atlantic in winter, the tempera-
ture anomalies in western Europe could extend eastward to
most of northern Eurasia until spring. This might result in
an anomalous thermal contrast between the Eurasian con-
tinent and neighboring lands/oceans, disturbing the mon-
soon activity. Buermann et al. (2005) obtained a similar
result that the AO-induced winter/spring temperature
anomalies could push the mid-Eastern jet poleward during
negative AO phases, resulting in an anomalous surface
heating and drying that persist until the later spring and
finally affect the Indian monsoon rainfall in June. The
continental snow related to AO (Bamzai 2003; Hori and
Yasunari 2003) has multi-month memories in influencing
regional temperature/moisture and may also act as an
anomalous heating forcing of summer climate over East
Asia (Ogi et al. 2004; Wu et al. 2009b). Some recent
observation and simulation studies emphasized the impor-
tance of the North Atlantic sea surface temperature (SST)
in maintaining the AO’s memories on interannual time
scales as well as on the decadal time scales, where the SST-
forced atmospheric fluctuations result in Asian summer
monsoon responses through westerly wind, jet stream, and
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wave activities (Goswami et al. 2006; Lu et al. 2006; Sung
et al. 2006; Feng and Hu 2008; Wang et al. 2009; Wu et al.
2009a). Ogi et al. (2004) reported that the winter NAO
persistently influences the sea ice and SSTs in the Arctic
from winter to summer, and warm signals around the
Barents Sea region excite the Rossby waves propagating
toward the Sea of Okhotsk, thus a positive phase of January
NAO being accompanied by a stronger Okhotsk High in
June. Yu and Zhou (2004) and Li et al. (2005) reported the
upper troposphere cooling in association with positive-
phase NAO, which spread from northern Africa/Southern
Europe in winter/spring to East Asia in June—September.
This might result in southward shift of the jet stream, and a
corresponding weaker summer monsoon. Note that these
studies concerning spring AO/NAO-EASM put much
attention on the persistent anomalies of boundaries or/and
atmospheric circulation over upstream regions (i.e., Eur-
asian continent and North Atlantic). With regard to their
teleconnections to Asian climate, the quasi-stationary
Rossby waves are often suggested to propagate these AO-
related anomalies eastward to East Asia (Branstator 2002;
Watanabe 2004). In addition, the summer AO/NAO also
exerts climate influence over North Hemisphere (Folland
et al. 2009). The dynamics of AO itself might be involved
in the multi-month connection, even though the observed
AOQ persistence from spring to summer is somewhat weak.
The EASM is strongly influenced by atmospheric and
oceanic states over the North Pacific and the influence of
ENSO on East Asian climates has attracted much attention.
Note that observed evidence suggests that the air-sea
conditions over western Pacific might also be directly or
indirectly modulated by AO (Miller et al. 2003; Thompson
and Lorenz 2004; Nakamura et al. 2006; Gong et al. 2009).
The possible roles of the North Pacific atmospheric circu-
lation and SSTs in linking spring AO and EASM, however,
have not been clearly addressed by previous studies.

The main goal of the present study is to explore the
atmospheric circulation and SST changes in the North
Pacific in association with spring AO, and further to
investigate the possible roles of the North Pacific in
maintaining the spring AO-EASM connection. The rest of
the paper is organized as follows. Section 2 describes the
data and methods used in the study. Section 3 first presents
the statistical relationship between spring AO and summer
monsoon indices, and then briefly demonstrates the sum-
mer anomalies of precipitation and regional circulations in
association with spring AO. In Sect. 4 the possible mech-
anisms connecting spring AO and EASM are investigated
by time-lag analysis of atmospheric circulation, SSTs, and
diabatic heating variations over the North Pacific, which
are followed by a hypothetical explanation of the mecha-
nism. The reproducibility of AO-forced SST anomalies
and the summer atmospheric circulation changes are
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investigated by numerical simulations and presented in
Sect. 5. The temporal stability of spring AO-EASM rela-
tionship has been discussed in Sect. 6. Finally, the major
finding of the study is given in Sect. 7.

2 Data and method

Atmospheric circulation data used in the study are taken
from the National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis (Kalnay et al. 1996) data, including
daily and monthly geopotential heights at 500 hPa and
winds at 850 and 200 hPa with a horizontal resolution of
2.5° latitude x 2.5° longitude. The AO index is the cor-
responding time coefficients of the first empirical
orthogonal function (EOF) of the monthly sea level
pressures (SLP) north of 20°N (Thompson and Wallace
1998). The spring AO index is the average for March,
April and May. In addition, the gridded monthly extended
reconstructed sea surface temperature (ERSST v3b) with
a resolution of 2° latitude x 2° longitude (Smith et al.
2008) and the GPCP combined precipitation (v2.1) (Adler
et al. 2003) with a resolution of 2.5° latitude x 2.5°
longitude are used. All analysis are confined within a
common data period of 1951-2008, except for GPCP
precipitation of which the analysis period is 1979-2008.
Wang et al. (2008a) pointed out that the seasonally
evolving spatial pattern of the EASM remains relatively
unchanged during whole summer monsoon season, and
persists through the May—-August season (Wang et al.
2008a, figure 6a). Therefore, when dealing with summer
monsoon climate we used the mean for June—August. Of
all climate variables analyzed in the present study, we
focus only on their interannual variations. Thus, prior to
analysis all climate time series are high-pass filtered by
using a Butterworth filter, and only the components with
time periods shorter than 10 years are remained and
employed in the following analysis.

Climates over the northwestern Pacific and East Asia are
largely impacted by ENSO (e.g., Wang 2000, among many
others). We removed ENSO signals in the variables of
interest by means of regression analysis. Since ENSO has a
phase-locking feature with a mature peak in boreal winter,
we simply fit the Nifio3 SST from boreal winter-spring (i.e.
from the preceding December to May) to climate variables
by using the least-square technique. Then the estimated
ENSO-related components are subtracted from climate
time series, the residuals are regarded as ‘ENSO-free’ parts
and subjected to the analysis. We also tested Nifio3.4 SST
for comparison, and obtained almost the same results,
implying that the corresponding changes in atmosphere are
not sensitive to the choice of Nifio SSTs.

3 EASM-AO links

3.1 Correlations between spring AO and EASM
indices

First, we analyzed the statistical relationship between
March-April-May (MAM) AO and June-July—August
(JJA) monsoon. Three EASM indices are investigated,
including Wang and Fan (1999) index, Zhang et al. (2003)
index, and Lau et al. (2000) index. Their definitions are as
follows.

Wang and Fan (1999) index: U850 (5°N-15°N, 90°E—
130°E) minus U850 (22.5°N-32.5°N, 110°E~140°E);
Zhang et al. (2003) index: U850(10°N-20°N, 100°E-
150°E) minus U850 (25°N-35°N, 100°E~150°E); and
Lau et al. (2000) index: U200 (40°N-50°N, 110°E-
150°E) minus U200 (25°N-35°N, 110°E-150°E),

Here U850 and U200 denote the mean zonal wind at
850 hPa and 200 hPa levels, respectively. The difference
of U850 between the two areas measures the horizontal
wind shear, reflecting the vorticity variations in lower
troposphere, while the U200 difference reflects dynamical
aspects of upper circulations. Among about two dozens of
EASM indices often employed in monsoon climate studies,
the definition by Wang and Fan (1999) has the highest skill
in capturing the total variance of precipitation and three-
dimensional circulation over East Asia (Wang et al.
2008a). Figure la displays the time series of MAM AO and
JJA monsoon indices. Their interannual variations have an
in-phase relationship in general, and the larger (smaller)
JJA monsoon indices tend to accompany the higher (lower)
MAM AO conditions. For the whole time period from 1951
to 2008, the Wang and Fan (1999) EASM index and the
spring AO yield a significant (at the 95% level) Pearson’s
correlation of 4-0.33. This implies that following high
MAM AO the horizontal wind shear at 850 hPa level over
East Asia tends to be enhanced in JJA. This features a
significantly positive EASM index. Does this MAM AO
related horizontal circulation anomalies appear only in
lower troposphere (say 850 hPa)? To answer this question
we investigated the zonal wind (u), meridional wind (v),
and vertical wind (w) for the whole troposphere. Figure 1b
demonstrates the wind anomalies in a pressure-latitude
section along 120°E. An anomalous easterly wind (>0.5 m/s)
center is located in approximately 30°N and stretches
vertically from 1,000 to 200 hPa. Meanwhile, the westerly
anomalies appear in south of 20°N below about 400 hPa.
These features clearly confirm that following positive
MAM AOQO, anomalous westerlies exist from surface to mid-
troposphere in tropics and anomalous easterlies appear
from surface to about 200 hPa at 30°N in JJA. Thus we
would conclude that the AO-related circulation anomalies
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in summer are not confined to the lower troposphere, but
are manifested in the whole troposphere with well-defined
vertical structures.

Note that the zonal wind anomalies near surface are
located slightly north of the latitudes defined by Wang and
Fan (1999) monsoon index. Taking this feature into
account, we re-computed the monsoon-AO correlation
using Zhang et al. (2003) monsoon index, and reasonably
yielded a slightly larger correlation coefficient of 4-0.35. In
addition, the upper tropospheric circulation is one of the
important aspects of EASM. The anomalous easterlies
around 30°N and westerlies around 45°N (Fig. 1b)
resembles quite well the EASM-related 200 hPa zonal
wind changes such as the regional monsoon circulation
pattern of Lau et al. (2000), and the AO-related upper
circulation anomalies also resemble the zonal wind pattern
related to the monsoon precipitation (Gong and Ho 2003),
consistent with the anomalous vertical air motion related to
the westerly jet stream.

The quality of reanalysis datasets and precipitation data
was improved after the late 1970s with the usage of
satellite observation. To confirm the robustness of AO-
monsoon correlations, we re-computed the relations
between spring AO and three summer monsoon indices
for a shorter data period of 1979-2008. As shown in
Table 1, the MAM AO is significantly correlated with all
three EASM indices. The correlation coefficients are
r = 40.47 for Wang and Fan (1999) index, r = +0.44

Fig. 1 a Time series of March—
April-May AO and June-July-

(a) AO and EASM indices
3

for Zhang et al. (2003) index, and r = +0.40 for Lau
et al. (2000) index, respectively. These similar correla-
tions are all significant at the 95% level. Again, the
consistent and significant correlations between AO and
three monsoon indices confirm the significance of the
EASM-spring AO connection. These statistical analyses
show that the MAM AO accounts for about 19% variance
of the total inter-annual variability of monsoon indices.
Comparing to the ENSO-explained variance (41%), the
amount related to the AO is a large portion. These values
are similar to the results of Wu et al. (2009a) even though
they used slightly different NAO and ENSO indices. It is
clear that MAM AO is an important contributor to the
inter-annual variability of the EASM.

3.2 Summer precipitation anomalies

Precipitation is one of the dominant aspects of the EASM.
Previous analysis of summer precipitation revealed that the
leading mode of rainfall over East Asia has a south—north
dipole structure which is coherently related to the three-
dimensional monsoon circulation variability. Taking both
precipitation and large-scale circulation into account,
Wang et al. (2008a) carried out a multi-variable EOF
analysis, and found that the precipitation component of the
major spatial mode had a north—south dipole pattern with
two opposite anomalous regions. One is located over the
northern South China Sea and the Philippine Sea with a
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Table 1 Correlation coefficients among MAM AO and JJA monsoon indices and regional precipitation for the period 1979-2008

Wang and Fan (1999)

Zhang et al. (2003)

Lau et al. (2000) South Precip, North Precip,

index, JJA index, JJA index, JJA JIA JJA
AO, MAM +0.47% +0.44* +0.40° +0.37° —0.22
South Precip®, JJA +0.69° +0.65° +0.72° - —0.46°
North Precip?, JJA —0.48° —0.56° —0.64° —0.46° -

* Significant at the 95% level
° Significant at the 99% level

¢ Mean precipitation averaged over the southern region over 15°N-30°N, 110°E-135°E

9 Mean precipitation averaged over the northern region over 30°N=35°N, 110°E-135°E

west-east orientation, and the other spans from the Yangtze
River valley to southern Japan, which covers the prevailing
Meiyu-Changma-Baiu frontal area. In the previous section,
we demonstrate the significant association between sum-
mer monsoon indices and spring AO. Their physical con-
cordance would be supported by year-to-year fluctuations
of monsoonal precipitation and by the regional contrast
between these two dipole regions of the leading mode.
To confirm this feature, here, we investigated the JJA
precipitation in association with MAM AO. After exclud-
ing ENSO signals, we computed the regression coefficients
of summer precipitation upon the spring AO. The distribu-
tion of the JJA precipitation anomalies (i.e., the regression
coefficients) corresponding to a one-standard-deviation
positive MAM AO index were plotted based on data from
1979 to 2008 in Fig. 2. A dipole pattern in the East Asia
clearly appears as the outstanding feature. Positive anom-
alies are found over a broad region south of approximately
30°N, spanning from southern China to western Pacific.
The large anomalies of >0.5 mm/day are located in around
(15°N-30°N, 110°E-135°E) with centers (>1 mm/day) in
Taiwan and in east of Okinawa. Meanwhile, to the north of
30°N there are negative precipitation anomalies appearing
in the lower valley of Yangtze River and southern Japan.

Fig. 2 Spatial distribution of
the regression coefficients of
precipitation and 850 hPa wind
in JJA upon the spring AO

(a) and upon June-July—August
Wang and Fan (1999) index (b).
Colors are precipitation in mm
per day. Vectors are 850 hPa
winds (m s_l), and the maxima
in (a) and (b) are 1.2 and

24 m s_l, respectively. Data
periods are 1979-2008. All
regression coefficients are
results after removing ENSO
signals. Values in (a) and

(b) are scaled to correspond to
one standard deviation of AO
and EASM indices, respectively

105 °E 120 °E

(a) Precip.& wind, with AO

135°E  mm/day

Since these regression coefficients are estimated only based
on the linear components statistically relating to AO, the
spatial pattern corresponding to negative AO is certainly
the same but all anomalies are of opposite signs. For
comparison we also plotted the JJA precipitation in asso-
ciation with summer monsoon index of Wang and Fan
(1999) and displayed together. The major spatial pattern of
AO-related precipitation anomalies surprisingly resembles
the monsoon-related pattern with above-normal precipita-
tion in south of about 30°N and below-normal precipitation
to the north. The similarity of spatial structure again sug-
gests the close connection of EASM rainfall to the pre-
ceding spring AO.

We also analyzed the detailed temporal variations of
precipitation and their consistency with monsoon/AO
focusing on the two centers of the anomalies as revealed in
above analysis. For the south center, a regional mean time
series is obtained by averaging JJA rainfall from 15°N-
30°N and 110°E-135°E. The GPCP summer precipitation
for this region is significantly correlated with MAM AO
index at +0.37 for period 1979-2008. Not surprisingly, the
interannual variations of precipitation are also highly
connected to monsoon indices. Table 1 lists correlations
between south precipitation with monsoon indices,

(b) Precip.& wind, with EASM

15
2
.
0.5 1
0 0
~0.5
-1
-1
15 2

105 °E 120 °E 135°E  mm/day

@ Springer



2204 D.-Y. Gong et al.: Spring Arctic Oscillation-East Asian summer monsoon connection

r = 40.69 for Wang and Fan (1999) index, r = +0.65 for
Zhang et al. (2003) index, and r = +0.72 for Lau
et al.(2000) index. This indicates that more summer
precipitation would occur in this region in high EASM
summers, which is more likely to be accompanied by the
high-AO in springs. For the north center where negative
precipitation anomalies appear, we simply chose a neigh-
boring region of 30°N-35°N, 110°E-135°E to make the
regional mean. Summer precipitation in the two regions has
an evident out-of-phase relationship, correlation between
them is —0.46. On the inter-annual time scales, its corre-
lation with three monsoon indices varies from —0.48 to
—0.64, all significant. However, it is correlated with the
spring AO at only a moderate level, r = —0.22, not
significant.

The boreal summer Meiyu-Changma-Baiu precipitation
along Yangtze River to southern Japan is an important
indicator of EASM variability. The coarser grid GPCP
precipitation along this belt has only a moderate correlation
with MAM AO. Note that Gong and Ho (2003) reported a
significant relation between late spring AO and precipita-
tion along the rain-belt by analyzing surface observation
data for 10 stations along the rain-belt, including Shanghai,
Nanjing, Jiujiang, Wuhan, Guiyang, Changsha, Tokyo,
Osaka, Kagoshima, and Izuhara. Among all seasons the
mean summer rainfall has a maximum correlation with
May AO on the inter-annual time scales (r = —0.45, for
1900-1998 data period). For clarity, here we re-calculated
their correlations using the mean precipitation time series
(Gong and Ho 2003, figure 2). When the ENSO signals
excluded, the mean summer precipitation averaging from
10 stations correlates with MAM AO at a value of —0.34,
significant at the 95% level. Its correlations with three
monsoon indices are respectively —0.42 for Wang and Fan
(1999) index, —0.42 for Zhang et al. (2003) index, and
—0.59 for Lau et al. (2000) index. This suggests that the
spring AO signals could be well reflected in longer station
precipitations in the Meiyu-Changma-Baiu belt. Somewhat
weaker relations in GPCP data might be due to the coarser
spatial resolution and shorter data period. The consis-
tent and significant correlations among EASM indices,
regional precipitation, and AO index support the robust-
ness of spring AO-summer monsoon climate connections
(Table 1).

3.3 Regional anomalies of 850 hPa winds and 500 hPa
heights

The western North Pacific monsoon trough and subtrop-
ical high (WNPSH) are two important subsystems of the
EASM circulation system (Tao and Chen 1987). How do
AO-related summer precipitation anomalies and AO-
monsoon index correlations as discussed above coincide
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with the corresponding variations of the trough and
WNPSH? The low-level trough is the major system that
produces most of the summer monsoon rainfall. Firstly,
we analyzed the atmospheric circulation anomalies at
850 hPa level to investigate the possible changes of the
trough. The regression coefficients of the horizontal winds
upon the MAM AO for 1979-2008 are shown in Fig. 2.
The most outstanding feature of AO-related wind changes
is an anomalous cyclonic circulation in the southeastern
Asia and western Pacific. The strengthened easterly
anomalies span from Pacific to continent along 25°N-
30°N, which become the anomalous north winds in
105°E-110°E, and then flow eastward south of 15°N. We
also computed the regression coefficients of 850 hPa
winds upon the monsoon index of Wang and Fan (1999).
The corresponding spatial pattern is almost identical to
that for AO-related anomalies. This kind of cyclonic
pattern has been revealed to be the inherent mode of
EASM in previous studies (e.g. Wang and Fan, 1999;
Wang et al. 2008a, b; among many others). Comparing
with Fig. 1, we can find that in association with positive
MAM AO, there is an anomalous upward air motion in
15°N-25°N along 120°E, which corresponds to the loca-
tion of the cyclone. The tropospheric downward air
motion appearing in about 30°N-35°N (Fig. 1b) is also
consistently accompanied by the anti-cyclonic horizontal
shear which is located to the north of 30°N over East Asia
(Fig. 2a). In addition, as demonstrated in Fig. 1b, the
zonal winds in tropics have a significant difference
between the lower and the upper troposphere. In south of
20°N, the anomalous easterly winds (—0.4 to —1.2 m/s)
appear from 300 to 100 hPa, meanwhile the anomalous
westerly winds (40.4 to +0.8 m/s) exist below 400 hPa.
This feature implies an enhanced vertical wind shear,
being a favorable condition for trough activity in lower
levels. These features of trough anomalies clearly imply
that following an above-normal spring AO, the lower-
level trough would be intensified in the south-southeast
Asia, at the same time tends to weaken along the Miyu-
Changma-Baiu rain belt. These would consistently explain
why there is the tendency of more JJA precipitation in
south of 30°N, and less JJA precipitation between 30°N—
35°N in high MAM AO years.

We further examined the changes of the WNPSH. In the
middle troposphere, the WNPSH plays an important role in
modulating moisture transporting and the rain-belt loca-
tions. Summer Meiyu-Changma-Baiu rainfall is signifi-
cantly connected to the WNPSH on both inter-annual and
decadal time scales. When the WNPSH intensifies or
moves southward or extends westward, above-normal
precipitation is expected to occur along the Yangtze River
to southern Japan. When the WNPSH shifts northward to
the normal latitude or retreats eastward, a drier condition
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tends to take place there (Chang et al. 2000a, b; Gong and
Ho 2002). To explore the possible changes of WNPSH, the
500 hPa height correlations with AO are analyzed and
displayed (Fig. 3). In positive MAM AO years, the
500 hPa heights in summer are significantly lower than
normal in the western Pacific, suggesting a weaker sub-
tropical high or an eastward retreat. The 500 hPa heights in
western flank of the climatological location of WNPSH can
capture the variations of the WNPSH. The western Pacific
near Taiwan has the largest standard deviation of inter-
annual variability (Sui et al. 2007). To measure the
WNPSH variability, we simply make a time series of the
regional mean 500 hPa heights averaging from 120°E—
135°E and 15°N-25°N where significant correlations are
located. This region is close to the domain used in Gong
and Ho (2002) and Sui et al. (2007). The MAM AO and
JJA WNPSH indices evidently co-vary in an out-of-phase
relation. For the period of 1951-2008, the WNPSH cor-
relates with MAM AO at r = —0.33. Their out-of-phase
relationship is more prominent from the late 1970s
(Fig. 3b). In the period 1979-2008, two time series corre-
late at —0.48, a much stronger connection. The WNPSH is
known to be strongly modulated by ENSO SSTs. It is
interesting to note that the WNPSH extremes show no co-
variations with strong ENSO events such as 1997/1998,
1981/1982, 1986/1987, and so on. This implies that the
method of removing ENSO influence on circulation, SST
and precipitation applied in the present study likely works
well, and the statistical relationship between AO and
EASM climates is very likely independent of ENSO. The
weakened WNPSH would consequently reduce the
meridional moisture transport and facilitate the low-level
trough activity, being a condition favorable for precipita-
tion in the southern East Asia.

(@) Corr.(AO, HGT500)

[

4 Possible mechanisms for the linkage

4.1 Basin scale circulation anomalies in the North
Pacific from MAM to JJA

An arisen question is how the JJA atmospheric anomalies
over East Asia have established following a positive MAM
AO. To shed light on this problem, we investigated the
atmospheric circulation and SST anomalies over the whole
North Pacific with analysis seasons extending from JJA
back to MAM. The results are shown in Figs. 4 and 5.
Generally, in association with AO, there are well-organized
patterns in the North Pacific. The anomalies in 850 hPa
winds and 500 hPa heights revealed in the previous sec-
tions are not regional phenomena confined to East Asia, but
they are parts of the basin-scale anomalous structures.
Surprisingly, the dominant features (particularly the
anomalies in southeastern Asia and the western tropical
Pacific) persist from MAM to JJA. During spring, the
anomalous cyclone over the tropical North Pacific is
prominent between 120°E-160°W at 850 hPa and an
anomalous anticyclone is located over the extratropics. The
similar large-scale patterns are also found in 500 hPa
heights (Fig. 5) and 200 hPa streamlines, suggesting a
barotropic structure in month-seasonal mean circulations.
This kind of AO-related circulation pattern has also been
documented by other studies. For example, Nakamura et al.
(2007, figure 1b) obtained a similar cyclonic circulation
pattern in boreal spring over the tropical North Pacific
using a shorter Reanalysis II data (1979-2004). Associated
with the atmospheric circulation, there are well-defined
patterns in SST anomalies, too. In spring, there are positive
SST anomalies in central to eastern Pacific south of 15°N,
and at the same time significant cooling SSTs are located to

(b) AO and WNPSH

100°E  125°E 150°E  175°E

Fig. 3 a Correlations of June-July—August 500 hPa geopotential
heights with March—April-May AO index, and the shadings indicate
grids significant at the 95% level. b Comparison of spring AO time

series with the summer western North Pacific Subtropical high

1950 1960 1970 1980 1990 2000

(WNPSH), which is defined as the regional mean 500 hPa heights
averaging from 15°N-25°N and 120°E-135°E. Both normalized to
facilitate comparison
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Fig. 4 Contour lines are correlation coefficients between AO and
SST (solid lines: positive correlations, and dashed the negative,
shadings: significant at the 95% level). The vectors are significant
(95% level) anomalies of 850 hPa wind corresponding to one-unit-

the north, centering in around 150°E-180°, 15°N-30°N.
Yang et al. (2002) divided the winter SST variability in the
North Pacific into ENSO-related and non-ENSO compo-
nents, which account for 34.4% and 17.0% of the total
variance, respectively. It is interesting to note that the non-
ENSO components shows a dipole pattern with reverse
SST anomalies between the extratropical North Pacific and
the tropics, and is tightly linked to the westerly jet stream.
These features suggest that the AO or westerly-related
atmosphere circulations play essential roles in producing
the SST anomalies. The cyclonic circulation would be
responsible for the cooling in central Pacific with center
located in 15°N-30°N, 140°E-180° by upwelling induced
by the enhanced Ekman pumping as well as by evaporation
due to the larger winds.

It is important to indicate that from MAM to JJA the
tropical cyclonic anomalies at 850 hPa wind field and
500 hPa heights are similar in location and strength, while
the western flank of the anomaly cyclone clearly extends
westward from about 120°E in MAM to 105°E in JJA.
The same is true for the underlying SST pattern, being
persistently cool in the central Pacific and warmer in the
central tropics. In contrast to tropical circulation and SST,
the significant anomalies in the extratropical anticyclone
and SSTs weaken quickly after MAM, and almost
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larger MAM AO index. In all figures, AO index is confined to MAM
while SSTs and winds are gradually changing from MAM to JJA. All
shown are for interannual time scale and ENSO signals were removed

disappear in JJA. Note that the AO becomes most active
during the boreal winter. Are the MAM SSTs linked to
the AO signals prior to spring? To clarify this we
investigated the correlations between winter SSTs and
MAM AO index, and found that there are no large-scale
SST patterns during DJF. The significant negative corre-
lations appear only in a small region to the east of
Taiwan. No evident SST anomalies were found in tropics
south of 15°N. We also examined the SSTs and circula-
tions in association with DJF AO. Warmer SSTs appear
in 30°~-40°N in DJF, and weaken in MAM. Over the
tropics, negative SSTs are located in west of 170°E
(figures not shown). These SST features are remarkably
different from those in MAM through JJA. The anoma-
lous SSTs in MAM and JJA would be viewed as a
response to AO rather than a forcing to AO, which is
confirmed by the numerical simulations and discussed in
Sect. 5. The substantial and persistent anomalies of the
atmospheric circulation and SSTs over tropics provide
clues to the possible mechanism responsible for the ‘long-
memory’ of AO-SST-monsoon connection which keeps
climate anomalies from spring to summer. The mainte-
nance of the tropical cyclone and warming SST is sug-
gested to be due to the air-sea interaction as discussed
later.
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(a) Precip. HGT500, MAM

(b) Precip. HGT500, AMJ

60°N

45°N

30°N

15°N

15°S

60°N

45°N e
/

30°N

15°N

15°S

15°S

-1
-2
I -3

-0:1.- 1

180°E  150W  120'W

150°E

Fig. 5 Contour lines are correlation coefficients between AO and
geopotential height at 500 hPa (solid lines: positive correlations, and
dashed the negative). The color shadings are precipitation anomalies
(GPCP data period: 1979-2008) corresponding to one-unit-larger AO

4.2 Anomalous heating in association with MAM AO

As shown above, accompanying with the AO-related
circulation, there are large-scale SST anomalies. The
roles of tropical Pacific SSTs in influencing EASM have
been emphasized by numerous observational and
numerical studies. Besides the Nifno SSTs, the western
Pacific and Indian Ocean SSTs also exert evident influ-
ence through modulating regional atmospheric circulation
or through teleconnection (e.g., Lu, 2001; Lu and Dong,
2001, Gong and Ho 2002; Zhou et al., 2009, among
many others). The diabatic heating due to anomalous
SSTs and precipitation is of primary importance in
modulating EASM system, particularly the WNPSH
(Rodwell and Hoskins, 2001; Liu et al., 2004). To make
a clear picture of AO-related heating, here we investi-
gated the tropical atmospheric heat budget in spring and
summer with respect to MAM AO extremes. We ana-
lyzed the apparent heating rate (Q1) and moisture sinks
(Q2) which are defined as the residual terms of the
thermodynamic equation (Yanai et al. 1973; Ding 1989),
and expressed as the followings;
Ra/cp
+V.-VT+ (pﬁ) o0
0

oT "
op

A=a%

90°E 120°E 150°E  180°E  150'W  120'W (mmiday)

index. In all figures, AO index is confined to MAM while 500 hPa
heights and precipitation are gradually changing from MAM to JJA.
All shown are for interannual time scale and ENSO signals have been
removed

Q=-L (a_q 0g

+V-Vq+w—);

ot op

where the constants of c,, R;, and L are respectively the
specific heat for dry air, gas constant for dry air, and the
latent heat of deposition. T is the temperature, P and P, are
pressures at a specific level and the reference level
respectively, V the horizontal wind, 6 the potential tem-
perature, o the vertical p-velocity, and ¢ the specific
humidity. The Q1 and Q2 are calculated for all levels from
surface to 200 hPa using NCEP-NCAR reanalysis daily
data. The apparent heating rate of large-scale motion sys-
tem consists of the heating due to radiation, the release of
latent heat by net condensation, and vertical convergence
of the vertical eddy transport of sensible heat. And the
apparent moisture sink consists of the net condensation and
vertical divergence of the vertical eddy transport of mois-
ture. Therefore, the vertical integration of Q1-Q2 measures
the sensible and latent heat fluxes from the surface to the
atmosphere. The positive values indicate net heat gains of
the atmosphere and negative values indicate net heat loss.
In the present study, we analyzed the integrated Q1-Q2
from surface to 200 hPa, and their seasonal mean values
were obtained by averaging all daily data for each year. We
employed a composite analysis of heating anomalies cor-
responding to AO extremes to highlight the possible AO

@ Springer



2208 D.-Y. Gong et al.: Spring Arctic Oscillation-East Asian summer monsoon connection

signals. To avoid the possible influence of inter-decadal
climate variations and possible data discontinuity, we
confined the reference period to 1979-2008, a period of
better data quality in the NCEP-NCAR reanalysis dataset.
ENSO dominates the tropical precipitation and tempera-
ture, which should be taken into account when performing
the composite analysis. After excluding large Nifio3 SST
years when the mean SST anomalies from the previous
December to May exceeds +0.5°C, we selected the highest
five MAM AO years from 1979 to 2008, namely 1990,
2007, 2003, 2002, and 1982. These years are marked by
‘Q’ in Fig. 6. The spring and summer means for these
5 years are calculated, and their anomalies are obtained
after subtracting their respective climate means.

Figure 7 displays the composites of vertical integrations
of QI-Q2 for spring and summer. It is clear that the
tropospheric atmosphere gains anomalous heats with a
positive anomaly center along the equator between 150°E—
170°W, where the heat budget changes from -+15 to
+45 W m 2. The positive anomalies spread northwards to
about 30°N in 160°E. This is consistent with the results of
regression analysis by Nakamura et al. (2007). Using
reanalysis II data from 1979-2004, they found that corre-
sponding to one unit standard deviation of spring MAM
AO index the atmosphere between 150°E-180° gains the
sensible and latent heat by +5 to +10 W m ™ as integrated
from 1,000 to 200 hPa. In JJA, the anomalous heating
center appears in the similar region with maximum of
+15- + 30 W m™? heating rate. Figure 7 clearly shows
that the major features in summer and spring bear much
similarity, except that the significant area in summer
becomes smaller than spring and the center shifts to the
west by about 10 degrees. In association with the anoma-
lous heating, we would expect evident upward air motions.

3 . . . . .
< Nino3 SST, 1998=[Dec.97-May 98]

251 D AD MANE 1

5 ]

Standard unit
o
(¢,

-05F
I

-1 -"}‘g .
S

1980 1985 1990 1995 2000 2005

Fig. 6 Spring AO and winter-spring Nifio 3 SST. ‘Q’: indicating
years used for making composites of heating anomalies (including
1982, 1990, 2002, 2003 and 2007). ‘S’: indicating years of AO-
forcing simulation experiments (including 1981, 1991, 2001 and
2004)
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Fig. 7 Distribution of the anomalous heats in MAM and JJA. Shown
as the means of 1982, 1990, 2002, 2003 and 2007 minus the means of
1979-2008. The heats are measured as the vertically integrated Q1-
Q2 from surface to 200 hPa. Units: W m~2 The significant (at the
90% level) regions are shaded

Plotted in Fig. 8 are the zonal and vertical winds in the
pressure-longitude section along 10°N which is selected
according to the maxima of AO-SST correlations (Fig. 4).
During spring the anomalous ascending air motion appears
in 140°E-170°E and the significant winds span from the
surface up to 150 hPa level. The maxima of ascending
steadily keep the location thereafter, centering around
135°E-170°E in summer. The anomalous upward air
motion would result from the heating. The upward winds
would bring more precipitation which, in turn, helps
maintain the anomalous ascending by latent heats. Note the
positive precipitation anomalies of 41 to +2 mm/day
consistently appear in around the anomalous SSTs (see
Figs. 4, 5). In general, the distribution of SSTs, heating and
precipitation anomalies agrees well with each other in
physical meanings. The observed features of the anomalous
heating over tropics support the fact that MAM AO is
significantly related to the anomalous equatorial SSTs and
air-sea interaction. The persistent heating through JJA also
implies that the air-sea interaction would serve as sus-
taining forcing to reinforce/feedback to the spring AO-
related cyclonic atmospheric circulation over the western
North Pacific.

It should be pointed out that climate anomalies in
association with AO phases may be asymmetrical. For
example, Sung et al. (2010) indicated the asymmetrical
downstream consequences of NAO in boreal winter.
Comparing the positive- and negative-AO composites of
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Fig. 8 Pressure-longitude section along 10°N, showing MAM and
JJA wind anomalies of u, w in association with one-unit-larger MAM
AO index. For clarity the w has been multiplied by 1,000. Units:
ms . Shadings indicate values significant at the 95% level

heating could help to clarify this problem after excluding
the influence of other factors (such as ENSO, continental
snow cover, and so on). As can be found in Fig. 6, how-
ever, when the ENSO years are excluded we could hardly
find enough negative AO events comparable to its positive
counterpart. The same problem remains when making
composites for circulation, SSTs, and precipitation. The
long-term simulation data could help clarify/test this
question.

4.3 Atmospheric dipole in the North Pacific

AO simply describes the strength of the westerly winds in
high latitudes. During positive AO years, the westerly
significantly weakens over Asia—Pacific sector. In particu-
lar, the jet stream and storm track activity weaken together
(Limpasuvan and Hartmann 1999; Ambaum et al. 2001;
Chang and Fu 2002). The interaction between synoptic
transient disturbances and the jet stream is an important
internal source of the monthly mean circulation anomalies,
which might be related to the appearance of the atmo-
spheric dipole over the North Pacific in association with
AO. Theoretically, the transient eddy-induced mean cir-
culation changes due to barotropic processes could be

200hPa, Stream lines, E-veclor, mean[v2+u'2], MAM
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Fig. 9 Changes of E-vectors (V2 — u/2, —u/V), eddy kinetic energy
(shadings) and seasonal mean circulation streamlines (smooth lines
with arrows) in March—April-May at 200 hPa. All are shown as

anomalies in association with a one-unit-larger MAM AO index.
Maximum E-vector anomaly is +10.1 m%s~>

given by the divergence of Eliassen-Palm vector. A local
region vectors convergence will be characterized by the
forcing of anticyclonic vorticity to the north of the con-
vergence region and cyclonic vorticity forcing to the south.
The net effect is that convergence is associated with east-
erly acceleration of the mean flow and divergence with
westerly acceleration (James 1994). For the sake of sim-
plicity, we computed the anomalies of the 200 hPa level
extended Eliassen-Palm flux (E-vector), which is defined as

(V2 —u2, —u'V') (James 1994). Here u and v are the zonal
and meridional wind components, respectively. The over-
bars represent time averages from March 1 through May
31. The primes denote departures from the mean. The v’
and u’ are computed from the Butterworth band-pass filter
retaining components with time periodicity of 1-6 days. As
shown in Fig. 9, the E-vector convergence is predominant
over the region of 160°E-170°W, 35°N—45°N. To the north
of the convergence core an anomalous anticyclone in
MAM mean flow at 200 hPa level appears in 160°E—
150°W, 40°N-65°N. Immediately, a cyclonic anomaly is
located to the south side, spanning from about 20°N—40°N,
140°E—170°E. This dipole structure of the seasonal mean
flow anomaly agrees quite well with the theoretical anal-
ysis. In addition, the eddy kinetic energy (v + u?) evi-
dently weakens in the north Pacific with negative extrema
in about 170°E~150°W. The AO-related zonally elongated
pattern shown in Fig. 9 is very similar to the third EOF of
the 500 hPa storm tracks in north Pacific in Lau (1988,
figure 2¢). Lau (1988) computed the composites of
monthly mean 300 hPa heights in association with EOF3,
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and found that the negative extrema (i.e., below-normal
synoptic-scale activity) are accompanied by an anticyclone
in north 40°N and a cyclone in the south. This dipole
pattern resembles the eddy-induced height tendency com-
posite taking the vorticity transport of transient eddies into
account (Lau 1988, figures 11e and 11f), where the effect
of the eddy heat transport is considerably weak (Lau and
Holopainen 1984). Agreement of our results with theoret-
ical and observation analyses strongly suggests that the
interaction between mean-flow and synoptic-scale eddy
probably plays an important role in generating the MAM
mean circulation anomalies in association with AO. It
should be pointed out that the possible roles of AO-related
boundary forcings (such as land/ocean thermal anomalies)
in influencing the monthly mean atmospheric circulation in
MAM and the AO-EASM relations have to be studied
further.

4.4 A hypothetical explanation

In previous sections, we show the significant SST changes
in association with spring AO over the North Pacific,
including the warming in the tropics and the extra-tropics,
and the cooling between them. Note that the extra-tropical
anomalies in atmosphere and SST weaken gradually after
MAM, and almost disappear in JJA. In contrast, the trop-
ical anomalies persist from spring through summer. The
maintaining of anomalous cyclonic circulation in the
tropical western North Pacific seemed to be essential in
linking spring AO to summer East Asian climates. Because
atmospheric circulation itself has a short memory, the
maintenance of the anomalous cyclonic circulation from
MAM to JJA should rely on the tropical SSTs. Here we
suppose a hypothetical explanation that the air-sea inter-
action in the tropical western North Pacific plays a key role
in sustaining the spring AO-related circulation through
summer.

During positive AO springs, there is a tripole pattern of
SSTs over the North Pacific which is tightly related to the
basin scale atmospheric dipole (i.e., an anomalous cyclone
in the tropical western Pacific and an anticyclone in the
extratropics). More important is the consequent tropical
SST anomalies where above-normal atmosphere heat
budget exists. In the presence of the mean easterly winds in
tropics, the anomalous cyclonic circulation reduces the
total wind speed in 150°E-180°, and the weaker evapora-
tion, weaker vertical water mixing, and weaker upwelling
induce warmer SST anomalies. Previous studies revealed
that the tropical heating, mainly concentrated to the north
of the equator, shortly produces an anomalous cyclone to
the northwestern side of the heat source as a stationary
Rossby response of the atmosphere (Matsuno 1966; Gill
1980). Through this well-known Gill-type mechanism, the
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SST anomaly in turn enhances the cyclone and the
westerlies in the tropical western Pacific. This positive
feedback would sustain from spring to summer. As the
anomalous cyclone extends to 105°E in JJA, positive vor-
ticity anomalies appear in South China and the South China
Sea. The weakened western North Pacific subtropical high
would reduce the moisture transporting from the south
oceans, and also causes a lower pressure gradient to its
northwest side and thus a weaker Mei-yu front (Chang
et al. 2001; Gong and Ho 2002). As a result, a drier climate
in Meiyu-Changma-Baiu belt and a wetter climate to the
south are observed in June—July—August. It is noteworthy
that Wang et al. (2000) and Wang and Zhang (2002)
reported a similar positive feedback mechanism for con-
necting Nifio SST and EASM, and emphasized the
importance of the Philippine Sea anomalous anticyclone,
which appears to the west of the anomalous cyclone. In our
analysis, however, the cyclone emerges without its coun-
terpart of anticyclone to the west. Differences might be due
to their heating locations. Nifio SST heating is located in
the central to east tropics, about 30 degrees east of the AO-
related heating. The former straddles in equator but the
later locates slightly north to the equator. This mechanism
of AO-EASM connection is further tested later by
numerical experiments.

5 Simulations of AO-related SSTs and atmospheric
circulation

5.1 Background and numerical models

Observations show that there are large-scale anomalous
SSTs in the North Pacific, particularly the warmer-than-
normal SSTs in the tropics persist multi-months. In spring,
the SST signals are strong, which is hypothesized to trigger
the air-sea interactions and to maintain anomalous cyclonic
circulations till summer. Numerous studies have proven
that the tropical SSTs are an important forcing of mid-high
latitude atmospheric circulations. For example, Quadrelli
and Wallace (2002) indicated that the AO circulation might
depend on ENSO phases. During warmer tropic SST years,
the Arctic center of AO is more prominent. At the same
time, the reversed sea level pressure anomalies out of the
Arctic center develop much broader and encompass the
entire tropics. In upper levels, an equatorward displace-
ment of the jet stream and the storm tracks are observed. In
addition to the AO, the tropical SSTs can also generate/
modulate the variability of atmospheric teleconnections
such as the Pacific-North America pattern (e.g., Trenberth
et al. 1998; among others). In this study, we found that the
SST anomalies in the North Pacific are remarkable in
association with AO and AO-related atmospheric
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circulation. Thus an arisen question is whether the anom-
alous atmospheric circulation in spring is a response to,
rather than a forcing of, the North Pacific SSTs (particu-
larly the tropical SSTs). In this section we address this
problem in two steps. First, in order to examine whether the
AO-related circulation can generate the observed SSTs
(particularly the tropical warming), we performed numer-
ical simulations using an ocean model. Second, to identify
the AO-related consequences of atmospheric circulation
from MAM through JJA in conjunction of the air-sea
interaction, we performed simulations with prescribed
spring AO-related wind stresses using an atmosphere—
ocean coupled climate model.

The model used in the present study is the Bergen
Climate Model version 2 (BCM2). The atmosphere com-
ponent of BCM2 consists of the spectral atmospheric
general model ARPEGE/IFS (Déqué et al. 1994). In this
study, the ARPEGE has a horizontal resolution of
approximately 2.8° and 30 levels in the vertical. The ocean
component of BCM2 is the Miami Isopycnic Coordinate
Ocean Model (MICOM) (Bleck et al. 1992). The horizontal
resolution is 2.4° along the equator with one pole over
Siberia and the other over the South Pole. The meridional
spacing near equator is 0.8° to better resolve equatorial-
confined dynamics. The MICOM has 34 isopycnic layers in
the vertical and a non-isopycnic surface mixed layer on top
providing the linkage between the atmospheric forcing and
the ocean interior. Details of the BCM2 can be found in
Furevik et al. (2003) and Ottera et al. (2009). The stable
climates for present-day conditions are achieved by run-
ning BCM2 for 600 years, on which the below numerical
experiments are based.

5.2 Atmosphere forced SSTs

In this atmosphere forced experiment, we performed one
control run and four sensitivity runs. For the control run the
MICOM is forced by the NCEP-NCAR reanalysis atmo-
spheric circulation from January 1, 1948 to December 31,
2007. The four sensitivity simulations have been carried
out for 1981, 1991, 2001, and 2004, respectively. These
4 years are chosen because in these years both spring AO
and winter-spring Nifio3 SSTs are nearly normal (see
Fig. 6). Each of the four runs starts from January 1 and
ends on December 31, i.e., simulating one whole year.
Different from the control run, in sensitivity runs the
anomalous surface wind fluxes have been imposed on the
NCEP-NCAR fluxes during spring (i.e., from March 1 to
May 31). The 850 hPa wind anomalies corresponding to
one-unit stronger MAM AO are used as the AO-forcing of
atmosphere. In our simulation the anomalous AO-forcing is
confined within the domain 120°E-120°W, 0°-65°N (see
Fig. 4a). To enhance the AO-related atmosphere signals,
the imposed surface wind fluxes have been multiplied by
2-times of standard deviation. The average SSTs of four
sensitivity simulations minus the control run for the same
4 years represent the anomalous SSTs responding to the
AO-forcing of atmosphere.

Figure 10 displays the spatial distribution of the SST
anomalies. A dominant feature is the large-scale warming
over the extratropics, with a maximum center spanning
along 40°N and extending southwestward to the east of
Japan. South of 20°N, the slight surface cooling appears. It
is noteworthy that the evident warming found in the
observation along the equator is well reproduced, spanning

Fig. 10 Simulated SST SSTA MAM
anomalies in spring, shown as -
the AO-wind forcing 60°N < =
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from 140°E eastward to about 110°W. The maximum SST
centers appear between 140°E and 180°, slightly to north of
the equator. Generally, the SST response to AO-related
circulation agrees well with the observed SST anomalies in
spring (Fig. 4). The results from numerical simulations
suggest the AO-related atmospheric circulation anomalies
triggered the basin-scale SST change, particularly the
warming anomaly in the central Pacific along the equator.
A slightly different feature from the observations is the
cooling in south of 20°N, that is much weaker than
observation. The difference may be because our experi-
ments considered only atmospheric forcing on ocean. After
taking into account the positive feedback of air-sea inter-
action, the location and magnitude of tropical SSTs
appeared to be more realistic as demonstrated in the next
section using atmosphere—ocean coupling simulations. It is
interesting to note that the central tropical Pacific tends to
be warmer in high MAM AO years, suggesting a sign of El
Nifio. Previous studies suggested that the spring AO could
trigger ENSO events (Nakamura et al. 2006, 2007). How-
ever, it is still unclear whether/how a central-Pacific or an
eastern-Pacific ENSO is developed (Ashok et al. 2007;
Ashok and Yamagata 2009; Kao and Yu 2009). There is a
possibility that AO may influence EASM through ENSO.
This interesting issue is still an open question. Overall, the
AO-related warmer tropical SSTs are keys to understand-
ing AO-EASM links.

5.3 Coupled simulations of the atmospheric circulation

Using BCM2 atmosphere—ocean coupling model, we per-
formed a control run and one sensitivity run. The control
run was integrated for 10 years, starting from January 1.
During this simulation the atmosphere and ocean freely
interact. The same initial conditions are employed in the
sensitivity run. Different from the control run, the observed
AO-related wind stresses are repeatedly imposed on the
North Pacific Ocean. They are the same domain and wind
stresses as used as in the previous ocean simulation. The
AO-related wind stresses are purposely imposed on the
North Pacific from March 1 through April 30, leaving May
as a ‘buffer’ window to reduce the possible influence of the
abrupt removal of the imposed forcing. The simulated JJA
850 hPa winds are averaged from the 10-year control run
and from sensitivity integrations, respectively. Theoreti-
cally, the difference of the means is caused by the MAM
AO-related atmospheric forcing.

Figure 11 displays the distribution of the 850 hPa wind
difference in JJA (the sensitivity minus the control runs).
The observed tropical atmosphere circulation features in
association with MAM AO are generally well reproduced
in the coupled simulations. An anomalous cyclone over the
northwestern Pacific is evident, with the center locating
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Fig. 11 Simulated 850 hPa wind anomalies. The 10-year sensitive
integration minus the 10-year control runs

over 100°E-180° south of 35°N. Note that the observed
westerly winds dominate over 120°E-180° in south of
15°N (Fig. 4d), while the simulated westerly winds appear
between equator and about 20°N, extending about 5
degrees northward. This seemed to be mainly caused by the
similar northward shift of the anomalous cyclone. Given
the fact that in our sensitivity simulations, we did not
consider any high-latitude process (such as the Arctic sea
ice/SST, land surface conditions over Eurasia, and North
Atlantic SSTs), the high similarity between the simulated
tropical winds and the observations in JJA manifest the
importance of North Pacific air-sea interaction in produc-
ing the anomalous circulation through JJA when responds
to MAM AO.

We also examined the simulated SSTs. The positive
SST anomalies in the central equatorial Pacific persists
from MAM through JJA. The center of SSTs covers a
region from about 140°E to 140°W, and slightly spans
eastward from MAM to JJA. The positive anomalies over
the eastern North Pacific and the cooling in mid-latitude
over the western North Pacific are also comparable with the
observation (c.f. Figures 4 and 11), although their locations
are about 5 degrees farther to the north than the observa-
tion. These spatial distribution of the simulated SSTs are
consistent with the simulated atmospheric circulations,
which generally agree with the observation. It is worthy to
note that the simulated circulations north of 40°N show
some structured signals. We speculate that this might arise
from the lack of mid-high latitude processes. If both
tropical and high-latitude AO-related forcings (within/
beyond the North Pacific) are included, the circulation
anomalies in high latitudes could be more similar to the
observation. On the other hand, the simulated anomalous
cyclone in the western North Pacific appears as the most
outstanding feature. This implies that the role of air-sea
interaction over the North Pacific (particularly in the cen-
tral-western tropics) dominate other mechanisms (such as
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the influence from mid-high latitudes). This mechanism is
also supported by the numerical simulation of BCM2
atmosphere model, which is forced by prescribed SSTs.
The SSTs are prescribed as the MAM-AO related positive
anomalies over 5°S—15°N, 140°E-160°W with a warm
center at 160°E and 5°N, while outside this region, the
SSTs are prescribed as climatology. The sensitivity
experiment minus the control run yields an anomalous
cyclone in south of 20°N, 120°E-180°, and this suggests
that the AO-related SSTs in the western tropical Pacific
forces the atmosphere and produces/reinforce the cyclone
(figure not shown). Overall, the circulation anomalies in
the sensitivity simulations indicate that a positive EASM
monsoon condition is produced in summer in response to
positive AO-related atmosphere circulation anomalies in
spring.

6 Discussion

We note that the year-to-year variations of MAM AO and
EASM virtually match each other better since the late
1970s (Fig. 1a), whereas, prior to this time their agreement
seems poor. This unsteady relationship is also apparent in
the WNPSH time-series (Fig. 3b). Thus an arisen question
is whether the MAM AO-EASM relationship was shifted
with time. To investigate this further, we examined corre-
lations between MAM AO and Wang and Fan (1999)
index, the WNPSH, and the mean JJA precipitation for 10
stations along the Meiyu belt. A better agreement of these
indices with spring AO after 1979 is quite obvious. As
listed in Table 2, the correlation between EASM index and
MAM AO changes from 0.07 for 1951-1978 to a signifi-
cant value of 0.47 after 1979. For the WNPSH, the corre-
lations change from 0.03 to —0.48 and for the Meiyu
precipitation, they change from —0.17 to —0.46.

In the present study, we have suggested a mechanism of
the air-sea interaction over the North Pacific in connecting
spring AO and EASM climates. If this mechanism is true,
why did it work better since the late 1970s than prior to that

Table 2 Correlations between MAM AO and EASM variables for
two time periods. Based on interannual time-scale components and
ENSO signals removed

Before 1979 After 1979
Wang and Fan (1999) index, JJA +0.07 +0.47*
Western North Pacific Subtropical +0.03 —0.48*
High, JJA
Mean Meiyu precipitation of —0.17 —0.46°

10 stations, JJA

* Significant at the 95% level
" Significant at the 90% level

time? To find a clue for this problem, we examined the
SSTs and atmospheric circulation for the two sub-periods
of 1951-1978 and 1979-2008. Figure 12 demonstrates that
the warmer SSTs in the central Pacific appear in MAM and
persist through JJA in both time periods. The anomalous
atmospheric cyclones are also located in the western North
Pacific. The western branch of the anomalous cyclone is
located farther away from the Asian continent during the
early period, while it moves to the west closer to the
continent in the latter period. This difference in the location
of the western margin of the cyclones between the two
periods seems to be the partial cause for the different
EASM response to spring AO-related atmosphere. We
hypothesize that the EASM system transition which
occurred in the late 1970s might play roles in the AO-
monsoon relationship shift. Climate shift around 1979 over
East Asia is manifest in monsoon precipitation and atmo-
spheric circulation. An outstanding feature in middle tro-
posphere is the westward extension of the WNPSH after
the late 1970s (Gong and Ho 2002; Zhou et al. 2009). As
well-known, the East Asian climates are sensitive to the
location of the subtropical high. The AO-related anomalous
cyclone may exert different influence on East Asian cli-
mates depending on the background state of the WNPSH
(particularly its location). The western flank of the WNPSH
is located far away from the Asian continents in around
130°-140°E during 1958-1979 in NCEP/NCAR and
ERA40 data sets. During 1980-1999 its location moves
westward to around 120°E (see figure 1 in Zhou et al.
2009). The subtropical high sitting closer to East Asia
during 1979-2008 seemed to lead to more sensitive mon-
soon climate responses when modulated by the AO-related
cyclone. Observation and modeling studies suggested that
the Indian Ocean and western Pacific SSTs are (at least
partly) responsible for the decadal shift of the WNPSH
(Gong and Ho 2002; Zhou et al. 2009). How the AO-
EASM relationship are influenced/modulated by the dec-
adal shift of East Asian climate system, what are the roles
of SSTs in the Indian Ocean, the tropical Pacific or the
North Atlantic (Gu et al. 2009), whether this shift of AO-
EASM relationship are related to the strengthening ENSO-
EASM relationship since the late 1970s (Wang et al.
2008b), however, are all uncertain at the moment and these
require a substantial investigation and a physical testing.

7 Conclusion

As a conclusion, in the present study the significant spring
AO-EASM relationship is supported by the consistent
changes in EASM indices, the summer precipitation and
the three-dimensional atmospheric circulation over East
Asia and the western North Pacific. Following a positive
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Fig. 12 Observed spring AO-related SST and 850 hPa circulations in
MAM and JJA for two periods of 1951-1978 and 1979-2008.
Contour lines are correlation coefficients between AO and SST (solid
lines: positive correlations, and dashed the negative, shadings:

spring AO, three monsoon indices tend to be stronger in
summer. Meanwhile, there appears an anomalous cyclonic
circulation at 850 hPa in southeastern Asia and western
Pacific in summer, implying an enhanced monsoon trough
activity in lower troposphere. At the same time the summer
western North Pacific subtropical high gets weaker, yield-
ing a smaller pressure gradient to the northwestern side of
the high and weaker northward moisture transporting.
Consistently, the positive precipitation anomalies are
located over a broad region south of 30°N stretching from
southern China to the western Pacific and negative anom-
alies appear in the lower valley of the Yangtze River and
southern Japan.

The possible linking mechanism of the spring AO-
summer monsoon connections is investigated with focus on
the atmospheric and oceanic changes over the North
Pacific. In association with spring positive AO, the tropo-
spheric circulation over the North Pacific displays a dipole
structure with an anomalous cyclone located over the tro-
pics between 120°E-160°W and an anticyclone located
over the extra tropics. Associated with the atmospheric
circulation, there are well-defined patterns in SST, whose
positive anomalies appear in the central to eastern Pacific
south of 15°N and negative anomalies around 150°E—
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significant at the 95% level). The vectors are significant (95% level)
anomalies of 850 hPa wind corresponding to one-unit-larger MAM
AO index. For interannual time scale and ENSO signals removed

180°E and 15°N-30°N. The ocean model simulations
suggest that the spring SSTs are triggered by the AO-
atmosphere circulations. The AO-induced tropical cyclonic
circulation and positive SSTs near the equator persist their
locations and strength until summer, playing key roles in
connecting spring AO to EASM by a positive air-sea
feedback. The warmer SSTs near the equator produced by
the cyclone result in anomalous diabatic heating. The
sensible and latent heating, in turn, intensifies the cyclone
through a Gill-type response of the atmosphere. The
atmosphere—ocean coupled climate model captures the
cyclonic anomalies, and this feature is also found in an
atmosphere simulation forced by MAM-AO related SSTs
over the central tropical Pacific. Through this positive
feedback the tropical atmosphere and SST patterns are
maintained from spring to summer and consequently
modify the monsoon trough and the western North Pacific
subtropical high. This eventually leads to a drier climate in
regions of Meiyu-Changma-Baiu belt and a wetter climate
to the south in June-July—August. This mechanism linking
spring AO-EASM, to authors’ knowledge, has not been
clearly addressed in previous studies, and provides new
information to better understand/predict the East Asian
summer monsoon.
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